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This review constitutes a comprehensive and critical account of a fundamentally new approach
to asymmetric catalysis, namely, the exploitation of the methods of directed evolution in the
creation of enantioselective enzymes as biocatalysts in organic chemistry. The basis of the concept
is the effective combination of molecular biological methods of gene mutagenesis and expression
followed by high-throughput screening for assessing the enantioselectivity of thousands of sam-
ples. Following a brief introduction outlining the challenges in putting this new approach into
practice, the molecular biological gene mutagenesis methods are introduced in a language that
chemists can understand, followed by a description of high-throughput assays for enantioselec-
tivity. Examples illustrating the concept are then presented, beginning with a detailed account of
lipases followed by other hydrolases, aminotransferases, aldolases, and oxidases. The review ends
with conclusions and perspectives.

Abbreviations: 3D, three-dimensional; ACS, acetyl coenzyme synthetase; ADO, assembly of designed
oligonucleotides, a recombinant mutagenesis method; ANEH, epoxide hydrolase from Aspergillus niger;
ATP, adenosine 5-triphosphate; BSA, bovine serum albumin; BSLA, Bacillus subtilis lipase A; CAE,
capillary array electrophoresis; CAST, complete active-site saturation test; CD, circular dichroism; CE,
capillary electrophoresis; CHMO, cyclohexanone monooxygenase; CMCM, combinatorial multiple-cassette
mutagenesis; CS, citrate synthase; DNA, deoxyribonucleic acid, the genetic material of living things; DNA
shuffling, a recombinant gene mutagenesis method; ee, enantiomeric excess; EH, epoxide hydrolase;
EMDee, enzymatic method for determining enantiomeric excess; epPCR, error-prone polymerase chain
reaction; ESI-MS, electrospray ionization mass spectrometry; E value, enantioselectivity factor in a kinetic
resolution; FTIR, Fourier transform infrared; GC, gas chromatography; HLDH, horse-liver alcohol
dehydrogenase; HPLC, high-performance liquid chromatography; HTS-FTIR, high-throughput Fourier
transform infrared; IR, infrared; ITCHY, incremental truncation for the creation of hybrid enzymes; k.,
catalytic rate constant of an enzyme-catalyzed reaction; k.,/ Ky, catalytic efficiency of an enzyme-catalyzed
reaction; the greater the value, the more efficient is the conversion of the substrate into product; KDPG,
p-2-keto-3-deoxy-6-phospho-6-gluconate aldolase; Ky, dissociation constant of the binding of an enzyme to
a substrate; L-MDH, r-malate dehydrogenase; MAO-N, monoamine oxidase from Aspergillus niger; MM,
molecular modeling; MS, mass spectrometry; MURA, mutagenic and unidirectional reassembly, a gene
mutagenesis method; NAD, nicotinamide adenine dinucleotide, a coenzyme functioning as a hydrogen
carrier in redox reactions; NADH, reduced form of NAD; NAD(P)H, reduced form of NAD(P), which is
the phosphorylated form of NAD; NMR, nuclear magnetic resonance; OPUS™, software for FTIR-based
ee-assay (Bruker); PAMO, phenyl acetone monooxygenase; PC, personal computer; PCHMO,
phenylcyclohexanone monooxygenase; PCR, polymerase chain reaction, a DNA amplification method;
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PFE, esterase from Pseudomonas fluorescens; pK,, negative logarithm of acidity constant; QM, quantum
mechanics; Quick-E-Test, an assay for assessing the E value in the hydrolytic kinetic resolution of esters; (R),
absolute configuration of a compound according to the Cahn-Ingold-Prelog convention; RDA-PCR,
recombination-dependent exponential amplification-polymerase chain reaction, a gene mutagenesis method;
RETT, recombined extension on truncated templates, a gene mutagenesis method; RID, random insertion/
deletion mutagenesis; RNA, ribonucleic acid; (S), absolute configuration of a compound according to the
Cahn-Ingold-Prelog convention; SCOPE, structure-based combinatorial protein engineering, a gene
mutagenesis method; SCRATCHY, combination of ITCHY and DNA shuffling; SERRS, surface-enhanced
resonance Raman scattering; SeSaM, sequence saturation mutagenesis; SHIPREC, sequence homology-
independent protein recombination, a recombinant gene mutagenesis method; SIMPLEX expression, in
vitro coupled transcription/translation; SISDC, sequence-independent site-directed chimeragenesis, a gene
mutagenesis method; STEP, staggered extension process, a recombinant gene mutagenesis method; Tag
polymerase, an enzyme from Thermus aquaticus used in PCR; TWISTER 1, microplate stacking device
coupled to microplate plate reader in FTIR-based ee assay (Bruker); UV/Vis, ultraviolet/visible; WT,
wild-type gene or protein.

l. Introduction

The world market for chiral organic compounds such as pharmaceuticals, plant
protecting agents, and fragrances continues to expand, requiring efficient methods
for their synthesis (/,2). Although classical antipode resolution based on di-
astereomer formation and separation followed by enantiomer regeneration is still
widely used in industry, catalytic methods have gained importance during the pre-
ceding two decades. Indeed, asymmetric catalysis constitutes the most elegant, ef-
ficient, and environmentally benign strategy to meet the synthetic goals. This
requires the ready accessibility of highly enantioselective catalysts, which also need
to be robust and active. When choosing this approach, organic chemists have four
options: transition metal catalysts (3—5), organocatalysts (6), enzymes (7—11), or
catalytic antibodies (/2). The decision as to which option is best depends on a
number of factors including cost of catalysts, catalyst stability, activity, and en-
antioselectivity, type of solvent, and ease of workup.

Enzymes have been used as catalysts in asymmetric transformations for at least a
century, but their routine use in synthetic organic chemistry was not established until
the 1980s. Since then the importance of this class of biocatalysts has continually
increased, and an impressive number of industrial processes have been reported
(7-11). In any investigation of new substrates (reactants), various commercially
available enzyme Kkits can be screened. An important innovation in the field was the
discovery that many enzymes perform well in organic solvents (/3). Although a trend
is clearly emerging in industry to consider biocatalysis more than in the past, one of
the problems with using enzymes is the fact that they are substrate-specific. For a
given reaction, enantioselectivity may be unacceptably low, or the substrate may not
even be accepted by the enzyme. In principle, a type of “ligand tuning” guided by
molecular modeling is possible, namely, the exchange of one or more amino acids at
given positions in the enzyme by one of the remaining 19 proteinogenic amino acids
using site-directed mutagenesis, a standard technique in molecular biology (/4,15).
Successful examples of enhancing the enantioselectivity of a given enzyme-catalyzed
reaction by this method have been reported, but due to the complexity of enzymes,
the procedure has not proven to be a straightforward tool.
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Enantioselective enzyme-catalyzed reactions may involve the transformation of a
prochiral substrate into a chiral product, in which case the selectivity is measured by
the enantiomeric excess (ee). The transformations can also involve kinetic resolu-
tion of racemic substrates, in which case enantioselectivity is measured by the
selectivity factor E reflecting the relative rates of reaction of the (R)- and (S)-
enantiomer.

In the 1990s, a fundamentally new approach to the development of enantiose-
lective catalysts for use in organic synthesis was introduced (/6). It is based on the
directed evolution of enzymes, a process which had previously been used to improve
properties such as activity or stability (/7-20). The basis of the concept is the
combination of proper molecular biological methods for random gene mutagenesis
and expression coupled with high-throughput screening systems for the rapid iden-
tification of enantioselective mutant enzymes. The idea is to start with a natural
(wild-type, WT) enzyme showing an unacceptably low ee or E value for a given
transformation of interest, A— B, to create a library of mutants from which the
most highly enantioselective variant is identified, and to repeat such cycles as often
as necessary using in each case an improved mutant for the next round of mu-
tagenesis (/6). Because the inferior mutants are discarded, an evolutionary char-
acter of the overall process is simulated. In the process, random mutagenesis is
performed on the gene (DNA segment) that encodes the desired enzyme (Fig. 1). Of
course, in fortunate cases, the initial library of mutants may already contain a
variant showing the desired level of enantioselectivity, which means that the search
can be ended before the actual evolutionary process begins (2/-24).

Experimentally, in each cycle the library of mutated genes is first inserted in a
standard bacterial host such as Escherichia coli or Bacillus subtilis. Then bacterial
colonies are plated on agar plates and harvested individually by a colony picker.
Each colony is placed in a separate well of a microtiter plate containing nutrient
broth, so that the bacteria grow and produce the protein of interest. Because each
colony originates from a single cell, mixtures of mutant enzymes are avoided (pro-
vided that there is no undesired cross-contamination). A portion of each mutant
occurring in the harvested bacterial colony is then robotically placed on a different
microtiter plate, where the enantioselective reaction of interest is carried out.
Because the enzyme variants and the corresponding mutant genes are spatially
addressable, the genotype/phenotype relation is maintained, and tedious deconvo-
lution is not necessary. The best mutant (positive hit) is then the starting point for
the next cycle of gene mutagenesis, expression, and screening (Fig. 2). Knowledge of
the structure or mechanism of the enzyme is not required (/6,2/-24). This approach
is quite different from rational design based on site-directed mutagenesis, but it is
nevertheless rational in a different sense due to the evolutionary character.

The general idea of “evolution in the test tube” was first proposed and illus-
trated experimentally by Spiegelman in 1965—1967, who performed an interesting
“Darwinian experiment with a self-duplicating nucleic acid molecule” (RNA) out-
side a living cell (25). The term “directed evolution” was used as early as 1972 by
Hansche, who screened naturally occurring mutants of a phosphatase in a pop-
ulation of 10° cells over 1000 generations in a continuous manner, thereby increas-
ing enzyme activity (26). Following several other sporadic contributions (27), Eigen
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F1G. 2. The experimental stages of directed evolution of enantioselective enzymes (27,22).

predicted that it should be possible to construct an evolutionary machine compris-
ing repeating cycles of mutant production, separation, and amplification of indi-
vidual clones; evolution of optimal phenotypes; and identification of optimal
genotypes (27,28). Following this suggestion, the 1980s witnessed significant
progress in the development of efficient methods for gene mutagenesis and expres-
sion, and libraries of mutant enzymes were constructed and scanned for properties
of interest, in most cases, activity (29a,b).

However, this process in itself is not yet directed evolution, because only one
cycle of mutagenesis/screening is involved. Isolated cases involving at least two
such cycles began to appear, being the first cases of true directed evolution of
enzymes (29¢), but it was not until the period of 1993—1997 that the idea of directed
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evolution was fully appreciated and generalized experimentally, specifically by the
groups of Arnold (30-32) and Stemmer (/8,33-35). Using known and new methods
of gene mutagenesis, some of which were developed in the laboratories of these
authors, in combination with simple screening or selection systems, enzyme prop-
erties such as activity, thermal stability, and stability against hostile solvents were
improved. This work opened a completely new field. Other groups concentrated
mainly on devising new and more efficient mutagenesis methods that provide new
avenues to high protein diversity (/7-20).

These developments set the stage for the concept of directed evolution of
enantioselective enzymes, which likewise makes use of repeating cycles of muta-
genesis/expression/screening (Figs 1 and 2) (16,21-24). The challenges in this new
field include the elaboration of strategies for looking through protein sequence
space for enantioselectivity, on the one hand, and the development of efficient high-
throughput screening systems for evaluating thousands of potentially enantiose-
lective mutant enzymes, on the other.

This chapter is a summary of the present state of the art concerning the directed
evolution of enantioselective enzymes as catalysts in organic chemistry. It begins
with a description of the molecular biological methods of gene mutagenesis, pre-
sented in a way that chemists can easily follow, continues with a summary of high-
throughput ee assays, and ends with a systematic report of all currently known
examples of directed evolution of enantioselective enzymes.

Il. Mutagenesis Methods

To date, an impressive number of gene mutagenesis methods are available for
application in directed evolution (/7-20,36,37). However, it is currently not clear
how they compare in terms of efficiency and ease of performance. It is also not
obvious when and how to apply a given method in a directed evolution project
(36-38). The fact that a few of the methods constitute proprietary intellectual
property, such as DNA shuffling, poses a different kind of problem for potential
users in industry. Some of the most important gene mutagenesis methods are de-
scribed briefly here (for complete coverage, the reader is referred to recent reviews
17-20,36,37).

The use of mutator strains or the treatment of the isolated DNA with UV light or
chemicals, as reported in the older literature and sometimes still used today, pro-
vides a means to target the whole gene for more or less random point mutagenesis,
but it is not trivial to control such processes (/7). Modern gene mutagenesis meth-
ods can be roughly assigned to two different categories, those based on point
mutations and those making use of recombination (/7-20,36,37).

A. MEeTHODS BASED ON POINT MUTATIONS

In 1989, a very practical mutagenesis method was described by Leung et al. (39),
which was later improved by Cadwell and Joyce (40). Error-prone polymerase chain
reaction (epPCR), as it is called, is based on the classical DNA amplification
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method, PCR, developed by Mullis (4/). By varying parameters such as the con-
centration of MgCl, (or MnCl,) and/or nucleotide concentration, errors in DNA
amplification are induced—which constitutes mutagenesis. The mutation rate can
be adjusted empirically (e.g., so that on average one, two, or more amino acid
exchange events occur in the expressed protein). Although epPCR is sometimes
considered to induce point mutations randomly over the entire gene (and protein),
this is actually not the case. Due to the degeneracy of the genetic code, inter alia,
some amino acid exchanges are favored in a given enzyme whereas others are not
accessible (17,42). It has been estimated that typically only about 25% of the the-
oretically possible mutants can be accessed by epPCR. Nevertheless, most directed
evolution projects begin with epPCR because it is very easy to perform and provides
a convenient platform from which the actual evolutionary optimization can begin.
To eliminate or reduce amino acid bias in whole gene randomization, methods have
been developed that however require a greater degree of effort, as in a process called
sequence saturation mutagenesis (SeSaM) (42d). As pointed out by Lutz and

Patrick (37), Stratagene’s second-generation Mutazyme®™ polymerase in combina-
tion with Tag DNA polymerase can also provide a method for the construction of
unbiased epPCR libraries.

The number of enzyme variants N at the theoretically maximum degree of di-
versity is given by the algorithm shown as:

19M x1

N=— o
X — MMV

4y

where M is the total number of amino acid exchanges per enzyme molecule and X
the number of amino acids per enzyme molecule (/7). For the purpose of illus-
tration, an enzyme composed of 300 amino acids theoretically has 5700 mutants if
one amino acid is exchanged, but 16 million in the case of two simultaneous ex-
changes, and 30.5 billion if three amino acids are exchanged per enzyme molecule
simultaneously (/7,31,32). Such numbers are often cited to illustrate the problem of
protein sequence space, which of course points to the difficulty in screening such
large numbers of enzyme mutants.

In addition to epPCR, the generation of focused mutant libraries also provides
the user with a useful tool in directed evolution (/7-20). To apply such methods,
several versions of which are available, information regarding the structure of the
enzyme (X-ray data or homology model), the location and nature of the active site,
and the mechanism may or may not be necessary. In the former case an intelligent
decision is made on the basis of molecular modeling regarding the identification of a
“hot spot,” a position in the amino acid sequence of the enzyme, which is believed
to be important with respect to a given catalytic property. Following this choice, the
position is randomized by saturation mutagenesis (/7-20,43,44), a process devel-
oped by Wells et al. in 1985 (44a). It leads to an enzyme library containing the 20
theoretically different mutants corresponding to the 20 proteinogenic amino acids
at a defined position. In general, this position is next to the binding site or near the
catalytically active center, but this need not always be the case. To ensure >95%
coverage (i.e., to make certain that all 20 mutants have been evaluated in an
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appropriate screen), oversampling is necessary. It usually suffices to screen about
200 clones (i.e., to pick and evaluate this number of bacterial colonies on the agar
plates). Of course, as an alternative, it is also possible to perform 19 appropriate
experiments using conventional site-directed mutagenesis.

In another process, which does not require any knowledge of the 3D structure of
the enzyme, every single position is randomized separately in a systematic manner
(45,46). Thus, in the case of an enzyme composed of N amino acids, N libraries each
containing about 300 clones are produced and screened. In still another strategy,
“hot spots” are first identified by the epPCR screening process, and these are
subsequently randomized separately (47,48).

Another way to generate a focused library of enzyme mutants is to perform
cassette mutagenesis (/7-20,44a,49). The user identifies (or predicts) a “hot region”
in the enzyme, either on the basis of structural and mechanistic data or as a result of
applying epPCR. As before, one usually focuses on a portion of the enzyme near the
binding site and designs a cassette, which is a DNA fragment consisting of a defined
number of nucleotides encoding the desired amino acids. If two amino acid po-
sitions are chosen for simultaneous randomization, 20 x 20 = 400 theoretically dif-
ferent mutants are possible, and the necessary oversampling for 95% coverage can
be handled using today’s screening methods (~3000 clones) (50). However, when
the number of amino acid positions for randomization is increased, serious screen-
ing problems arise if the goal is complete coverage. For example, if four positions
are randomized simultaneously, catalyst diversity is high (20 x 20 x 20 x 20 =
160 000 different mutants), which is in principle desirable, but oversampling nec-
essary for 95% coverage poses unsurmountable screening problems (>3 million
clones) using today’s assays (50).

Of course, one can settle for much lower coverage, and the greatly reduced
catalyst diversity in the screened mutants can still lead to the discovery of hits
displaying improved catalytic profiles, as has been demonstrated, for example, in
the directed evolution of enantioselective lipases (49). Hilvert used Hecht’s idea of
binary patterning, according to which amino acid positions are identified on the
basis of rational design and then partially randomized by restricting the type of
amino acids to be introduced (polar, non-polar, etc.) (20a). It would be interesting
to apply this tool to the evolution of enantioselectivity.

Selection, in the present context meaning a growth advantage of the bacterial
host as a consequence of expressing mutant enzymes with improved catalytic pro-
files of interest to the chemist, is fundamentally different from screening (/7-21,36).
Selection—instead of screening—would allow much larger libraries to be scanned,
but the development of efficient selection methods for enantioselectivity remains a
challenge for the future (Section III).

B. RECOMBINANT METHODS

Recombination in a genetic sense means the breaking and rejoining of DNA in new
combinations. Such a process is crucial for all living species, because it significantly
speeds up the Darwinian process (“‘sexual evolution”). When mimicking this process
in the laboratory, the presence of a set of recombination enzymes, which ensure the
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breakage and rejoining of DNA molecules is required. In the laboratory, sexual
evolution can indeed be simulated by several recombinant methods. The most prom-
inent version, pioneered by Stemmer in 1994, is called DNA shuffling (/8,33-35). In
general, one or more genes are first digested with a DNase to yield double-stranded
oligonucleotide fragments of 10—50 base pairs, which are then amplified in a PCR-
like process. Repeating cycles of strand separation and reannealing in the presence of
a DNA polymerase followed by a final PCR-amplification step result in the reas-
sembly of full-length mutant genes. Recombination is due to template switching (i.e.,
fragments from one copy of the gene prime on another copy).

DNA shuffling can be performed with one gene, with two or more natural genes,
or with mutant genes (Fig. 3). A limitation is the requirement of relatively high
homology. If homologous genes from different species are chosen, the process is
called family shuffling, which appears to be particularly efficient because it provides
high catalyst diversity (/8,35,51). In all versions, a certain degree of self-hybridization
of parental genes occurs, which lowers the quality of the mutant libraries (many
colonies containing WT).

A number of other recombinant methods have been developed, each having
advantages and (some) disadvantages. For example, a simple and efficient method
is based on a staggered PCR-like reaction that has been called the staggered ex-
tension process (StEP) (52). In this method one defined primer is added to the
template DNA, which may consist of two or more genes. An extremely abbreviated
primer extension reaction catalyzed by DNA polymerase then produces short DNA
fragments, which can anneal to different templates and are further extended during
the next short cycle of primer extension. Such a process is repeated until full-length
genes are formed, which are amplified by conventional PCR using external primers.

wildtype
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Fi1G. 3. Scheme for DNA shuffling illustrated for the case in which the parent genes originate from the
WT by some form of mutagenesis (/8).
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Interesting new homology-dependent and -independent methods have been de-
veloped that are not discussed in detail here, including RDA-PCR (53), MURA
(54), RETT (55), ITCHY (56), SISDC (57), SCOPE (58), SCATCHY (59), and
SHIPREC (60). These and other methods have been reviewed critically by Lutz and
Patrick (37). A novel method based on random insertion and deletion of arbitrary
number of bases for codon-based random mutation (RID) was developed by Sisido,
which introduces additional amino acids or deletes them in the WT (67). Of special
note is the fact that some non-natural amino acids can also be introduced, although
this process is more complicated.

Another conceptionally significant advance was described independently in
2002—2003 by three groups, the basic idea being rather simple (62—64). Necessary
for digestion are not the genes themselves, but only the information regarding their
sequences. When considering two or more genes (which in the case of traditional
DNA shuffling are digested and reassembled), overlapping oligonucleotides encod-
ing all of the degeneracy as determined by gene alignment and computer analysis
are used as substrates in a polymerase-mediated reassembly process. The three
studies describing the same phenomenon (but using different terms, namely, “de-
generate homoduplex recombination” (62), “‘synthetic shuffling,” (63) and “‘as-
sembly of designed oligonucleotides” (ADO) (64), are all based on an identical
concept, although some differences exist. In all cases, libraries of gene mutants (and
therefore enzyme variants following expression) are generated in which all
“shuffled” variants are equally likely, regardless of how tightly parental diversity
is linked. Low homology is tolerated, and undesired self-hybridization of parental
genes is minimized, leading to higher quality libraries. In an interesting recent
review, the advantages of this approach were analyzed on a statistical basis (37).
The ADO method, which includes a certain degree of new non-parental diversity
due to the oligonucleotide design strategy, is illustrated in Fig. 4 (64).

As a consequence of the high diversity and enhanced quality of the libraries of
mutants generated by these new molecular biological methods, the screening effort
is greatly reduced. Efficiency is attained in directed evolution by quality, not by
quantity—a trend that has emerged clearly in the preceding few years (37). Of
course, this includes the development of strategies for effectively scanning protein
sequence space, which means that questions regarding the choice of the above
mutagenesis methods need to be addressed (Section IV).

Should one begin a given directed evolution project by applying epPCR, systematic
saturation mutagenesis, cassette mutagenesis, DNA shuffling, or yet another recom-
binant method? If it is epPCR, at what mutation rate and for how many cycles? The
answers are not likely to be general. Nevertheless, trends and guidelines have started
to appear, and more experience is expected to lead to further progress. Moreover,
statistical and computational methods of diverse types, including molecular modeling
and quantum mechanical analyses (MM/QM), genetic algorithms, quantitative eval-
uation of motion and catalysis in coupled networks, may be helpful in the process of
directed evolution (/5,65). Examples also exist in which directed evolution is used as
an experimental instrument in attempts to deepen our understanding of how enzymes
work. Indeed, the traditional area of rational design and the original form of directed
evolution have begun to influence each other positively (Section IV).
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lll. High- and Medium-Throughput Screening Systems for Assaying
the Enantioselectivity of Enzymatic Reactions

A crucial component in putting directed evolution of enantioselective enzymes into
practice (as shown schematically in Figs 1 and 2) is the availability of efficient
screening systems capable of rapidly evaluating thousands of mutant enzymes as
catalysts in asymmetric transformations (66—70). Traditional forms of ee determina-
tion based on gas chromatography (GC) or HPLC using chirally modified columns
can handle only a few dozen samples per day, not enough for directed evolution
studies. The development of fast assays has thus become one of the focal points of
research. Most of these assays can also be used in combinatorial asymmetric tran-
sition metal catalysis (66,71), and vice versa. Some of the screening systems originally
developed for use in the area of transition metal catalysis can, in principle, be adapted
for application in enzyme catalysis. More than a dozen high- and medium-through-
put ee assays have been developed. In a somewhat arbitrary definition, medium
throughput means several hundred ee determinations per day, whereas high through-
put is currently considered to imply the evaluation of 1000—10 000 samples per day.
No single ee assay is truly universal, but fortunately many are complementary.
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This section focuses on the most practical ee assays currently available. For a
comprehensive coverage, the reader is referred to recent reviews (66—70). As pointed
out in Section 11, selection systems based on growth advantage of the bacterial host
are fundamentally different from screening systems, and can in principle “handle”
millions of enzyme mutants. However, the development of selection systems, which
respond to the enantioselectivity of a given enzyme-catalyzed reaction is difficult. To
date, efficient selection systems of this kind are unknown, although a screening
system based on differential cell growth as a consequence of enantioselective subst-
rate transformation has been described (72). Phage display has been applied in the
directed evolution of enantioselective enzymes (73), but thus far the problem of
turnover remains. Colony-based ee screens (i.e., crude pre-tests on agar plates) are
rare (66—70). All of the screening systems described in this section are carried out
robotically in the spatially addressable wells of 96-or 384-microtiter plates following
bacterial colony picking.

It is important to keep in mind that in directed evolution studies a formidable
portion of a given enzyme library is composed of inactive mutants. Although this
becomes apparent upon applying any ee assay, it is more efficient and economical to
use a simple pre-test for activity that eliminates inactive mutants and therefore
reduces the effort in using more elaborate screens for enantioselectivity. A wide
variety of tests for activity have been developed, some designed to function directly
on agar plates (which entails the least amount of effort), others being performed in
the wells of microtiter plates following colony picking (/7-20,66). Although most of
these tests are very useful and easy to apply, it must be remembered that they are
not completely reliable. This lack of reliability has to do with the fact that the
protein expression rate may vary from mutant to mutant in a given library, leading
to different amounts of enzyme from well to well of microtiter plates.

A. UV/Vis-BASED EE ASSAYS

All ee screening systems using UV/Vis spectroscopy as a detection system have a
number of advantages, including the possibility of visual pre-screening for activity
on microtiter plates in some cases. Moreover, if a reliable UV/Vis signal arises as a
consequence of an enzymatic reaction, commercially available UV/Vis plate readers
can be used to screen thousands of mutant enzymes catalyzing the reactions of
interest in the wells of microtiter plates.

A.l. Assay for Screening Lipases or Esterases in the Kinetic Resolution of Chiral
p-Nitrophenyl Esters

The first high-throughput ee assay used in the directed evolution of enantiose-
lective enzymes was based on UV/Vis spectroscopy (16,74). It is a crude but useful
screening system that is restricted to the hydrolytic kinetic resolution of racemic
p-nitrophenyl esters catalyzed by lipases or esterases. The development of this assay
arose from the desire to evolve highly enantioselective mutants of the lipase from
Pseudomonas aeruginosa as potential biocatalysts in the hydrolytic kinetic resolu-
tion of the chiral ester rac-1. The wild type leads to an E value of only 1.1 in slight
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favor of the (S)-acid 2. Lipase-catalyzed hydrolysis in a buffered medium generates
p-nitrophenolate (3), which shows a strong UV/Vis absorption at 405nm. Thus,
reactions can be carried out on microtiter plates, with a simple UV/Vis plate reader
measuring absorption as a function of time (typically during the first 6—8 min).
However, because the racemate delivers only information concerning the overall
rate, the (S)- and (R)-substrates 1 were prepared and investigated separately pair-
wise on 96-well microtiter plates.

i o—< >_ I \)?\
R\é)‘\ H,0 R])A\ R .
B ——
NO2 Jipase-variants OH+ ¥ "OH+™O NO;
CHS CHS CH3
rac-1 (R = n-CgHy7) (5)-2 (R)-2 3

If the slopes of the absorption/time curves differ considerably, a positive hit is
indicated (i.e., an enantioselective lipase-variant has been identified) (/6). Figure 5
shows two typical experimental plots, illustrating the presence of a non-selective
lipase (top) and a hit (bottom) (/6). As a consequence of the crudeness of the test,
quantitative evaluation is not possible. Therefore, the hits need to be investigated
separately in laboratory-scale reactions and evaluated quantitatively by conven-
tional chiral GC. About 800 plots of this kind can easily be recorded per day. A
total of 40 000 lipase-variants were generated by epPCR, saturation mutagenesis,
cassette mutagenesis, and DNA shuffling and screened in the model reaction,
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FiG. 5. Time course of the lipase-catalyzed hydrolysis of the (R)- and (S)-ester 1 measured with a UV/
Vis plate reader. (a) WT lipase from P. aeruginosa, (b) improved mutant in the first-generation epPCR
(16).
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leading to the identification of several highly enantioselective variants (16,21-24)
(Section IV.A.1).

An inherent disadvantage of this assay has to do with the fact that a built-in
chromophore is required (p-nitrophenol), yet p-nitrophenyl esters will never be used
in industrial applications. Methyl- or ethyl-esters do not yield hydrolysis products
that are UV/Vis active. Moreover, because the (S)- and (R)-substrates are tested
separately pairwise, the enzyme does not compete for the two substrates, and so
some uncertainty is introduced. When considering this assay, the user has the op-
tion of either scanning through whole libraries of mutant lipases, or reducing the
effort by first applying an appropriate pre-screen, in this case the conventional
tributyrin test (66). Accordingly, the agar plates are charged with tributyrin, a well-
known substrate for lipase-catalyzed ester hydrolysis. Due to the insolubility of
tributyrin in the medium, the plates have a milky appearance. In the case of an
active lipase mutant, hydrolysis occurs, and consequently clear spots (halos) appear
(Fig. 6). Only these colonies are harvested for the actual UV/Vis-based ee screen.

A.2. Quick-E-Test in the Lipase- or Esterase-Catalyzed Kinetic Resolution of Chiral
p-Nitrophenyl Esters

Another colorimetric assay for testing the enantioselectivity of lipases or esterases
in ester hydrolysis reactions is based on a different principle (75). To simulate the
state of competitive conditions of an enzymatic process, the so-called Quick-E-Test

Fic. 6. Typical butyrin test for lipase activity in which the agar plate is placed on a black background
for visualization. White dots represent bacterial colonies; those having no (even) black background
contain inactive mutants (66a).
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was developed, in which a mixture of the p-nitrophenyl ester of one enantiomeric
form of a chiral ester 4 and a resorufin ester 6 is subjected to enzyme-catalyzed
hydrolysis, the latter taking on the “role” of the enantiomer (75). The two hydro-
lyses are monitored by recording the UV/Vis absorption of the two products 3 and
8 at two distinctly different wavelengths (410 vs. 570 nm). Although this procedure
makes a more precise determination of E values possible, it suffers from the same
disadvantage noted previously, namely, the necessity of employing the p-nitrophe-
nyl ester of the chiral acid.

CH3
(S)-4
H27C|% O hpage H,7C3 TO_ e 0] 0
+ + 2H*
O N/

6 7 8

A.3. Screening Systems for Lipase- or Esterase-Catalyzed Reactions Based
on pH-Indicators

Yet another principle forms the basis of a different UV/Vis test useful in de-
termining the ee of lipases or esterases (76). It is based on the notion that hydrolysis
of an ester leads to a change in acidity that is measurable by an appropriate pH
indicator. Upon using a buffer (N,N-bis(2-hydroxyethyl)-2-aminoethane sulfonic
acid) and a pH indicator (p-nitrophenol) having the same pK, value, a linear cor-
relation between the amount of acid generated and the protonation of the indicator
was established. In this case the two enantiomeric esters are investigated separately
pairwise, the color change upon protonation in each case being monitored colori-
metrically. Currently it is not quite clear how general and how precise this method
actually is, since it was later observed that appreciable discrepancies between the E
value obtained and the E value measured conventionally in control experiments
exist in some cases (77).

A related assay was later reported which makes use of a different and more
convenient indicator (bromothymol blue) (78). However, it is emphasized that all of
the assays based on pH change reported so far refer to the use of isolated enzymes.
In real applications, supernatants are likely to be used, as in directed evolution
studies. In supernatants, however, pH variations may occur. Therefore, an optimi-
zed assay was later developed in which supernatants are employed (79). Thus, the
pH of the buffer is adjusted to the acidity of the medium, enabling about 4000
samples in kinetic resolution investigations to be screened per day.
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A.4. Enzyme-Coupled ee Screening Systems

In those cases in which the product of an enzymatic reaction under study can be
transformed by another enzyme into a secondary product which gives rise to a
spectroscopic signal, an enzyme-coupled assay is possible. This principle was first
demonstrated using fluorescence as the spectroscopic detection method (80) (Sec-
tion III.B). In a UV/Vis approach using this concept, the hydrolase-catalyzed ki-
netic resolution of chiral acetates was investigated using a high-throughput ee assay
based on an enzyme-coupled test, the presence of a fluorogenic moiety or a UV/Vis
chromophore not being necessary (87). The assay is based on the idea that the acetic
acid formed in the hydrolysis of a chiral acetate can be transformed stoichiomet-
rically into NADH via a series of coupled enzymatic reactions using commercially
available enzyme kits (Fig. 7). The NADH is then easily detected by UV spectros-
copy in the wells of microtiter plates using a standard plate reader. It has been
estimated that about 13 000 samples can be evaluated per day, although in practice
this has not yet been demonstrated.

The kinetic resolution of (S,R)-1-methoxy-2-propylacetate was investigated using
various commercially available hydrolases. The agreement between the apparent
selectivity factor E,,, and the actual value Ei,. determined by GC turned out to be
excellent at low enantioselectivity (E = 1.4—13), but less so at higher enantioselec-
tivity (20% variation at E = 80). This limitation may cause problems when at-
tempting to enhance enantioselectivity beyond E = 50.

Whenever the product concentration (e.g., of an alcohol) can be determined, the
ee value is accessible by using an enzyme to catalyze a further reaction which can be
monitored by UV/Vis spectroscopy. In the so-called EMDee method, a selective

O
OH
O)J\ + H,0 M, acetic acid 4+
1 2
R‘}\RZ § R °R
CoA
citrate ATP
CS ACS
HO é acetyl-CoA AMP + pyrophosphate
NADH + H' + oxaloacetate ————> L-malate + NAD*

L-MDH

Fic. 7. Enzyme-coupled assay in which the hydrolase-catalyzed reaction releases acetic acid. The
latter is converted by acetyl-CoA synthetase (ACS) into acetyl-CoA in the presence of (ATP) and
coenzyme A (CoA). Citrate synthase (CS) catalyzes the reaction between acetyl-CoA and oxaloacetate to
give citrate. The oxaloacetate required for this reaction is formed from r-malate and NAD ™ in the
presence of r-malate dehydrogenase (L-MDH). Initial rates of acetic acid formation can thus be
determined by the increase in adsorption at 340 nm due to the increase in NADH concentration. Use of
optically pure (R)- or (S)-acetates allows the determination of the apparent enantioselectivity E,p, (87).
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alcohol dehydrogenase is employed to specifically oxidize one enantiomer of a
chiral alcohol (82,83). The oxidation rate can be measured by following the for-
mation of NAD(P)H, which ultimately allows determination of the ee. The method
has precision of +10% and can be adapted to high throughput. However, the
product concentration must be determined by an alternative means when conver-
sion is less than 100%.

In what appears to be a particularly innovative development in the area of UV/
Vis-based ee screening systems, the determination of the enantiomeric purity of
chiral alcohols 9 is based on a new concept of using two enantioselective enzymes to
modify the product (84). The method allows the determination of ee values inde-
pendent of the concentration, which may be of significant advantage in directed
evolution projects. It can be used in three different biocatalytic processes, namely
biohydroxylation of alkanes, reductase-catalyzed reduction of ketones, and lipase-
or esterase-catalyzed ester hydrolysis.

0
NAD(P)H )]\
CH;
10

R
+
enzyme A

0 OH OH
)]\ catalyst /_\
_— +
R CH; or biocatalyst R™  "CHj R "CHj

(5)-9 (R)-9
enzyme B
OCOR' \\\\\\\\\ I
/g\ biocatalyst NAD@ )]\CH
R
R™  "CHs NAD(P)H 10

To analyze the ee value of 9, enantioselective NAD(P) " -dependent alcohol de-
hydrogenases A and B are each used to oxidize the alcohol. The reaction rates for
enzyme A (V%) and enzyme B (v°) can be determined by following the formation of
NAD(P)H through its absorption at 340 nm. The enantiomers of chiral alcohols are
generally competing substrates for enantioselective alcohol dehydrogenases, so the
reaction rates v* and v° can be expressed by simple equations that are routine in
enzyme kinetics. When two selective alcohol dehydrogenases are used, the following
equation for the ee value can be derived (84):

b b 1 b
_ [R] — [S] _ Vmax,S’"b /Kvm,S"]7 + I/K(I - Vamax,R"'” /Kja,R”” o I/KI
[RIHIST e / KD o+ 1/KG =V / K o —1/K}
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In the application of this method, the kinetic constants V.. r. Viacss Koo
K. s> Vﬁlax, R Vﬁm, 5 Kf;’ R Kfn, s» K4, and K} can be readily established by separate

oxidation of (R)-9, (S)-9, and mixtures of (R)- and (S5)-9 in known ratios with
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enzymes A and B, respectively. In a model study, an enzyme preparation with a

constant concentration was used to establish the kinetic constants and analyze

unknown samples; the ee values could then be calculated. The use of V., is ad-
vantageous because this approach does not require the accurate determination of
the enzyme concentration in each experiment.

The method was successfully applied to a series of alcohols 9. Of the 83 measured
ee values, 79 turned out to be within 10% of the true value, and four resulted in
an error of +12%. As the authors stated, the method has several distinctive fea-
tures (84):

(a) The ee can be determined with satisfactory accuracy, independent of the con-
centration.

(b) The enzymes do not have to be specific to (or highly active toward) the alcohol.
A large number of alcohol dehydrogenases with broad substrate ranges are now
available, and it is thus easy to find appropriate alcohol dehydrogenases for
analysis of the ee value of a given alcohol.

(c) The analysis method is very sensitive. The technique can be used to determine
the ee value of a sample with a concentration as low as 200 uM and is therefore
particularly useful for biocatalyst screening, when product concentration is of-
ten low.

(d) The analysis is performed with UV spectroscopy; no special instrument is re-
quired.

(e) Experiments are performed in a 956-well microtiter plate, which allows analysis
of the ee values of 48 samples within 5min. Given a preparation time of 5min,
about 288 samples can be analyzed in an hour, which is a high enough
throughput for most practical applications.

(f) The method can be extended to measure the ee values of other types of com-
pounds. Two enzymes of another type may be applied, coupled with detection
by UV spectroscopy, MS, or even HPLC or GC for short analysis times.

(g) The method also provides the possibility to measure concentration. For high
concentrations, samples may be diluted and then analyzed, which makes
the method useful for screening catalyst activities. However, as a note of cau-
tion, an accuracy of +10% may cause problems in the late stages of projects
concerning the directed evolution of enantioselectivity (i.e., when going beyond
ee>90%).

A.5. Other UV/Vis-Based ee Assays

Several other UV/Vis-based ee assays have been developed, but their general
application in directed evolution remains to be demonstrated (66—70). One of them
is a well- designed screening system based on enzyme immunoassays (85). The
success of the ee assay depends upon the availability of specific antibodies that are
easily raised for almost any chiral product of interest. In a given reaction, two
antibodies are needed, one that measures the product concentration and the other
that measures the amount of one of the enantiomers. About 1000 ee determinations
are possible per day, the precision amounting to +9% (85).
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B. Assays UsING FLUORESCENCE

Fluorescence-based assays either in the measurement of enzyme activity or in the
quantification of enantioselectivity all have a high degree of sensitivity, which al-
lows the use of very dilute substrate concentrations and extremely small amounts of
enzymes. Basically, there are two different approaches. One involves the use of a
substrate of interest to which a fluorescent-active (or potentially active) moiety is
covalently attached. The second approach makes use of a fluorescence-based sen-
sor, which gives rise to a signal as a consequence of the enzyme-catalyzed reaction
of a substrate of interest.

One of the first fluorescence-based ee assays uses umbelliferone (14) as the built-
in fluorophore and works for several different types of enzymatic reactions (70,86).
In an initial investigation, the system was used to monitor the hydrolytic kinetic
resolution of chiral acetates (e.g., rac-11) (Fig. 8). It is based on a sequence of two
coupled enzymatic steps that converts a pair of enantiomeric alcohols formed by the
asymmetric hydrolysis under study (e.g., (R)- and (S)-12) into a fluorescent product
(e.g., 14). In the first step, (R)- and (S)-11 are subjected separately to hydrolysis in
reactions catalyzed by a mutant enzyme (lipase or esterase). The goal of the assay is
to measure the enantioselectivity of this kinetic resolution. The relative amount of
(R)- and (S)-12 produced after a given reaction time is a measure of the enantio-
selectivity and can be ascertained rapidly, but not directly.

Two subsequent chemical transformations are necessary. First, the enantiomeric
alcohols (R)- and (S)-12 are oxidized separately by horse-liver alcohol dehydrogenase

(R)-11 ($)-11

1@
Mm A

(R)-12
®

(5)-12

] e
13 14

FiG. 8. Scheme for fluorescence-based assay used in the determination of enantioselectivity of ester
hydrolysis (80).
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(HLDH) to the ketone 13, from which the fluorescent final product umbelliferone
(14) is released in each case by the catalytic action of bovine serum albumin (BSA).
Thus, by measurement of the fluorescence of 14 for the (R)- and the (S)-substrate
separately, the relative amounts of (R)- and (S)-12 can be determined.

Thirty different esterases and lipases were tested. The rate of release of 14 in the
wells of standard microtiter plates was monitored by fluorescence (70,86). Control
experiments ensured that the apparent rate of release of 14 is directly proportional
to the rate of acetate hydrolysis. The predicted and observed E and ee values (as
checked by standard HPLC assay on a chiral phase) were found to match within
+20%. Only in one case was a larger discrepancy observed, a result that was
believed to be caused by the occurrence of an unusually low value of Ky for one of
the enantiomers.

Thus, because the test can be carried out on 96-well microtiter plates, high
throughput is possible. Of course, the inherent disadvantage noted above for some
of the colorimetric tests also applies here, namely, the fact that the optimization of a
potential catalyst is focused on a specific substrate 11 modified by incorporation of
a probe, in this case the fluorogenic moiety 14. However, one can expect the test to
be useful in directed evolution projects in which proof of principle is the goal.
Moreover, this kind of approach can be used in very practical applications, namely
as a pre-test for the activity of enzymes.

The general concept has been extended beyond the ee assay for lipases and
esterases to include enzymes such as acylases, epoxide hydrolases (EHs), alcohol
dehydrogenases, aldolases, and phosphatases (70,87). In many cases, the assay
utilizes NalO4-mediated oxidation of a diol-moiety followed by base-catalyzed
B-elimination to generate the fluorescent umbelliferone (14) (Fig. 9). Again, the
most likely area of application is pre-screening, although adaption to include high-
throughput ee determination seems possible.

In a different approach, fluorescence-based DNA microarrays are utilized (88). In
a model study, chiral amino acids were used. Mixtures of a racemic amino acid are
first subjected to acylation at the amino function with formation of N-Boc protected
derivatives. The samples are then covalently attached to amine-functionalized glass
slides in a spatially arrayed manner (Fig. 10). In a second step, the uncoupled
surface amino functions are acylated exhaustively. The third step involves complete
deprotection to afford the free amino function of the amino acid. Finally, in a
fourth step, two pseudo-enantiomeric fluorescent probes are attached to the free
amino groups on the surface of the array. An appreciable degree of kinetic res-
olution in the process of amide coupling is a requirement for the success of the ee
assay (Horeau’s principle). In the present case, the ee values are accessible by
measuring the ratio of the relevant fluorescent intensities. About 8000 ee determi-
nations are possible per day, precision amounting to +10% of the actual value (88).
Although it was not explicitly demonstrated that this ee assay can be used to
evaluate enzymes (e.g., proteases), this should in fact be possible. So far this ap-
proach has not been extended to other types of substrates.

A number of other ee assays relying on the use of fluorescence have been described,
although their general utility in the high-throughput evaluation of enantioselective
enzymes remains to be demonstrated in most cases (66—70). A high-throughput ee
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FiG. 9. Periodate-coupled fluorogenic ee assay for hydrolases based on the generation of umbellifer-
one (14) (70,86,87).

assay based on capillary array electrophoresis (CAE) (89) using fluorescence as the
detection system is described in Section II1.G.

C. AssAYS BASED ON MASS SPECTROMETRY

Enantiomers have identical mass spectra, and therefore the relative amounts of
the (R)- and (S)-forms present in a given sample cannot be measured by conven-
tional MS techniques. However, special MS-based approaches have been described
that do in fact allow ee determination. In one method, two conditions have to be
met (90,91): (a) a mass-tagged chiral derivatization agent is applied to the product
mixture, and (b) in the process of derivatization, a significant degree of kinetic
resolution needs to occur (Horeau’s principle). The relative amounts of mass-tagged
diastereomers can then be measured by MS, simply by integrating the appropriate
peaks, the uncertainty in the ee value amounting to +10% (90,91).

Isotope labeling forms the basis of a different MS-based ee-assay (92,93). It
involves a fundamentally new way to measure enantiopurity. The method has been
parallelized for high throughput and used a number of times in the directed ev-
olution of enantioselective enzymes (46,64,94-96). In this MS-based approach,
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Fic. 10. Reaction microarrays in high-throughput ee determination of amino acids. Reagents and
conditions: step (1) BocHNCH(R)CO,H, PyAOP, iPr,NEt, DMF; step (2) Ac,0O, pyridine; step (3) 10%
CF3;CO,H and 10% Et;SiH in CH,Cl,, then 3% Et;N in CH,Cly; step (4) pentafluorophenyl dip-
henylphosphinate, iPr,NEt, 1:1 mixture of the two fluorescent proline derivatives, DMF, —20°C (88).
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derivatization reactions are not necessary, which makes the overall process easy. It
makes use of deuterium-labeled pseudo-enantiomers or pseudo-meso-compounds.
This practical method is restricted to investigations involving kinetic resolution of
racemates and desymmetrization of prochiral compounds bearing reactive enan-
tiotopic groups (Fig. 11) (92,93).

It is clear that the products of these transformations are pseudo-enantiomers
differing in absolute configuration and in mass, with integration of the MS peaks
and data processing affording the ee or E values. Any type of ionization can be
employed, and electrospray ionization (ESI) is used most commonly. In some cases,
the use of an internal standard is advisable if the determination of conversion is
necessary. The uncertainty in the ee value amounts to less than +5%. In the
original version, about 1000 ee values could be measured per day, but this has been
increased to about 8000 per day as a result of a second-generation system based on
an eight-channel multiplexed sprayer system (93).

The method is illustrated here using lipase-variants from Bacillus subtilis, pro-
duced by the methods of directed evolution and employed as catalysts in the des-
ymmetrization of meso-1,4-diacetoxy-cyclopentene (64,94). The goal was to obtain
enantioselective variants of this lipase, which are expressed in E. coli. Accordingly,
the Ds-labeled pseudo-meso-compound 15 (which is actually chiral) was selectively
prepared and used as the substrate, the two products of the asymmetric transfor-
mation being non-labeled 16 and the Ds-labeled pseudo-enantiomer D3-16. The
products are easily distinguished by ESI-MS because they differ by three mass units.
Upon integration of the respective peaks, the ee value is accessible.

FG FG* FG' FG'
+ B — = + - + FG" + FG"*
@ RIORZ RITOR? RIJ\RZ RI7OR2
®) FG FG FG' FG'
4 B . + = + FG"
R'/'\R2 RI7OR R'/'\R2 RI7ORY
FG FG* FG'  FG* FG FG'
(©) —_—— + + FG" + FG"*
R R R R R R
@ = + + FG" + FG"*
FG FG* FG' FG* FG FG'

FiG. 11. (a) Asymmetric transformation of a mixture of pseudo-enantiomers involving cleavage of the
functional groups FG and labeled FG*. (b) Asymmetric transformation of a mixture of pseudo-
enantiomers involving either cleavage or bond formation at the functional group FG; isotopic labeling at
R? is indicated by the asterisk. (c) Asymmetric transformation of a pseudo-meso substrate involving
cleavage of the functional groups FG and labeled FG*. (d) Asymmetric transformation of a pseudo-
prochiral substrate involving cleavage of the functional groups FG and labeled FG* (92).
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This screening system has also been applied successfully in the directed evolution
of enantioselective EHs acting as catalysts in the kinetic resolution of chiral
epoxides (95,96) (Section 1V.A.4). Moreover, the firm Diversa has applied the
MS-based method in the desymmetrization of a prochiral dinitrile (1,3-dicyano-2-
hydroxypropane) catalyzed by mutant nitrilases (46). In this industrial application,
one of the nitrile moieties was labeled selectively with '°N as in '’N-17, which
means that the two pseudo-enantiomeric products (S)-'>’N-18 and (R)-18 differ by
one mass unit. This is sufficient for the MS system to distinguish between the two
products quantitatively (46).

OH H,0 OH OH
NC \/k/CISN nitrilase HO,C \/'\/ CPN % NC \/'\/COZH
5N-17 (5)-1°N-18 (R)-18
(m/z = 130) (m/z = 129)

It is emphasized that in the case of kinetic resolution, the MS measurements must
be performed in the appropriate time window (near 50% conversion). If this is
difficult to achieve due to different amounts or activities of the mutants being
screened in the wells of microtiter plates, the system needs to be adapted in terms of
time resolution. This means that samples for MS evaluation need to be taken as a
function of time. Finally, it is useful to delineate the possibility of multi-substrate ee
screening using the MS-based assay, which allows for enzyme fingerprinting with
respect to the enantioselectivity of several substrates simultancously.

D. AssAays Basep oN NMR SpEcTROScOPY

Nuclear magnetic resonance (NMR) measurements are usually considered to be
slow processes, but recent advances in the design of flow-through NMR cells have
allowed the method to be applied in combinatorial chemistry (97). These techno-
logical improvements were applied to the development of two NMR-based
high-throughput ee assays for evaluating the products of enzyme- or transition
metal-catalyzed reactions (95).

In one version, classical derivatization using a chiral reagent or NMR shift agent is
simply parallelized and automated by the use of flow-through cells, with about 1400
ee measurements being possible per day with a precision of +5%. In the second
embodiment, illustrated here in detail, a principle related to that of the MS system
described in Section III.C is applied (98). Chiral or meso-substrates are labeled to
produce pseudo-enantiomers or pseudo-meso-compounds that are then used in the
actual screen. Application is thus restricted to kinetic resolution of racemates and



24 M.T. REETZ [111

desymmetrization of prochiral compounds bearing reactive enantiotopic groups, as
illustrated previously for the MS system (Fig. 11 in Section II1.C).

In a typical application, '*C-labeling is used to distinguish between the (R)- and
(S)-forms of a chiral compound. Essentially, any carbon atom in the compound of
interest can be labeled (Fig. 11), but methyl groups in which the 'H signals are not
split by "H,"H coupling are preferred because the relevant peaks to be integrated are
the singlet arising from the CHs-group of one enantiomer and the doublet of the
13CHj;-group of the other.

A typical example that illustrates the method concerns the lipase- or esterase-
catalyzed hydrolytic kinetic resolution of rac-1-phenyl ethyl acetate, derived from
rac-1-phenyl ethanol (20). However, the acetate of any chiral alcohol or the acet-
amide of any chiral amine can be used. A 1:1 mixture of labeled and non-labeled
compounds (S)-"*C-19 and (R)-19 is prepared, which simulates a racemate. It is
used in the actual catalytic hydrolytic kinetic resolution, which affords a mixture of
true enantiomers (S5)-20 and (R)-20 as well as labeled and non-labeled acetic acid
13C-21 and 21, respectively, together with non-reacted starting esters 19. At 50%
conversion (or at any other point of the kinetic resolution), the ratio of (S)-'*C-19
to (R)-19 correlates with the enantiomeric purity of the non-reacted ester, and the
ratio of '*C-21 to 21 reveals the relative amounts of (S)-20 and (R)-20 (98).

(6] O
13 OH OH

0 CH; + 0O "CH; —> + =+ "CH\COOH + CH;COOH
' Ph/'\ ph : }

Ph Ph
(8)-13C-19 (R)-19 (5)-20 (R)-20 321 21

The ratio of the two pseudo-enantiomers is accessible by simple integration of the
respective peaks, which provides the ee and the E value (by use of an internal
standard for conversion). The quantitative analysis can be accomplished automat-
ically by a suitable software such as AMIX™ (available from Bruker Biospin
GmbH, Rheinstetten, Germany). The presence of naturally occurring '*C in the
non-labeled (R)-substrate is automatically considered in the data processing step.
As demonstrated by control experiments, the agreement with the corresponding ee
values obtained by independent GC analysis is excellent, the correlation coefficient
being 0.9998 (98). The precision in the ee values amounts to +2%, as checked by
independent GC analysis. In the case of the first version of the high-throughput ee
assay based on traditional derivatization using chiral reagents such as Mosher’s
acid chloride, the same equipment and software can be used (98). Again, about 1400
samples can be handled per day, with the precision in the ee value in these cases
being +5%. Thus, these two NMR-based ee screening systems are practical, pre-
cise, and rather general.

The method has been extended to include chemical shift imaging, which allows
even higher throughput (99). In this embodiment, a 19-capillary through-flow sys-
tem enables the simultaneous analysis of 19 samples. The enantiomeric purity of
5600 samples can be determined within one day, the precision being +6%. In this
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NMR-tomographic method, any commercially available NMR spectrometer can be
used. To inject samples from 384-format deep-well microtiter plates into the bundle
automatically, an in-house-developed pipetting robot with a modified tray was
used.

In a different NMR approach, deuterium-labeled pseudo-enantiomeric ketones
are reduced to diastereomeric alcohols (theoretically by a hydrogenase), and the
product ratio is measured by NMR spectroscopy (/00). The method has yet to be
tested in enzyme-catalyzed reactions.

E. Assays Basep oN FTIR SPECTROSCOPY FOR ASSAYING LIPASES OR ESTERASES

The concept of exploiting isotopic labeling for distinguishing pseudo-enantiomers
in the kinetic resolution of chiral compounds and in the desymmetrization of pro-
chiral substrates bearing reactive enantiotopic groups (Fig. 11) can also be applied
in some cases by use of Fourier transform infrared (FTIR) spectroscopy as the
detection system (/01). Because FTIR spectroscopy is inexpensive and available in
almost all laboratories, the ee assay has great potential. Moreover, it is of particular
interest in the analysis of enzymatic reactions because the ee or E values can be
measured directly in culture supernatants without prior extractive work-up proce-
dures. Of course, the method is restricted to substrates of the type shown in Fig. 11,
which, however, must contain IR-active functional groups undergoing reactions. If
all pre-requisites are fulfilled, up to 10 000 ee values can be measured per day with
an accuracy of +7%, making this a particularly practical and economical method
for evaluating large libraries of potentially enantioselective lipases or esterases
(101).

For the purpose of illustration, the lipase- or esterase-catalyzed kinetic resolution
of esters is considered here, although the method is not restricted to this type of
reaction. '*C-labeling of carbonyl groups is ideal for several reasons: carbonyl
groups provide intensive vibrational bands in an IR spectrum, allowing easy and
precise determination of the concentrations of the compounds by applying the
Beer—Lambert law. In the spectral region between 1600 and 1800 cm ™', typical for
carbonyl stretching vibrations, almost no absorptions of other functional groups
appear, eliminating interference with other vibrational bands. The '*C-labeled
compounds are easily prepared; the absorption maxima of the carbonyl stretching
vibration is shifted by 40-50cm™' to lower wave numbers by introducing a '*C-
label, which prevents the overlap of the two carbonyl bands.

The analysis of IR spectra of different synthetic mixtures of '*C-labeled and non-
labeled enantiomeric actetates poses no problems. After applying an automated
baseline correction to the spectra and correcting the absorbance of one enantiomer
in the synthetic mixtures by the absorbance of the other enantiomer at this
position, the accuracy of the pseudo-enantiomeric system is excellent, specifically,
within +3% in comparison to the ee values determined by chiral GC (1/017). Using
commercially available HTS-FTIR systems, high-throughput measurements
are easily possible. The analysis can be performed on a Tensor 27 FTIR spectro-
meter coupled to a HTS-XT system, which is able to analyze the samples on 96- or
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384-well microtiter plates. The plates are equipped with a silicon plate for IR
transmittance. Moreover, the ee values can be measured in culture supernat-
ants, which is not possible in the case of the MS- or NMR-based assays.
The manufacturer Bruker has already coupled the microplate stacking device
TWISTER 1 to its microplate reader (/0/). In this combination which is
controlled by OPUS® software, 40 IR microplates can be measured automatical-
ly. In order to perform the sample loading at high throughput, the auto-
sampler microlab 4000 SP can be used. Both formats (96 and 384) of the
Bruker silicon microplates are suitable for automatic loading of different types
of samples (proteins, cells, and culture media). At least 9000 samples can be
handled per day (101).

F. Assays Basep oN GAs CHROMATOGRAPHY OR HPLC

Conventional chromatography (GC) using chiral stationary phases can handle
only a few dozen ee determinations per day. However, if medium or high through-
put is desired, speed-up using automation is possible, although generally at the
expense of precision. This disadvantage is not a serious concern, because the pur-
pose is to identify positive hits that can then be analyzed by a more precise system.
In some cases, GC can be modified so that in optimal cases about 700—800 fairly
exact ee and E determinations are possible per day. Such medium throughput may
suffice in certain applications. The first such case concerned the lipase-catalyzed
kinetic resolution of the chiral alcohol (R)- and (S)-22 with formation of the acy-
lated forms (R)- and (S)-23 (/02). Thousands of mutants of the lipase from
P. aeruginosa were created by epPCR for use as catalysts in the model reaction and
were then screened for enantioselectivity.

OAc
NN — N
Y\OH + OH W OAc + X OAc
Ph Ph lipases Ph Ph
(R)-22 (5)-22 (R)-23 (5)-23

Although in principle it is possible to simply use several GC instruments each
equipped with a sample manager and a separate PC, this is really not efficient
because it is expensive, and at the same time data handling becomes tedious. The
first successful construction consisted of two GC instruments (e.g., GC instruments
and data bus (HP-IB) are commercially available from the firm Hewlett-Packard,
Waldbronn, Germany), one prep-and-load sample manager (PAL) (commercially
available from CTC, Schlieren, Switzerland) and one PC (102).

Recently, this system has been extended to include three GC instruments oper-
ated by one PC (Fig. 12) (103,104). Experience has shown that a single sample
manager for all three GC instruments may cause problems because it is difficult to
construct identical columns (/04). Therefore, three sample managers were employed
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Fic. 12. Picture of optimized unit for ee determination based on three GC instruments driven by one
PC (104).

separately, the final data being collected and analyzed (ee and/or E) by one PC. This
screening system was first applied successfully in the analysis of chiral products
arising from catalysis by mutant Baeyer-Villigerases. In this directed evolution
project about 17 000 samples were screened (103).

HPLC can also be exploited for a medium-throughput ee analysis, although
again the traditional forms need to be adapted. As before, speed is accomplished at
the expense of precision, but systems can be implemented that allow the identi-
fication of positive hits, which then need to be analyzed more precisely by the use of
conventional HPLC having longer columns (and longer analysis times). Presently,
only medium throughput can be achieved, meaning the evaluation of 300—800
samples per day, which suffices in some applications.

The first medium-throughput HPLC-based ee assay was developed to identify
hits in the directed evolution of enantioselective cyclohexanone monooxygenases
(CHMO) as catalysts for the asymmetric O,-mediated oxidation of prochiral
thio-ethers such as 24 (105). In this application, a commercially available HPLC
instrument (Shimadzu LC 2010) was equipped with a sample manager and the
appropriate software (Lab Solutions) to handle 96- or 384-well microtiter plates.
Because enantiomeric separation of (R)-25/(S)-25 has to be fast and efficient, ex-
ploratory experiments were performed with a variety of different chiral stationary
phases, solvents, and conditions. An efficient system turned out to be benzoylated
cellulose as the stationary phase with a mixture of n-heptane and ethanol as the
mobile phase. For rapid analysis, columns 50 mm in length and 4.5 mm in diameter
were used. This system allows for at least 800 ee determinations per day. Unfor-
tunately, the E. coli-based expression system produces small amounts of indole,
which leads to an overlap with the HPLC-peak of (S)-25. Although this can be
considered in the quantitative evaluation, the ee values accessible under these con-
ditions are not precise and were consequently used only to identify hits. These were
subsequently analyzed precisely by a conventional HPLC setup using a longer
column (250 mm) (/05).
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G. AssAys BASED ON CAPILLARY ARRAY ELECTROPHORESIS

The GC- or HPLC-based techniques described above may well serve as practical
medium-throughput assays in some cases, but high throughput encompassing thou-
sands of ee values per day is outside of the realm of these assays. In sharp contrast,
CAE has been modified to allow the high-throughput determination of enantiomeric
purity (89,106). It is well known that traditional capillary electrophoresis (CE) in which
the electrolyte contains chiral selectors, such as B-cyclodextrin derivatives (3-CDs), can
be used to determine the enantiomeric purity of a given sample. The conventional form
of this analytical technique allows for only a few dozen ee determinations per day.
However, because of the analytical demands arising from the Human Genome Project,
inter alia, CE has been revolutionized so that efficient techniques for instrumental
miniaturization are now available, making super-high-throughput analysis of biomol-
ecules possible for the first time.

Two different approaches for such analyses have emerged, namely, CAE
(107) and CE on micro-chips (also called CAE on chips) (/08). Both tech-
niques can be used to carry out DNA sequence analyses and/or to analyze
oligonucleotides, DNA-restriction fragments, amino acids, or PCR products. Many
hundreds of thousands and more analytical data points can be accumulated
per day. On the basis of these results, CAE was adapted to determine the
enantiomeric purity of chiral amines, with fluorescence serving as the detection
system (89,106). In optimal cases between 7000 and 20 000 ee determinations were
shown to be possible with high accuracy. However, the instruments currently
call for large financial investments. CAE on chips could be a cheap alternative, but
this method requires more development if high-throughput ee determinations are to
be included (106).

H. Assays BASED oN CIRCULAR DICHROISM

In some cases, circular dichroism (CD) is ideally suited for high-throughput ee
assays, although to date it has not been used routinely in enzymatic reactions. An
alternative to HPLC employing chiral columns, which separate the enantiomers of
interest, involves the use of normal columns which simply separate the starting
materials from the enantiomeric products, with ee of the mixture of enantiomers
then being determined by CD spectroscopy (/09). This classical method has been
adapted to high-throughput ee screening (/10—112). The method is based on the use
of sensitive detectors for HPLC which determine in a parallel manner both the CD
(Ag) and the UV absorption (g) of a sample at a fixed wavelength in a flow-through
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system. The CD signal depends only on the enantiomeric composition of the chiral
products, whereas the absorption is related to their concentrations. Thus, only short
HPLC columns are necessary. Upon normalizing the CD value with respect to
absorption, the so-called anisotropy factor ¢ is obtained:

Ae

g=—.
&

3)
Therefore, it is possible to determine the ee value without recourse to complicated
calibration. The method is theoretically valid only if the g factor is independent of
concentration and linear with respect to ee. These conditions may not hold if the
chiral compounds form dimers or aggregates, because such enantiomeric or di-
astereomeric species would give rise to their own particular CD effects. Although
such cases have yet to be reported, it is mandatory that this possibility be checked in
each new system.

In work concerning the directed evolution of enantioselective enzymes, there was a
need for fast and efficient ways to determine the enantiomeric purity of chiral al-
cohols, which can be produced enzymatically either by reduction of prochiral ketones
(e.g., 26) using reductases or by kinetic resolution of rac-acetates (e.g., 19) by lipases
(111). In both systems, the CD approach is theoretically possible. In the former case,
an LC column would have to separate the educt 26 from the product (S)/(R)-20,
whereas in the latter, (S)/(R)-20 would have to be separated from (S)/(R)-19.

reductase
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Because acetophenone (26) has a considerably higher extinction coefficient than
I-phenylethanol (20) at a similar wavelength (near 260 nm), separation of starting
material from product is necessary. In preliminary experiments using enantiomeric-
ally pure product 20, the maximum value of the CD-signal was determined. Mix-
tures of 20 having different enantiomer ratios (and therefore ee values) were
prepared and analyzed precisely in control experiments by chiral GC. The same
samples were studied by CD, resulting in the compilation of g values. A linear
dependence of the g values on the ee values was observed, with a correlation factor
of r =0.99995, which translates into the following simple equation for enantiose-
lectivity (111):

ee = 3176.4g — 8.0. @)
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Although a reductase was not actually applied, separation of 26 from (S)/(R)-20 was
accomplished by use of reversed-phase silica as the column material and methanol/
water as the eluant. In view of the observed dependence of the g factor on concen-
tration, aggregation in this protic medium was excluded. In the HPLC setup, the
mixture was fully separated within less than 1.5 min. By use of the JASCO-CD-1595
instrument in conjunction with a robotic autosampler, it was possible to perform
about 700—900 rather exact ee determinations per day (//1).

I. OTHER EE ASSAYS

The infrared radiation caused by the heat of reaction of an enantioselective
enzyme-catalyzed transformation can be detected by modern photovoltaic infrared
(IT)-thermographic cameras equipped with focal-plane array detectors. Specifically,
in the lipase-catalyzed enantioselective acylation of racemic 1-phenylethanol
(20), the (R)- and (S)-substrates were allowed to react separately in the wells of
microtiter plates, the (R)-alcohol showing hot spots in the IR-thermographic images
(113,114). Thus, enantioselective enzymes can be identified in kinetic resolution.
However, quantification has not been achieved thus far by this method, which
means that only those mutants can be identified which have E values larger than 100
(113-115).

Another method for assaying the activity and stercoselectivity of enzymes at in
vitro concentrations is based on surface-enhanced resonance Raman scattering
(SERRS) using silver nanoparticles (//6). Turnover of a substrate leads to the
release of a surface targeting dye, which is detected by SERRS. In a model study,
lipase-catalyzed kinetic resolution of a dye-labeled chiral ester was investigated. It is
currently unclear how precise the method is when identifying mutants which lead to
E values higher than 10. The assay appears to be well suited as a pre-test for
activity.

IV. Examples of Directed Evolution as a Means to Control the
Enantioselectivity of Enzymes

In view of the availability of numerous mutagenesis methods and ee assays, it may
seem that in vitro evolution of enantioselectivity of a given enzyme for a specific
asymmetric reaction is a routine process. However, this is not (yet) the case, not-
withstanding a great deal of progress. The problem is how to choose the optimal
strategy when exploring protein sequence space. Which mutagenesis method should
be used? High or low mutation rate? Focused or non-focused libraries? Large or
small libraries? Moreover, the proper choice of an appropriate ee assay is also
important, which may require some adaptation of a known screening system.

These questions have been addressed most systematically in a series of case
studies involving a lipase (/6,22—24). The results and conclusions of these studies
are presented in detail here because they serve as a guide for future investigations
(Section IV.A.1).
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A. HYDROLASES

A.l. Lipase from Pseudomonas Aeruginosa

The first case study of the directed evolution of an enantioselective enzyme in-
volving repeating cycles of gene mutagenesis, expression, and screening resulting in
evolutionary pressure was carried out with a lipase (/6). Systematic investigations
were conducted with this enzyme not only to provide proof of principle (/6), but
also to determine how the strategies concerning the use of various mutagenesis
methods compare in terms of efficiency (2/-24). The lessons learned were then
applied to other studies.

Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are ubiquitous enzymes that
catalyze the hydrolysis of fats and oils (7,9-11,117,118). In addition to their bi-
ological function in bacteria, fungi, plants, and higher animals, lipases are biocat-
alysts that have received a great deal of attention in numerous industrial processes,
including those related to oils and fats, detergents, baking, cheese-making, hard-
surface cleaning, and leather and paper processing. Moreover, lipases are the most
widely used enzymes in synthetic organic chemistry, catalyzing the chemo-, regio-
and/or stereoselective hydrolysis of carboxylic acid esters or the reverse reaction in
organic solvents. In the case of enantioselectivity, either desymmetrization of pro-
chiral substrates or kinetic resolution of racemates are relevant, and numerous
academic and industrial examples are known, including the BASF process for the
production of chiral amines (//9,120). More than a dozen lipases are currently
available commercially.

lipase

RCO,H + R'OH RCO,R' + H,O
lipase

RCO,R'" + R'"OH ———= RCO,R" + R'OH
lipase

H

RCO,R' + R"NH, RC(O),NHR" + R'OH

The active site of lipases is characterized by a triad composed of serine, histidine,
and aspartate, and acyl-enzyme complexes are the crucial intermediates in all lipase-
catalyzed reactions (/17,118) (Fig. 13).

To illustrate the feasibility of directed evolution of enantioselective enzymes, the
field of lipases was considered (/6). Then a decision had to be made regarding the
choice of a specific lipase and the nature of the substrate to be investigated. Al-
though the genes of many enzymes are available for public use, details of expression
systems are often the property of companies that may or may not share them. Thus,
none of the common commercially available lipases was chosen for the model study;
rather, one of the less common representatives was chosen, namely, the lipase from
P. aeruginosa (16). The existing expression system is effective enough to provide
sufficient amounts of mutants on microtiter plates for screening, but not for the
production of gram amounts (/217), which means that this lipase is not likely to gain
industrial importance. It is also not particularly stable, making isolation, purifi-
cation, and the determination of precise kinetics data difficult.
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FiG. 13. Mechanism of lipase-catalyzed hydrolysis of esters (/17,118).

However, these limitations do not reduce the value of the basic research con-
ducted with this particular lipase. As a model substrate the chiral ester 1 was
chosen. Kinetic resolution of 1 using the WT lipase from P. aeruginosa as the
catalyst shows a very low selectivity factor: £ = 1.1 in slight favor of (S)-2.
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The P. aeruginosa lipase is composed of 285 amino acids, the active site being
Ser82 (121). Upon applying the algorithm described in Section II, the number of
mutants theoretically possible when introducing one mutation per enzyme molecule
is 5415, a number that climbs to 14.6 million in the case of two simultaneous
mutations and 26.1 billion for three mutations per enzyme molecule (/22). Initially
(in 1995—1996), epPCR at a low mutation rate was chosen to induce an average of
only one amino acid exchange per enzyme molecule (/6). This choice was in line
with the general opinion of other researchers in the area of directed evolution at
that time, although their goals were different (enhanced stability, activity, etc). In
the case of the kinetic resolution of the ester 1, epPCR was therefore adjusted to
cause about 1-2 base substitutions per 1000 base pairs of the gene (/6). Typically,
2000-3000 enzyme variants per generation were screened following expression in
E. coli/P. aeruginosa. Larger libraries were not considered because a colony picker



V] DIRECTED EVOLUTION OF ENANTIOSELECTIVE ENZYMES 33

was not available at the time. The UV/Vis-based screening system measuring the
absorption of the liberated p-nitrophenolate was employed (Section III.A; Fig. 5).
As a consequence of the first round of mutagenesis and screening, a variant dis-
playing a selectivity factor of £ = 2.1 was identified. The corresponding mutant
gene was then subjected once more to mutagenesis, and the process was repeated
several times. The result after four generations was a variant (A) having an E value
of 11.3 in favor of (5)-2 (Fig. 14).

Figure 14 provides proof of principle, but a factor of E = 11.3 is far from prac-
tical. A fifth round of epPCR increases the E value slightly, but such a strategy is far
from optimal. Indeed, after experience was gained in this endeavor and in other
directed evolution projects, it became clear that it is better to apply only two or
three rounds of epPCR and then to switch to another mutagenesis method (27-24).
One of these methods concerns the use of saturation mutagenesis, which requires an
intelligent decision as to the choice of the position at which randomization is to be
performed. It was assumed that the identified sites of amino acid exchange are “hot
spots” that are important for increasing enantioselectivity, but that the specific
amino acids identified by sequencing are not necessarily optimal (48). This as-
sumption is reasonable because the size of the screened libraries was smaller than
the theoretical number of enzyme variants and because the amino acid exchanges
induced by epPCR are biased (i.e., the method is not truly random) (Section II.A).
Therefore, several “mutation hot spots” were chosen for saturation experiments
(36,48,74). The same strategy was developed independently in a study concerning
the enhancement of the thermostability of a protease (474,123), and it is now used
routinely in directed evolution studies. One of the sensitive positions turned out to
be 155 (Fig. 14), which was “saturated”” by randomization using the appropriate
oligonucleotides. This strategy led to variant B displaying an E value of 20 (48). The

enzyme
E=11.3 variant A
F259L
V476
S155L
S149G
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FiG. 14. Increasing the E values of the lipase-catalyzed hydrolysis of the chiral ester 1 by cumulative
mutations caused by four rounds of epPCR (16,22,24).
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gene encoding enzyme variant B was then subjected to another cycle of epPCR,
resulting in an even better enzyme variant C having five mutations and a selectivity
factor of £ =25 in favor of the (S)-substrate.

Subsequently, DNA shuffling was considered, but it was not clear which mutant
genes should be shuffled (a general problem in any directed evolution project!).
DNA shuffling of the mutant genes produced by low-mutation-rate epPCR (Fig.
14) failed to achieve significant improvements, leading to the conclusion that higher
gene diversity is necessary (49). Therefore, epPCR of the WT gene was repeated,
this time at a higher mutation rate corresponding to an average of three amino acid
exchange events per enzyme molecule. This process led to the identification of
several improved enzyme variants, D and E (E = 3 and 6.5) being the best (49). In
the original project using a low mutation rate such selectivity factors were not
obtained until the second cycle of epPCR (/6).The probability of creating even
better mutants by adjusting epPCR to very high mutation rate (e.g., 8-20 simul-
tanecous amino acid exchanges) is likely due to higher catalyst diversity, but then the
problem of screening needs to be addressed.

This result can be constructed as evidence for the hypothesis that epPCR at high
error rate constitutes the better strategy. The genes encoding the variants C, D, and
E were then subjected to conventional DNA shuffling. This process provided var-
iant F having the highest enantioselectivity up to that point (E = 32) (49). These
observations support the hypothesis that enhanced gene diversity leads to better
results in DNA shuffling.

Clearly, all of these strategies for navigating in protein sequence space are suc-
cessful, but it is not obvious which ones are optimal.

As part of yet another strategy, the region of accessible protein sequence space
was extended by developing a modified version of Stemmer’s combinatorial mul-
tiple-cassette mutagenesis (CMCM) (49). The original form of CMCM is a special
type of DNA shuffling using the WT gene and cassettes composed of defined se-
quences to be randomized (/24). In the lipase project, two mutant genes encoding
the enzyme variants D and E and a mutagenic oligocassette allowing simultaneous
randomization at the “hot spots™ 155 and 162 were subjected to DNA shuffling
(Fig. 15). This resulted in the most enantioselective variant J to date, displaying a
selectivity factor of E = 51 (49). It is characterized by six mutations, most of which
are remote from the active site (Ser 82) (see discussion below).
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C e \ /
raamentati reassembly A0 T@@TEA]
TEOmEE, §IE ] — > 85198 B4
mutated genes L] ] [ee@] variant H

encoding ] LAI
variants D and E @

155 (NNN) 162 (NNN)

FiG. 15. Extended combinatorial multiple-cassette mutagenesis in the evolution of an (S)-selective
lipase-variant from P. aeruginosa as a catalyst in the kinetic resolution of 1 (A position 20; A\ position
161; /\ position 234; O position 53; @ position 180; @ position 272) (49).
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Fic. 16. Binding pocket of the lipase from P. aeruginosa for the acid part of 2-methyldecanoic acid p-
nitrophenyl ester showing the geometric position of amino acids 160—163 which were randomized in
cassette mutagenesis (49).

Finally, a focused library was generated by randomizing amino acids 160-163, a
region next to the binding site (Fig. 16). This procedure constitutes a fusion of
“rational design’ and directed evolution. For this purpose cassette mutagenesis was
applied, resulting in variant G with £ = 30 which is characterized by four mutations
(E160A, S161D, L162G, and N163F) (49). In this case, only 5000 clones were
screened, although for 95% coverage of the 160 000 theoretically different mutants,
an oversampling of about 3 million clones would be necessary (see Section I1.A for
a detailed discussion concerning this point).

The results of these and other experiments are summarized in Fig. 17. A total of
only 40 000 mutants was screened, which is actually a small number in our context.
It is likely that upon exploration of larger portions of protein sequence space
efficiently, even better lipase-variants can be identified. The assumption that
millions of potential variants in the vast protein sequence space are highly enan-
tioselective is not unfounded.

However, efficient directed evolution is not a matter of generating huge libraries
which then require considerable efforts in screening for the desired property. The
goal is to create a maximum in structural diversity while minimizing the size of the
libraries (17,23,24,37).

The systematic studies regarding the directed evolution of the lipase from
P. aeruginosa show that protein sequence space is best explored by applying the
following strategies:

(1) Generation of mutants by epPCR at low or preferably at high mutation rate.

(2) Identification of hot spots and application of saturation mutagenesis.

(3) Identification of hot regions empirically or by rational design and subsequent
application of cassette mutagenesis.
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FiG. 17. Schematic summary of the directed evolution of enantioselective lipase-variants originating
from the WT P. aeruginosa used as catalysts in the hydrolytic kinetic resolution of ester 1 (49).

(4) Application of epPCR at high mutation rate followed by DNA shuffling of the
mutants.

(5) Extension of the process of CMCM to cover focused positions in the enzyme
(hot spots identified by earlier experiments).

Traditionally, one of the limitations of asymmetric biocatalysis is the fact that
usually only one of the enantiomeric products (R) or (S) are accessible by applying
a given enzyme (7-I/1). However, organic chemists need (R)- or (S)-selective
(bio)catalysts on an optional basis. Therefore, efforts were undertaken to invert
the sense of enantioselectivity in the hydrolytic kinetic resolution of ester 1 using
the lipase from P. aeruginosa with preferential formation of (R)-2 (21,36,125). The
original library of enzyme variants produced by applying epPCR at low mutation
rate to the WT gene of the lipase contained mainly S-selective enzymes; only a few
showed a (very slight) preference for (R)-2 (21,36). Therefore, the same experiment
at a relatively high mutation rate corresponding to about 2—3 amino acid substi-
tutions per enzyme molecule was performed (/25). Upon screening an enzyme
library of 15 000 clones, several (S)-selective variants were identified, but also
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two (R)-selective lipases, 18F9 and 12G12, characterized by a single mutation
(V232I) and four mutations (S112P, S147N, T150A, and T226A), respectively
(125). The E values in favor of the (R)-product 2 were found to be 2.0 and 1.1,
respectively. Furthermore, an active mutant 47E6 (with D113G, 1142 T, S218L,
and S268N) was identified, showing no preference for either of the two enantiomers
(E=1.0).

The gene corresponding to 18F9 served as the basis for another cycle of epPCR
under otherwise identical conditions (/25). As a result of the screening of 5000
clones, (R)-selective enzyme variants 18F9E1 (with M16L, A34 T, and V232I) and
OE7 (with V55A, P86L, D113G, and V232I) were discovered, displaying E values
of 3.7 and 3.0, respectively.

In a similar third cycle of epPCR using gene OE7, enzyme variant 3B6 (with
V55A, P86L, D113G, V2321, S237 T, and Q275L) was generated, resulting in even
higher (R) selectivity (E = 7.0). However, further rounds of epPCR-based muta-
genesis failed to produce additional positive results.

In an initial attempt to apply DNA shuffling, genes 18F9, 12G12, and 47E6 were
shuffled, with the hope that possible non-productive mutations would be eliminat-
ed. However, the hope was not realized, as no improvements were detected (/25).
Consequently, the size of the gene pool was increased, and genes 12G12, 47E6,
18F9, 3B6, and OE7 were subjected to DNA shuffling. Although no shift to sig-
nificantly higher enantioselectivity resulted, three R-selective enzyme variants of
comparable enantioselectivity were in fact found, namely, 14A5 (with V55A, P86L,
D113G, S147N, T150A, V2321, S237T, and Q275L), 11C8 (with V55A, P86L,
A102V, D113G, V2321, and S237T) and 16A7 (with V55A, P86L, S71G, D113G,
V2321, S237 T, and S268C), with the E values being 6.7, 6.5, and 7.0, respectively, in
favor of (R)-2. Reporting negative results is important, because lessons can be
learned from them.

Because initial attempts to apply saturation mutagenesis at selected hot spots
failed to increase enantioselectivity markedly, DNA shuffling was reconsidered
(125). With the hope of increasing diversity, gene 18F9EI1, which had been gen-
erated carlier, was shuffled with gene 14AS5. By inspection of a library of 5000
clones, several (R)-selective variants were found, the best one being 1G10 (with
MI6L, A34T, P86L, D113G, S147N, T150A, V2321, and S237T) displaying a
selectivity factor of £ = 20 in the model reaction rac-1 —» (R)-2 (125).

By comparison of the mutations present in 18F9E1 and 14AS5 with those of the new
variant 1G10, it became clear that mutations V55A and Q275L have been eliminated
by the process of DNA shuffling. Obviously, these two mutations exert a negative
effect, which means that in the present case DNA shuffling plays the role of “‘cor-
recting” non-productive mutational changes brought about earlier. New point mu-
tations were not introduced. Finally, a single round of epPCR on top of this (using
gene 1G10 at high mutation rate) resulted in yet another substantial improvement,
with enantioselectivity in favor of (R)-2 reaching E = 30 (/25). In this case, the
enzyme (15B10) has 11 amino acid substitutions (M16L, A34 T, PS6L, T87S, VI4A,
DI113G, S147N, T150A, L208 H, V2321, and S237 T). Relative to variant 1G10, three
new mutations (T87S, V94A, and L208 H) were introduced. A total of 45 000 clones
were screened in these efforts, which is again a relatively small number in our context.
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This study seems to suggest (but not to prove) that evolution of pronounced (R)-
selectivity in the present case requires greater structural change than in the case of
(S)-selectivity, which seems to be reflected in the comparatively high number of
amino acid exchanges. However, the application of other strategies could lead to a
different conclusion. It is also interesting that the amino acid substitutions de-
scribed herein occur at positions quite different from the hot spots that were un-
covered in the case of the (S)-selective mutants.

Systematic investigations of the type described above provide two types of les-
sons. First, they shed some light on how to choose the right strategy for navigating
in protein sequence space. Second, they provide novel data for theoretical studies
concerning the origin of enantioselectivity. Most of the above results were obtained
without prior knowledge of the 3D structure of the enzyme or of its mechanism.
Rather, the Darwinian nature of the concept was relied on. However, insight into
how enzymes function can be gained from directed evolution, provided a sound
theoretical analysis is performed.

The lipase from P. aeruginosa is a hydrolase having the usual catalytic triad
composed of aspartate, histidine, and serine (Fig. 13). In the case of the kinetic
resolution of the chiral ester 1, stereoselectivity is determined in the first step, which
involves the formation of the oxyanion. Unfortunately, X-ray structural charac-
terization of the (S)- and (R)-selective mutants are not available, because of the
difficulties in expressing sufficient amounts and in handling the somewhat sensitive
enzyme. Such crystallographic data would provide ideal information in attempts to
unveil the source of enhanced enantioselectivity. However, consideration of the
crystal structure of the WT lipase is in itself illuminating. It shows a conserved o/f
hydrolase fold typical of lipases and the presence of a lid and the usual catalytic
triad composed of aspartate (D229), histidine (H251), and serine (S82) (/26). Sur-
prisingly, it turned out that many of the mutants have amino acid exchanges remote
from the active site (2/-24,48-50).

Attempts were made to isolate and purify the mutant (variant J) showing the
highest enantioselectivity (£ = 51 in favor of (S)-2) (Fig. 17). However, as noted
above, as a consequence of the low rate of expression and the relative instability of
the WT and mutants of the lipase from P. aeruginosa, it was not possible to isolate
pure mutant J. To determine a rough idea of activity, the supernatants were used to
perform kinetics assuming similar amounts of protein in each case (22). The k,,
values of mutant J turned out to be 9.6s' for (S)-1 and 1.2s" for (R)-1. In going
from the wild type to variant J, the ke, /Km value [I mol™' s™'] increased signif-
icantly: for (S)-1, keat/Km = 9.0 x 10 (wild type) and 3.7 x 10° (variant J); for
(R)-1, kepy/Kin = 3.5 x 10% (wild type) and 8.4 x 10* (variant J). Thus, although
these are only rough numbers, they show that variant J is much more active than
the WT.

To illuminate the source of enhanced (S)-selectivity, mutant J and other real and
hypothetical mutants were subjected to a detailed MM/QM study (/27). The six
mutations (amino acid substitutions) of mutant J are D20N, S53P, S155M, L162G,
T180I, and T234S, most occurring at positions remote from the active center (S82)
(21-24,48). Remote effects had been observed in early investigations of protein
engineering (29a), catalytic antibodies (/2), and directed evolution (123,128-130),
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but these were all cases in which thermal and/or chemical stability or activity was
the focus of interest.

In contrast, enantioselectivity is a parameter that chemists, biochemists, and
enzymologists traditionally associate with the active center and the binding region
around it, in the tradition of Emil Fischer’s hypothesis of lock-and-key or
Koshland’s model of induced fit (/37). Indeed, all previous attempts to influence the
enantioselectivity of an enzyme based on site-specific mutagenesis as suggested by
rational design focused on the binding site (/4,15). Thus, the present results seem to
indicate a change in paradigm. However, on the basis of a careful theoretical anal-
ysis, they are not as surprising as one might first think (/27). Other examples of
distal mutations influencing enantioselectivity followed in later studies (Sections
IV.A.2, IV.A 4, and IV.C). The present experimental results do not mean that the
traditional approach based on site-directed mutagenesis at or near the active site is
wrong; rather, they show that directed evolution covering the whole enzyme can
lead to new effects.

The results of the detailed MM/QM study make several important conclusions
plausible (/27). First, only three of the six amino acid substitutions influence en-
antioselectivity. Second, there is no substantial difference in the binding energetics
of the (S)- and (R)-substrate; rather, stereodifferentiation occurs as the oxyanion is
formed. Thus, there is no substantial enantioselective molecular recognition in the
formation of the Michaelis—Menten complex. Third, a novel relay mechanism
starting at the surface of the enzyme and working inward toward the active site
results in additional stabilization of the oxyanion by hydrogen bonding originating
from a histidine in the case of (S)-1. This is in contrast to (R)-1, in which case the
corresponding oxyanion cannot profit from such stabilization for steric reasons
(Fig. 18). It is likely that the same effects operate in the transition state of the
reaction leading to the oxyanion, a reasonable assumption that is the subject of an
ongoing QM study (/27). These results are fully in line with the conclusions of the
(rough) kinetics data. They are also a perfect example of Pauling’s hypothesis
concerning the stabilization of the transition state as the primary factor in enzyme-
catalyzed reactions (65h,131), a hypothesis that has been elaborated on by
Garcia-Viloca, Gao, Karplus, and Truhlar (65f).

Such experimental and theoretical studies raise important questions concerning
the in vitro evolution of enantioselectivity. Are remote mutations more important
than those close to the active site, or is the opposite true? Is it more effective to
allow randomization all over the enzyme rather than focusing on the region around
the active site (or vice versa)? Currently, it is not possible to provide general an-
swers. To be sure, in the performance of epPCR or any other mutagenesis method,
which more or less covers the whole gene, there are statistically more remote amino
acids for exchange events to occur than amino acids close to the active site. For this
trivial reason, it is therefore not surprising to find an increased number of ex-
changed amino acids at distal sites (24,127,132). However, is it meaningful to pre-
vent their occurrence by restricting amino acid randomization to regions next to the
active site in the form of focused libraries? Some authors appear to favor such a
conclusion (/33). However, a rigid position on this issue may not be helpful. It may
well be that if one were to perform single amino acid substitutions systematically at
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S-substrate/enzyme R-substrate/enzyme

Fic. 18. The oxyanions originating from rac-1 in the lipase-mutant J. Left: (S)-1 as substrate;
right: (R)-1 as substrate, showing the different degree of additional stabilization by a histidine
residue (24,127).

all positions of an enzyme such as the lipase from P. aeruginosa and to test all
theoretically possible mutants in a given enantioselective reaction as in the kinetic
resolution of substrate 1, one would find mainly hits characterized by amino acid
substitutions near the binding site or catalytically active center.

However, the situation becomes more complicated when several (sequential or
simultaneous) amino acid exchange events are considered, because in such cases
cooperativity (not just additivity) may occur as a result of unpredictable phenom-
ena. This is certainly the case in the investigation just considered (24,127). Semi-
rational design by focusing randomization exclusively around the active site would
never have resulted in the creation of mutant J, nor in the discovery of the novel
effects as described in the above MM/QM analysis. On the other hand, the success
of the library created by randomization in the restricted region 160—163 in the form
of cassette mutagenesis near the active site illustrates the value of focused libraries,
because this resulted in an E value of 30 for variant G (49). This result shows that as
long as the screening effort remains reasonable, it is worthwhile to test both
strategies.
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Relevant to this discussion is the recently developed method called the complete
active-site saturation test (CAST), which is an efficient fusion of rational design and
focused randomization (50,134). It is a method ideally suited to expand the range of
substrate acceptance and thus touches on one of the most important unsolved
problems of biocatalysis. CASTing requires two straightforward steps: the design
and generation of relatively small focused libraries of enzyme mutants produced by
randomization at several sets of two spatially close amino acid positions around the
active site. The pairs of amino acids chosen for randomization are those that have
their side chains pointing toward the binding pocket. The choice of two amino acid
that are spatially close to one another allows for potential synergistic conformat-
ional effects arising from side chain interactions. This strategy constitutes a prac-
tical compromise between conventional saturation mutagenesis at single sites and
simultaneous randomization at multiple sites using large cassettes. In the former
case, the screening effort is low (oversampling 200 clones) but catalyst diversity is
restricted, whereas in the latter case catalyst diversity is high but screening may
require millions of clones to be assayed. CASTing generates 400 different mutants
in each library, which requires only 3000 clones to be screened for 95% coverage
(Section I1.A). Upon applying CASTing to the lipase from P. aeruginosa, five mu-
tant libraries A, B, C, D, and E were constructed in the above manner, leading to
the generation of half a dozen mutants with unusually broad substrate acceptance
(Fig. 19) (50).

Initial results show that CASTing can also be used to generate enantioselectivity
(50). For example, in the hydrolytic kinetic resolution of 2-phenyl-propionic acid
p-nitrophenyl ester catalyzed by the lipase from P. aeruginosa, a mutant resulted,
having an E value of 25 (50). Moreover, in the case of substrate 1, a mutant was
readily generated having an E value of 39 in favor of (S)-2 (/35). This mutant is
characterized by two amino acid exchanges, L159Y and L162G. Interestingly, the
latter mutation had been identified in previous investigations (see above). Had one
started the original directed evolution study using CASTing, positive results would
have been achieved considerably faster. Mutants showing reversed enantioselectivity
were also found (/35). Of course, CASTing has no evolutionary character (similar to
the first round of epPCR), but it is a powerful combinatorial approach that can be
applied as a first step in any directed evolution project. In fact it is a viable alternative
to epPCR in the initial phase, to be followed by further mutagenesis steps, which
create evolutionary pressure. Re-casting is but one of many possibilities (i.e., to use
the gene of one of the hits as the parent in a second round of CASTing).

A.2. Other Lipases

The Bacillus subtilis lipase A (BSLA) is an unusual lipase because it lacks the so-
called lid structural unit (/36). Moreover, it is a small enzyme composed of only 181
amino acids. The initial results of an ongoing study are remarkable and illustrate
the power of directed evolution (45,137). The desymmetrization of meso-1,
4-diacetoxy-2-cyclopentene (15) was chosen as the model reaction, and the MS-
based ee assay using an appropriately Ds-labeled substrate (Section II1.C) provided
a means to screen thousands of mutants.
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Fic. 19. CASTing of the lipase from P. aeruginosa leading to the construction of five libraries of
mutants produced by simultaneous randomization at two amino acid sites: A, B, C, D, and E (for
illustrative purposes binding of substrate 1 is shown) (50).

ACO\@AOAC HOﬁOAc + ACO\@AOH

15 (15, 4R)-16 (1R, 45)-16

The WT lipase leads to an ee value of only 38% in favor of the (1R,4S)
enantiomer. The application of low-error epPCR increased the enantioselectivity
slightly, but high-error rate epPCR turned out to be more successful, with several
mutants showing ee values of 54-58% (45,137). The results are in line with the
experience gained in the Pseudomonas aeruginosa lipase project (Section IV.A.1). Of
course, a library produced by high mutation rate can also contain hits that have
only one amino acid exchange, and this was indeed observed in several cases.

In this ongoing project, a different strategy was also tested, namely, system-
atic saturation mutagenesis at all of the 181 positions (45,737). In such an approach,
all 181 mini-libraries are screened (each about 200 clones for the purpose of
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oversampling). Several mutants with slightly enhanced ee values were identified.
Interestingly, some showed distinct reversed enantioselectivity favoring the (15,4 R)-
enantiomer. Two of the most selective mutants displaying reversed enantioselec-
tivity are characterized by single mutations at position 18, namely, N18S and N18Q
leading to ee values of 82 and 83%, respectively (/37). Position 18 is rather close to
the binding site, but a detailed MM/QM interpretation has not yet been performed.
The same lipase and substrate were also used to illustrate a new recombinant
mutation method (ADO) (Section II.B), resulting in the discovery of several mu-
tants showing improved enantioselectivity (64). Further optimization was not the
purpose of the ADO study.

In yet another investigation regarding the control of stereoselectivity of a lipase
by directed evolution, inversion of the sense of enantioselectivity was accom-
plished (/38). The focus of this interesting study was the Burkholderia cepacia
KWI-56 lipase as a catalyst in the hydrolytic kinetic resolution of rac-ethyl-3-
phenylbutyrate (27). The WT shows (S)-selectivity with an E factor of 33. Using
X-ray structural data characterizing the lipase, the authors made a decision con-
cerning the choice of four amino acid residues (L17, F119, L167, and L266, all
near the binding product), which they then subjected to randomization. However,
less than complete randomization was performed; rather, it was restricted to the
introduction of seven hydrophobic amino acids in a combinatorial manner. This
procedure is related to binary patterning (20a). By use of a novel in vitro tech-
nique for the construction and screening of a protein library by single-molecule
DNA amplification via PCR followed by in vitro coupled transcription/translation
(SIMPLEX expression), a mutant lipase was identified showing reversed enan-
tioselectivity (Er = 38). These impressive results call for a detailed theoretical
analysis, inter alia, because the AAG* achieved in going from the WT to the
mutant is substantial (~4 kcal/mol).

Ph Ph Ph
ALCOE — > X _COE 4 _A_COfE
rac-27 (R)-28 (S)-28

A.3. Esterases

Esterases have a catalytic function and mechanism similar to those of lipases, but
some structural aspects and the range of substrates differ (7—/7). Most important,
they lack the so-called lid prominent in almost all lipases. Nevertheless, one can
expect that the lessons learned from the directed evolution of lipases also apply to
esterases. So far, few efforts have been investigated in the directed evolution of
enantioselective esterases, although earlier work by Arnold (17,32,139) had shown
that the activity of esterases as catalysts in the hydrolysis of achiral esters can be
enhanced. The first example involving the improvement of enantioselectivity con-
cerned the hydrolytic kinetic resolution of the sterically hindered ester rac-29 cat-
alyzed by the esterase from P. fluorescens (PFE) (140).
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Instead of using the standard mutagenesis methods of modern molecular biology
(Section II), the authors employed a mutator strain lacking DNA repair mecha-
nisms, namely, Epicurian coli XL1-red. Although difficulties arose in the screening
process, a mutant PFE-U3 was isolated that contains two point mutations (A209D
and L181 V). Following partial hydrolysis, the non-reacted ester 29 having an ee
value of 25% was isolated. The value of this investigation is limited, because a
second round of mutagenesis was not attempted, configurational assignments of
29/30 were not made, and the selectivity factor £ was not determined (/40).

In a related investigation, the same authors used the identical system but a dif-
ferent substrate, namely, 3-phenylbutyric acid ethyl ester (/4/7). In this case, en-
antioselectivity of the WT (E = 3.5) was increased slightly, to £ = 5.8 and 6.6, by
the formation of two mutants, one having mutation D158N and the other L181Q.
Again, as a consequence of the paucity of data, it difficult to draw any sound
conclusions.

In a more detailed study, the same esterase (P. fluorescens) was again subjected to
mutagenesis using the same mutator strain, but also by saturation mutagenesis at
selected positions (/33a). In addition to 3-phenylbutyric acid ethyl ester (27),
3-bromo-2-methyl-propionic acid methyl ester (rac-31) was chosen for the hydro-
Iytic kinetic resolution, with the WT PFE showing an E factor of 12 in favor of the

(S)-32.

(6] (0] (6]
/\)j\ Hy0 /\)J\
Br H OCH; — > Br z OH + Br OH
CHy esterase CH, oH,
rac-31 (5)-32 (R)-32

Upon screening of only 288 colonies produced by the mutator strain, an improved
mutant showing E =21 was identified (T230I). Several other mutants displaying
enantioselectivities similar to the WT were also discovered (/33). These observations
led to the logical conclusion that position 230 is a hot spot and that saturation
mutagenesis might lead to further improvements. Indeed, from a 175-member library
a mutant characterized by T230P was identified, showing an E value of 19. All of the
other mutants were less selective or showed no activity. The same procedure was
applied to the other substrate, 3-phenylbutyric acid ethyl ester, resulting in several
mutants displaying moderate increases in enantioselectivity (E = 3.5 for WT to
E = 6-12 for mutants) (/33). In all three investigations, only very small libraries were
scanned, which makes a statistical analysis difficult.

The authors analyzed the (limited) data on the basis of homology model derived
by considering the X-ray structure of a different type of enzyme, a haloperoxidase
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showing 46-51% amino acid sequence identity with PFE (/33). They then discussed
the possible role of the individual mutations. Assuming the correctness of the ho-
mology model, it appears that some of the mutations occur at distal positions, with
others close to the binding site. It was concluded that the distal mutations increase
enantioselectivity only moderately and that mutations near the active site exert
stronger effects (/33a).

In a later investigation this conclusion was reiterated (/33b). However, although
it may pertain in the particular case, the conclusion may be one-sided. As already
pointed out in Section IV.A.1, one needs to distinguish between a situation in which
single point mutations are compared (close, medium-close, distal), and one in which
several mutations are involved, possibly leading to unpredictable cooperative effects
(24,127,142). Thus, at this stage one needs to be open-minded (i.e., to investigate
randomization over the whole enzyme) but also to design focused libraries as, for
example, in CASTing studies (50,134).

A.4. Epoxide Hydrolases

Thus far only three reports regarding the directed evolution of enantioselective
EHs have appeared (95,96, 143), notwithstanding the fact that these enzymes, even
as wild types, constitute important catalysts in synthetic organic chemistry
(7-12,144,145). Indeed, since two EHs became commercially available recently,
this type of biocatalysis offers exciting prospects for the practicing organic chemist.

The first two reported studies concern the epoxide hydrolase from Aspergillus
niger (ANEH) (95,96). The enzyme had previously been purified to homogeneity,
the gene cloned and expressed in E. coli, and the catalytic hydrolysis of epoxides
optimized to high substrate concentrations. Initial attempts were made to enhance
the enantioselectivity of the ANEH-catalyzed hydrolytic kinetic resolution of
glycidyl phenyl ether (rac-33). The WT leads to an E value of only 4.6 in favor of

(S)-34 (96).

H,O
2/ 5 —_—
PhO EH from _>_/ _/_/

A. niger
rac-33 (5)-34 (R)-34

To screen efficiently, the MS-based ee assay (Section II1.C) was adapted to the
present transformation (95,96). This means that a pseudo-racemate comprising a 1:1
mixture of (S)-33 and (R)-Ds-33 was used in the screening. Several libraries of
mutant ANEHs were prepared by applying epPCR under various conditions and
transforming into E. coli BL21 (DE3). Single transformants were cultured in liquid
media in 96-well format, and a pre-test for activity was first performed using bac-
terial cultures and the racemic epoxide 33. Of the first 20 000 clones that were pre-
screened, almost 80% showed no appreciable activity, a result that underscores the
value of the pre-test. The active mutants were then screened by the MS assay,
leading to the identification of several dozen variants with improved enantioselec-
tivity. Most of these exhibited E values ranging between 5 and 7, but several had
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distinctly higher enantioselectivities. The most selective ANEH variant showed a
selectivity factor of £ = 10.8 in the kinetic resolution of rac-33 (96). Because only
one round of epPCR was performed, an evolutionary process was not (yet) in-
volved. Unfortunately, the expression system was observed to be genetically un-
stable (loss of plasmid DNA in a number of cases), and further optimization was
temporarily halted at this stage (96).

The ANEH mutant displaying enhanced enantioselectivity (£ = 10.8) was se-
quenced and shown to be characterized by three mutations, A217V near the active
site and K332E and A390E both at remote positions (96). The X-ray crystal structure
of the WT ANEH had been analyzed carlier (/46), revealing a dimer comprising
identical subunits. Each monomeric unit contains the catalytic triad (two tyrosines
and an aspartate), typical of most EHs. Asp192 attacks the epoxide nucleophilically
with formation of a glycol-monoester intermediate that is hydrolyzed in a second
step. Figure 20 shows the known 3D-structure of the monomer, displaying the active
site, the two tyrosines that bind and activate the epoxide via H-bonding, and the three
mutations of the most enantioselective ANEH-mutant (96).

It is clear that K332E and A390E occur at positions remote from the active
center, whereas A217 V appears to be rather close. The side chain of the amino acid

Fic. 20. Crystal structure of the monomer of the WT EH from Aspergillus niger (146) showing the
catalytic triad (blue), the two tyrosines which activate the epoxide by H-bonding (purple) and the three
amino acid substitutions (yellow) (96).
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at position 217 is located about 9A from the nucleophilic active site D192.
Molecular modeling using MOLOC molecular dynamics calculations of the WT
ANEH with both enantiomers of 33 showed that the side chain of residue 217 is in
van der Waals contact with the phenyl ring of the substrate. A preliminary model
suggests that the larger valine side chain at residue 217 disfavors the (R) substrate
due to a steric clash (96). The role of the remote substitutions K332E and A390E
was reported to be more difficult to explain, requiring a more extensive theoretical
analysis.

Parallel to these efforts, an efficient and reliable expression system for ANEH
was developed (95). Subsequently, two libraries of mutants were generated by
epPCR, comprising 3500 and 4 600 clones, respectively. Mutants were discovered
displaying an expression level 3.4 times higher than the original WT and a 3.3-fold
enhancement of catalytic activity as measured by the hydrolysis of 4-(p-
nitrophenoxy)-1,2-epoxybutane (95). The distribution of ANEH activities from
the clones of these two libraries is shown in Fig. 21.

In addition to the above two studies concerning ANEH (95,96), which set the
stage for further improvements using the methods of directed evolution, another
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Fic. 21. Distribution of EH activities from 3500 and 4600 clones assayed from the 2.5mM Mg " (e)
and 4.5mM Mg>" (A) epPCR libraries, respectively. Clones were randomly picked after transformation
in DH5a and grown overnight at 30°C in LB +0.1 mg/mL ampicillin. A total of 44% of the clones from
the 2.5mM library and 57% of those from the 4.5 mM library were inactive, defined as less than 10% WT
activity. The remainder of the clones, 2000 from each library, which exhibit a minimum of 10% of WT
EH activity were stored for future analysis; 40% of the stored clones from each library showed WT EH
activity, defined 100 + 23% of WT activity. Two and one-half percent and 0.5% of the clones from the
2.5 and 4.5 mM libraries were more active than the wild type. Activity is expressed as percentage of WT
activity (95).



48 M.T. REETZ [Iv

investigation subsequently appeared which features the EH from Agrobacterium
radiobacter as the enzyme and p-nitrophenyl glycidyl ether as the substrate (/43).
The WT shows an E value of only 3.4. Upon application of epPCR and DNA
shuffling, several improved mutants were identified showing E factors ranging
between 20 and 44. In almost all cases, the mutations occured around the active
site and in one of the a-helics which follows the so-called nucleophile elbow (/43).
The latter mutation was believed to influence the position of the nucleophilic
aspartate D107 (active site), although an MM/QM analysis was not performed.
Whereas some of the mutations brought about by epPCR were shown to occur at
remote sites, the process of subsequent DNA shuffling essentially eliminated these
and resulted in focusing mutations around the active site and the said o-helix.
Thus, the remote mutations do not appear to influence enantioselectivity in this
case, but the question whether they possibly help to maintain stability was not
addressed.

Finally, it is interesting to note that in most cases enhanced enantioselectivity was
shown to be due to a reduced value of k¢, /Ky, for the non-preferred enantiomer
(143). This result is contrasted with the results of directed evolution of the lipase
from Pseudomonas aeruginosa, in which case the value of k., /K, for the preferred
enantiomer increased by two orders of magnitude (22,24). Thus, currently there
seems to be no clear relationship between enhanced enantioselectivity and activity
of evolved enzymes. However, in the case of the lipase, the screening system in-
cluded both enantioselectivity and activity, which led to the creation of mutants
showing higher enantioselectivity as well as enhanced activity (22,24).

A.5. Hydantoinases

Hydantoinases belong to the E.C.3.5.2 group of cyclic amidases, enzymes that
catalyze the hydrolysis of hydantoins (7—11,147). Because synthetic hydantoins are
accessible by a variety of chemical syntheses, including Strecker reactions, enan-
tioselective hydantoinase-catalyzed hydrolysis offers an attractive and general
route to chiral amino acid derivatives. Moreover, because hydantoins are easily
racemized chemically or enzymatically by appropriate racemases, dynamic kinetic
resolution with potential 100% conversion and complete enantioselectivity is the-
oretically possible. Indeed, a number of such cases have been reported (/47).
However, if asymmetric induction is poor or if inversion of enantioselectivity is
desired, directed evolution can come to the rescue. Such a case has been reported,
specifically in the production of rL-methionine as part of a whole cell system
(E. coli) (Figure 22) (148).

Using epPCR followed by saturation mutagenesis at hot spots, the D-selective
hydantoinase from Arthrobacter sp. DSM 9771 was converted into an L-selective
variant showing a fivefold increase in activity. Whole E. coli cells expressing the
evolved L-hydantoinase and a hydantoin racemase led to the production of 91 mM
L-methionine from 100 mM of p,L.-MTEH as starting substrate. The best L-selective
mutant showed an ee value of 20% at about 30% conversion, compared to the wild
type displaying ee = 40% in favor of the p-methionine derivative. With the help of
an appropriate L-carbamoylase, r-methionine itself was produced. In the project,
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L-enantiomer D-enantiomer
H R
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N-carbamoyl-amino acid OH
NH,
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Fic. 22. Reactions and enzymes involved in the production of L-amino acids from racemic hydantoins
by the three-enzyme hydantoinase process (/48).

D-selective variants were also obtained (/48). This academic/industrial collaboration
led to the production of several highly selective hydantoinases of industrial interest
(149).

A.6. Nitrilases

Nitrilases catalyze the synthetically important hydrolysis of nitriles with forma-
tion of the corresponding carboxylic acids (7—17). Enantioselectivity is relevant in
the kinetic resolution of racemic nitriles or desymmetrization of prochiral dinitriles.
Both versions have been applied successfully to a number of different substrates
using one of the known currently available nitrilases. Recently, scientists at Diversa
expanded the collection of nitrilases by metagenome panning (/50). Nevertheless, in
numerous cases the usual limitations of enzyme catalysis become visible, including
poor or only moderate enantioselectivity and limited activity.

In the first reported case of the directed evolution of an enantioselective nitrilase,
an additional limitation had to be overcome that is sometimes ignored when en-
zymes are used as catalysts in synthetic organic chemistry: product inhibition and/
or decreased enantioselectivity at high substrate concentrations (46). A case in point
concerns the desymmetrization of the prochiral dinitrile 35 with preferential
formation of the (R)-configurated acid 18, which is known to be a chiral interme-
diate in the synthesis of the cholesterol-lowering therapeutic drug 36 (Lipitor, ™
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Sortis,™ Torvast,™ etc), the first pharmaceutical product to exceed yearly sales
exceeding the value of $10 billion per year.

HO O
(6]
\\'OH
OH H,0 OH several
—_— —_—
NC\)\/CN nitrilase NC\/'\/COZH steps
35 (R)-18

In the screening of genomic libraries prepared from environmental samples
collected in various parts of the world, more than 200 new nitrilases were dis-
covered that allow mild and selective hydrolysis of nitriles (/50). One of them
catalyzes the (R)-selective hydrolysis of 35 with an ee value of 94.5% at a subst-
rate concentration of 100 mM (46). However, when experiments were done at a
more practical concentration of 2.25 M, activity and enantioselectivity suffered (ee
only 87.8%).

Therefore, directed evolution was applied to solve these problems. To screen for
enantioselectivity, the Miilheim MS-based high-throughput ee assay (92,93) (Sec-
tion II1.C) was applied (46). In this case, the necessary isotope labeling focused on
the use of '°N in the pseudo-meso compound '"N-(R)-17 (see Section III.C for a
detailed discussion). An (S)-selective nitrilase leads preferentially to '"N-(S)-18,
whereas an R-selective variant results in the pseudo-enantiomer (R)-18. They differ
by one mass unit and can therefore be distinguished by MS, both qualitatively and
quantitatively (by integration of the relevant peaks).

Saturation mutagenesis was then performed systematically at all positions of the
330- amino acid enzyme (46). The library contained 10 528 genetic variants and was
screened with appropriate oversampling to ensure complete coverage. Of the 31 584
clones that were screened, 17 led to enhanced enantioselectivity over the WT en-
zyme. Each of these variants was then tested at 2.25M substrate concentration.
Many performed poorly at this high concentration, but several mutants having
newly introduced serine, histidine, or threonine at position 190 (hot spot!) showed
enhanced enantioselectivity. The A190 H mutant turned out to be the most enan-
tioselective and active catalyst. Within 15h, complete conversion of 35 was ob-
served, affording (R)-18 with 98% ee. This dramatic improvement is contrasted
with the performance of the less active WT (88% ee). The system works even at 3 M
substrate concentration with 90% conversion, 98.5% ee, and essentially no subst-
rate inhibition. Volumetric productivity, which is of great importance in any in-
dustrial application, was thus enhanced by the process of directed evolution (46).
Explanations on a molecular basis remain to be offered for these exciting obser-
vations (151).
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A.7. Phosphotriesterases

Chiral phosphates and/or phosphonic acid esters play an important role in bi-
ochemistry and organic chemistry; some derivatives are of value as agricultural
insecticides, and others pose a threat as potential chemical warfare agents (/52).
The toxicological properties of such compounds are due to their capability for
inactivation of the enzyme acetylcholinesterase and the concomitant loss of nerve
function. In most cases, the biological effects arise exclusively or mainly from one
enantiomeric form, with the mirror image compound showing no or reduced bi-
ological activity (152,153).

For these and other reasons, the development of asymmetric catalytic methods
for the preparation of enantiopure phosphorus compounds is highly desirable. One
approach is to perform hydrolytic kinetic resolution using phosphotriesterases as
catalysts (152—154). A typical example is the production of chiral organophosphates
(R)-37 or (S)-37.

O
I H,O [ I
R'0—P—OR? R'O-P—OR*> + R!'0O—P—OR?
I phosphotriesterase | |
O (0] OH
NO, NO,
rac-37 (R)- or (5)-37 38

It was shown that the phosphotriesterase from P. diminuta catalyzes the enan-
tioselective hydrolysis of several racemic phosphates 37, the Sp isomer reacting
faster than the Rp compound (/53,154). Kinetics experiments showed that the value
of kea /K 1s greater for the Sp isomer than for the other by a factor of as much as
90, depending on the relative sizes of R' and R%. A simple model was proposed
according to which the p-nitrophenol residue is placed in the leaving group binding
pocket, whereas the alkoxy-residues R'O and R?O are assigned to a small and large
binding pocket, respectively. On the basis of rational design and subsequent site-
specific mutagenesis, it was possible to enhance (S) selectivity and to invert the
sense of enantioselectivity in favor of the (R) substrate (/53,154).

Clearly, this system is easily amenable to rational design, possibly because the
reaction center and the stereogenic center are identical (P center). In most other
biocatalytic systems, the stereogenic center is next to the reacting center or even
farther away. Nevertheless, in the present system involving rac-37, an approach
comprising rational design and randomization was also put into practice success-
fully (154). This was accomplished by first carrying out a restricted alanine-scan
(155) (i.e., at pre-determined amino acid positions alanine was introduced). When-
ever an effect on activity/enantioselectivity was observed, the position was defined
as a hot spot. Subsequently, randomization at several hot spots was performed,
which led to the identification of several highly (S)- or (R)-selective mutants (/54).
These impressive results were rationalized by the previously proposed model. A
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similar procedure was applied to the generation of mutant phosphotriesterases as
catalysts in the kinetic resolution of racemic phosphonates (156).

B. AMINOTRANSFERASES

Aminotransferases are widely distributed enzymes in nature, participating in a
number of metabolic pathways (7-11). They catalyze the transfer of an amino
group originating from an amino acid donor to a 2-ketoacid acceptor. In effect, this
statement implies the reductive animation of a keto moiety, although a redox
process is not directly involved.

The mechanism is described by two steps. First, an amino group from the donor
is transferred to the co-factor pyridoxal phosphate, with formation of a 2-keto acid
and an enzyme-bound pyridoxamine phosphate intermediate. Second, this inter-
mediate transfers the amino group to the 2-keto acid acceptor. The reaction is
reversible, shows ping-pong kinetics, and has been used industrially in the produc-
tion of amino acids (/57). It can be driven in one direction by the appropriate
choice of conditions (e.g., substrate concentration). Some of the aminotransferases
accept simple amines instead of amino acids as amine donors, and highly enan-
tioselective cases have been reported (/58). However, this is obviously not always
the case, with a counterexample being the transformation of B-tetralone (39) to (S)-
B-aminotetralin (40), with 2-aminobutane serving as the amine donor. The WT of
an (S)-selective aminotransaminase led to an ee value of only 65%. In an early and
important study, a single round of epPCR was performed, and about 10 000 clones
were screened (no details) (/58). This led to several active mutants with improved
enantioselectivity in the range 84-94% ee. Some had only one amino acid exchange;
others had two (e.g., M245V/R405G leading to ee = 94%). This combinatorial
approach does not constitute an evolutionary process, but in view of the early work
on the directed evolution of lipases (/6) (Section IV.A), one can imagine that a
second round of epPCR, DNA shuffling or CASTing could result in higher
enantioselectivities. In a second study using a single round of epPCR, (S)-1-met-
hoxypropan-2-amine was prepared with >99% ee and 97% conversion, a nice case
in which evolutionary optimization is not necessary (/59).

0 (S)-transaminase NH,
NH, ~~ N\ O
)\/

A

39 (5)-40

C. ALDOLASES

Carbon—carbon bond-forming reactions are of central importance in synthetic or-
ganic chemistry. Although a host of asymmetric transition metal-catalyzed (5) and
organocatalyzed (6) reactions of this type are known, enzyme catalysts are often
complementary and sometimes even superior. Aldolases allow the synthesis of many
complex carbohydrates in one or two steps, with enantio- and diastereoselectivity
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often being >95% (7-11,160). Of course, as in other enzyme-catalyzed processes,
broad substrate acceptance and stereoselectivity are not general, so that directed
evolution offers intriguing prospects.

The first such case was concerned with the limited substrate acceptance of p-2-
keto-3-deoxy-6-phospho-gluconate (KDPG) aldolase (/61). This catalyzes the (re-
versible) reaction of pyruvate (41) to certain chiral aldehydes such as 42, with
formation of aldol products such as 43. It was known that this aldolase is highly
specific for chiral-phosphorylated aldehydes with the p configuration at the C2
position leading stereoselectively to a precursor of the corresponding p sugar such
as 44 (162):

KDPG 0] OH 0
- q ld 14 <, - HO CO -
0,C OHC , ~adotase ,. phosphatase 2
\ﬂ/ + \‘/\OP03 - 0,C 0pO,> PR |
(6] OH OH
41 42 43 44

Because the phosphorylated form of the starting aldehyde is expensive, and de-
phosphorylation by a phosphatase constitutes an additional step, it was of interest
to obtain a mutant aldolase that accepts not only non-phosphorylated substrates,
but also turns over the enantiomeric aldehyde 45 stereoselectively with formation of
46, a precursor of carbohydrate 47 (/61):

“0,C OHC 9 oH OH
> \[]/ . ~"on ) )J\/\/\ - . ;07‘\(:0 ;
H 0,C Y OH HO 2
(0] OH 6H o
41 45 46 47

By applying the appropriate methods of directed evolution, it was indeed possible
to turn the KDPG aldolase into an efficient mutant that induces reaction and turns
over 45, while maintaining perfect control over the creation of the new stereo
center. Several rounds of epPCR and DNA shuffling led to a few highly active and
stereoselective mutants. One of the best mutants turned out to have four mutations
(T84A, 192F, V118A, and E138V), most of which occur at positions remote from
the active site (/61). A detailed explanation has not been proposed, but this in-
vestigation once more shows that directed evolution may lead to effects not pre-
dicted by current rational design. (Of course, this statement does not imply that
research focusing solely on rational design based on traditional site-directed mu-
tagenesis should be abandoned.)

In an interesting extension of this work, the Neu5Ac aldolase from E. coli was
subjected to directed evolution to expand its catalytic activity for enantiomeric forms
of the usual substrates to include N-acetyl-L-mannosamine and L-arabinose with
formation of the synthetically important products L-sialic acid and r-3-deoxy-L-
manno-oct-2-ulosonic acid (L-KDO) (/63). The evolved Neu5Ac aldolases were
characterized by sequence analysis, kinetics, stereoselectivity, and in one case even by
an X-ray structure analysis. Again, remote mutations were identified. It is significant



54 M.T. REETZ [Iv

that the X-ray structure of one of the triple mutants at 2.3 A resolution showed no
significant difference in folding relative to that of the wild type.

In yet another intriguing directed evolution study, the stereochemical course of
aldol additions was significantly altered in a different sense (/64). Rather than
evolving aldolase mutants that selectively accept stercoisomers of substrates, the
configuration of the chiral aldehyde as substrate was kept constant and mutants
were evolved which show opposite diastereoselectivity:

Such protein engineering was accomplished for the first time in a directed
evolution study involving the so-called tagatose-1,6-bisphosphate aldolase (164).
The WT catalyzes the aldol addition of 48 to 42 with selective formation of adduct
49. Upon application of three rounds of DNA shuffling and screening of a total of
only approximately 8000 mutants, an aldolase was obtained showing an 80-fold
improvement in the value of k., /Ky, in the reaction 42 + 48 =50; in other words,
“tagatose aldolase” was turned into a “fructose aldolase.” A 100-fold change in
stereoselectivity was observed. Subsequent saturation mutagenesis at some of the
mutational positions failed to lead to further improvements. Investigations of this
kind are of great importance to synthetic organic chemists interested in the syn-
thesis of complex stereoisomeric products such as carbohydrates, and the example
once again illustrates the power of directed evolution of enantioselective enzymes as
catalysts in synthetic organic chemistry.

OH O
T 2.
wild-type 2:0,P0 /\/\H‘\/ OPO3
0 H
OH OH
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48 49
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OHC 2
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42 205PO Y
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D. OXIDASES

Partial oxidation of organic substrates that is carried out catalytically in a chemo-,
regio-, and stereoselective manner is an area of intense worldwide activity
(4,5,9,165-167). Synthetic transition metal catalysts and enzymes have contributed
successfully, but major challenges remain. Many of problematic transformations are
not easily (or not all) accomplished by synthetic transition metal catalysts. Such
cases form ideal targets for directed evolution.
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D.1. Cyclohexanone Monooxygenases as Baeyer-Villigerases

The Baeyer-Villiger (BV) reaction of ketones with hydroperoxides affording the
corresponding esters or lactones constitutes a synthetically important transformation
(168-170). The reaction is accelerated by acids, bases, or metal complexes, with
enantioselective catalysis also being possible in some cases (/69—171). Alternatively,
flavin-dependent enzymes of the type CHMO can be used as biocatalysts in asym-
metric BV reactions (/72—175). In this enzymatic process, oxygen (in air) reacts with
the enzyme-bound flavin (FAD) to form an intermediate hydroperoxide, which in the
deprotonated form initiates the BV reaction by transferring one oxygen atom orig-
inating from O, to the substrate (ketone), with the other being ultimately reduced to
water (/76—178). In this process, the flavin co-factor needs to be recycled by reduc-
tion, with the second co-factor NAD(P)H taking over this function. Consequently,
when the isolated CHMO is used, NAD(P)H has to be recycled (Figure 23).
Although NAD(P)H recycling systems are well known, it is currently more conven-
ient to use whole CHMO cells.

This process has been employed successfully for a number of enantioselective BV
reactions, including kinetic resolution of racemic ketones and desymmetrization of
prochiral substrates (/72—175). An example is the desymmetrization of 4-methyl-
cyclohexanone, which affords the (S)-configurated 7-membered lactone with 98%
ee (172,175). Of course, many ketones fail to react with acceptable levels of en-
antioselectivity or are not even accepted by the enzyme.

It has been demonstrated recently that directed evolution is ideally suited to
control the enantioselectivity of partial oxidations of this kind. The results are all
the more significant because no X-ray data or homology models were available at
the time to serve as a possible guide (/03). In a model study using whole E. coli
cells containing the CHMO from Acinobacter sp. NCIMB 9871, 4-hydroxy-cyclo-
hexanone (51) was used as the substrate. The WT leads to the preferential for-
mation of the primary product (R)-52 which spontaneously rearranges to the
thermodynamically more stable lactone (R)-53. The ee of this desymmetrization is
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FiG. 23. Mechanism of CHMO-catalyzed Baeyer-Villiger reaction (173,177,178,182).
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only 9%, and the sense of enantioselectivity (R) is opposite to the usually
observed (S) selectivity displayed by simple 4-alkyl-substituted cyclohexanone
derivatives (172—175).

o (0]
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HO (R)-53
(R)-52
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or [0)
OH mutants O OH
51 - M
O 0) ‘H
OH | (5)-53
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In the directed evolution study, epPCR at various mutation rates was applied, and
the total number of clones screened was about 10 000. Of the positive hits identified,
some were (R)-, others (S)-selective. Eight of them were sequenced (Table I) (103). Of
particular interest is mutant 1-K2-F5, characterized by a single mutation F432S,
because it leads to reversal of enantioselectivity (79% ee in favor of (S)-53).

Evolutionary optimization of (R) selectivity was then performed by using the
genes of some of the (R)-selective mutants as starting points for a second round of
epPCR (/03). In each case only about 1600 mutants were screened. Although a
systematic search was not a goal of this initial investigation, the strategy turned out
to be successful. In the case of mutant 1-F1-F5 (ee = 40%), characterized by a
single mutation L143F, a second round of epPCR led to a markedly improved
mutant (2-D19-E6). It catalyzes the BV reaction of 51 with an ee value of 90% in
favor of (R)-53. Sequencing revealed that four new amino acid exchange events had
occurred (E292G, T4331, L435Q, and T464A) in addition to the already existing
L143F mutation.

TABLE I
CHMO Mutants Identified in the First Round of epPCR Showing Improved Enantioselectivity in the Air-
Oxidation of 51 ( Reaction Time: 24 h; Temperature, 23-25°C; Conversion >95%) (103)

Mutant Amino acid exchanges Favored enantiomer of 53 ee (%)
Wild type (R) 9
1-C2-B7 F432Y, K500R (R) 34
1-F1-F5 L143F (R) 40
1-E12-B5 F4321 (R) 49
1-H7-F4 L426P, A541V (R) 54
1-H3-C9 L220Q, P428S, T433A (S) 18
1-F4-B9 D41IN, F505Y S) 46
1-K6-G2 K78E, F432S (S) 78

1-K2-F5 F432S S 79
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Because the WT CHMO was known to react (S)-selectively with simple 4-substituted
cyclohexanone derivatives (172—176), it was logical to test mutant 1-K2-F5 as a catalyst
in the BV reaction of other ketones, because this should lead to enhanced degrees of (S)
enantioselectivity. Indeed, when 4-methoxycyclohexanone (54) was subjected to the BV
reaction catalyzed by mutant 1-K2-F5, almost complete enantioselectivity was ob-
served in favor of the (S) lactone 55 (ee = 98.5%), in contrast to the WT, which is
considerably less selective (ee = 78%) (103).
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Moreover, other 4-substituted cyclohexanone derivatives such as the methyl-,
ethyl-, chloro-, bromo-, and iodo-compounds react with enantioselectivities of
95-99% ee (103). This catalytic behavior is similar to that of the WT, a comparison
that shows that the mutational change F432S does not simply shift, but rather
expands the substrate range in which >95% ee is achieved. In tests of a wide range
of other substrates including cyclopentanone-derivatives, bicyclic ketones, func-
tionalized cyclohexanone-derivatives, and cyclobutanone-derivatives, it was dis-
covered that mutant 1-K2-F5 is astonishingly effective (179). Enantioselectivities of
90-99% were generally observed; no synthetic catalyst known to date can compete
(169-171). All of these results were obtained without any structural knowledge of
the catalysts.

Several months after the publication of this work (/03), a paper appeared de-
scribing the X-ray structure of another Baeyer-Villigerase, namely, phenyl acetone
monooxygenase (PAMO) (/80). It was originally found in the thermophilic bac-
terium Thermobifida fusca and is the first thermostable Baeyer-Villigerase (/81),
although it is characterized by very narrow substrate acceptance. The X-ray data
representing PAMO, the first Baeyer-Villigerase to be characterized crystallograph-
ically, allowed the construction of a homology model for CHMO and the possibility
of interpreting the previous mutational results (/03) on a molecular level (182).
Although such a theoretical analysis has not been completed, a cursory inspection
suggests that the newly introduced serine at position 432 of mutant 1-K2-F5 forms
a hydrogen bond with arginine at position 337. The originally identified mutation
F4328S can be understood because Arg337 stabilizes the involved Criegee interme-
diate (182).

Because PAMO is characterized by unusual thermal stability (/80,181), it seemed
attractive to exploit this information to engineer thermostable Baeyer-Villigerases
showing broad substrate acceptance (/82). As a first step toward this practical goal,
PAMO was turned into a phenylcyclohexanone monooxygenase (PCHMO) by ra-
tional design (/82). The best mutant accepts 2-phenylcyclohexanone, inter alia,
and leads to an E value of 100 in kinetic resolution, while retaining high thermal
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stability. The WT CHMO also shows high enantioselectivity in this reaction, but it
is not very stable thermally. Thus, this investigation constitutes an important step
toward developing robust (and thus industrially viable) Baeyer-Villigerases (/82).

D.2. Cyclohexanone Monooxygenases in Stereoselective Sulfoxidation

Because CHMOs can also be used as catalysts in the enantioselective air oxi-
dation of some prochiral thioethers (/73-175,183-185), directed evolution of the
CHMO from Acinetobacter sp. NCIMB 9871 was applied in the case of difficult
substrates such as 24 (/05). The WT CHMO leads to an ee of only 14%.

CHMO— Q \\ Q \\
_So mutants 2 \\S o

H,C~" “CH; H,CY ’

H;C

24 (R)-25 ($)-25

Because the first round of epPCR does not constitute an evolutionary process, the
original library of 10 000 clones used in the BV reaction (/03) (Section IV.D.1) was
screened for performance as potential catalysts in the sulfoxidation (/05). In this
case, screening posed a particularly difficult problem, which was finally solved by
modifying an HPLC system allowing about 800 ee determinations per day (Section
IL.LF). The screening led to the discovery of at least 20 mutants having ee values in
the range 85-99%, some being (R)- and others being (S)-selective. Five mutants
resulting in ee values of >95% were sequenced (Table IT) (105).

Two mutants (1-D10-F6 and 1-K15-C1) are (R)-selective, whereas the other three
variants (1-C5-H3, 1-H8-A1, and 1-J8-C5) induce the opposite enantioselectivity
in favor of (S)-25. Sequencing studies show that between one and four amino
acid exchanges occurred. In general, the mutants are different from those that
were previously identified as hits in the BV reaction of prochiral cyclohexanone

TABLE II
Selected Mutant CHM Os from Acinetobacter sp. NCIMB 9871 for the Enantioselective Air-Oxidation of
Thio-Ether 24 (24 h; 23-25°C) Using Whole Cells (105)

Mutant Amino acid  Yield of 25 (%) Configuration ee (%) Sulfone as side
exchanges product (%)
Wild type — 75 (R) 14.0% <1
1-D10-F6 D384H 75 (R) 98.9 7.9
1-K15-C1 F432S 55 (R) 98.7 20.0
1-C5-H3 K2291, L248P 77 (S) 98.1 5.6
1-H8-A1 Y132C, F246I, 52 (S) 99.7 26.6
V361A, T415A
1-J8-C5 F16L, F277S 84 (S) 95.2 5.6

# Only 5% ee results when using the enzyme extract.
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derivatives, a result that is not surprising. In contrast, mutant 1-K15-C1, which
leads to 98.7% ee in favor of (R)-25, is characterized by amino acid exchange
F432S. It is therefore identical to mutant 1-K2-F5 previously identified as a highly
enantioselective biocatalyst in the asymmetric BV reaction of a wide range of 4-
substituted cyclohexanone derivatives (Section IV.D.1). Thus, one and the same
single mutational change at position 432, namely, the exchange of phenylalanine by
serine, leads to a surprisingly versatile biocatalyst (/05). It was identified twice by
screening the same 10 000-membered library in two completely different reaction
types! It is remarkable that these results were obtained following a single round of
epPCR, which is not an evolutionary process.

In the sulfoxidation, small to appreciable amounts of over oxidation with for-
mation of undesired sulfone were observed, a result that implies that kinetic res-
olution may be involved in influencing the overall stereochemical result (/05). This
was shown to be the case. Indeed, some of the mutants are also excellent catalysts in
the kinetic resolution of racemic sulfoxides such as 25 (/05). Directed evolution was
then applied successfully to eliminate undesired sulfone formation, specifically, by
going through a second cycle of epPCR (/05). This is significant because it shows
for the first time that an undesired side reaction can be eliminated by directed
evolution.

Although a systematic study of the mutants as catalysts in the sulfoxidation of a
wide variety by thioethers has not been completed, initial results are promising
(105). For example, when thioether 56 was used as the substrate, previously iden-
tified mutant 1-C5-H3 induced complete reversal of enantioselectivity. The WT
CHMO resulted in 47% ee in favor of (R)-57, whereas 1-C5-H3 led to 98.9% ee in
favor of (S)-57 (105). An interpretation of the results on a molecular basis remains
to be offered. Since a homology model of the CHMO has been generated (/83), this
may in fact be possible.
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D.3. Monoamine Oxidases

Monoamine oxidases are enzymes that catalyze the racemization of a-amino
acids (/86). Both L- and D-selective monoamine oxidases are known (i.e., they
catalyze the racemization of either (S)- or (R)-enantiomers of amino acids). This
property has been exploited to obtain enantiomerically pure (R) and (S) amino
acids by using an appropriate achiral reducing agent such as NaBH,, NaB(CN)H3,
or H3N - BH; in combination with an L- or D-selective monoamine oxidase (/87).

It was of interest to extend this synthetically interesting procedure to the
production of chiral amines such as o-methylbenzylamine (58) (/88). Unfortu-
nately, the enzymes display somewhat low activity toward substrates of this kind.
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For example, the monoamine oxidase from Aspergillus niger (MAO-N) racemizes
58, with ke, being only 0.17min~", although enantioselectivity is not bad [(S)-
versus (R)-selectivity amounts to 17:1] (188).

NH,

)\ (S)-selective
(S5)-58
x
H,N-BH; Ph” “CH;
NH, 59
Ph” > CH,
(R)-58

After multiple cycles of mutagenesis using the E. coli XL1-Red mutator strain
followed by transformation of the plasmid library into E. coli, a total of about 150
000 bacterial colonies were assayed for activity using a colorimetric pre-screen
(188). Following the identification of 35 clones with improved activity for (S)-58,
they were grown on a small scale and assayed against both (S)- and (R)-58 as cell-
free extracts. The best mutant showed a 47-fold increase in activity and a 5.8-fold
enhancement of (S)-enantioselectivity. Sequencing of the best mutant revealed a
single amino acid substitution N336S (/88). Later it was shown that this mutant
displays a fairly broad substrate acceptance. The result illustrates the synthetic
power of this approach (1/89). It may be an alternative to the industrially practiced
lipase-catalyzed kinetic resolution of chiral amines (BASF process) (/19,190), a
reaction type that can also be performed using dynamic kinetic resolution
(191-193).

D.4. Cytochrome P450 Enzymes

Enzymes of the type cytochrome P450 occur widely in nature, catalyzing the O,-
driven oxidation of an immense variety of organic substrates (7,7/94,195). The
mechanism of these Fe-heme-containing enzymes has been investigated extensively
(195), and many have been used as whole-cell catalysts in organic chemistry, as in
the CH-activating hydroxylation of steroids (/96). Directed evolution has been
applied to the bacterial cytochrome P450 BM-3 from Bacillus megaterium with the
aim of turning the WT into a practical mutant showing high activity and stability
toward simple linear alkanes (197,198).

In follow-up work, a rational approach was chosen to improve the regioselec-
tivity of the hydroxylation of n-octane (/99). Previous work had shown that a
mixture of 2-, 3-, and 4-octanols are obtained. The design and construction of a
mutant selective for 2-octanol was successful, leading to approximately 80% re-
gioselectivity in favor of 2-octanol (/99). The enantiopurity turned out to be only
40% ee (S), but enantioselectivity was not the goal of the investigation. In a series of
epPCR and DNA shuffling experiments, mutants showing the same degree of
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enantioselectivity were identified (/99). However, the screening system was not
designed to measure enantioselectivity. In a later study, some of the mutants were
screened as catalysts for the hydroxylation of substrate 60 (200). This work led to
the identification of (S,S)- and (R,R)-mutants leading to (S,S)-61 and (R,R)-61,
respectively, with enantioselectivity being in the range of 84-88% ee with diaster-
eoselectivity of 94-96% (200). It would be interesting to perform directed evolution
investigations of substrates of this kind.

V. Conclusions and Perspective

Directed evolution of enantioselective enzymes has emerged as a fundamentally new
approach to asymmetric catalysis in synthetic organic chemistry. It involves the
proper combination of gene mutagenesis, expression, and high-throughput analysis
of enantiomeric purity. A range of mutagenesis methods is available, and strategies
have been developed for applying them efficiently when exploring protein sequenc-
es. Most directed evolution projects begin with epPCR or DNA shuffling, but the
generation of focused libraries may also be a useful starting point. Along these lines,
CASTing offers interesting prospects with respect to the enlargement of substrate
acceptance and the enhancement of enantioselectivity. Prior to the study of enan-
tioselectivity, parameters such as activity, thermostability, and stability in hostile
solvents had already been enhanced by the methods of directed evolution. It is now
possible to combine these parameters by applying the appropriate screens. This can
be accomplished in one step (e.g., activity and enantioselectivity together), or in
consecutive steps (first activity and then enantioselectivity, or vice versa). A well-
known motto is you get what you screen for. Moreover, the first cases have been
reported in which directed evolution has been used to reduce product inhibition, or
to eliminate the formation of undesired side-products. Several industrial examples
of directed evolution of enantioselective and robust enzymes have been described.

Future work is expected to concentrate on generalizations to include enzymes not
yet investigated and on the development of even more efficient strategies for scanning
protein sequence space, including computational approaches such as genetic algo-
rithms or neural networks. Directed evolution is also beginning to have an impact on
introducing promiscuity into enzymes (i.e., to engineer proteins so that they will
catalyze reaction types different from the natural function) (207). Another challenge
is the development of selection rather than screening when evolving enantioselective
enzymes. Furthermore, the idea of directed evolution of enantioselective hybrid
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FiG. 24. General scheme of the directed evolution of hybrid catalysts (22,132,202,203).

catalysts comprising a synthetic transition metal center in a protein host may
also offer intriguing prospects because this would allow the tuning of synthetic
catalysts by the methods of molecular biology in a Darwinian sense (Fig. 24)
(22,132,202,203).
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Dendrimers in Catalysis
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Dendrimers are well-defined hyperbranched macromolecules, with the larger ones having
characteristic globular structures. These novel materials have been investigated intensively in
recent decades, and among other potential applications, they are suitable as soluble supports for
homogeneous transition metal complex catalysts. These catalysts offer the advantage of easy
separation from products and recycling as well as the potential advantages of unique catalytic
properties, including high activity, selectivity, and stability. In this chapter, the current state of
research in dendrimer catalysis is reviewed, with emphasis on the importance of the location of the
catalyst in the dendritic framework (e.g., at the core or at the periphery). Several approaches to
the separation of dendrimer catalysts are evaluated, and unique dendritic effects in catalysis are
discussed.

Abbreviations: BINAP, 2, 2'-bis(diphenylphosphino)-1, 1’-binaphthyl; BINOL, 1-1’-binaphthol; C,,
relative concentration; CFMR, continuous-flow membrane reactor; Cy, cyclohexyl; DAB, polyamino;
dba, dibutylamine; DMF, N, N-dimethylformamide; dppf, diphenylphosphineferrocene; EDC, ethyl-N,
N-dimethylaminopropylcarbodiimide; ee, enantiomeric excess; Fu, furanyl; G0, generation 0 dendrimer;
G1, first-generation dendrimer; G2, second-generation dendrimer; G3, third-generation dendrimer, G4,
fourth-generation dendrimer; HP-NMR, high pressure nuclear magnetic resonance; /CP-AES, induced
coupled plasma atomic emission spectroscopy; LG, leaving group; MAO, methylaluminoxane; MW,
molecular weight; nbd, norbornadiene; NCN, 2, 6-bis[(dimethylamino)methyl]phenyl anion; N,, number
of residence times (reactor volume divided by the flow rate); Nu, nucleophile; PAMAM,
polyamidoamine; PPI, polypropyleneimine; POM, polyoxometalate; POSS, polyhedral oligomeric
silsesquioxane; PS, polystyrene; PTC, phase transfer catalyst; RCM, ring closing metathesis; ROM, ring
opening metathesis; ROMP; ring opening metathesis polymerization; Ry, retention factor (on TLC);
SEC, size-exclusion chromatography; ST'Y, space time yield (mass of product formed per volume of the
reactor and time); TADDOL, o, o, o, o -tetraaryl-1, 3-dioxolane-4, 5-dimethanol; TPPTS, tri(m-sulfo-
phenyl)-phosphine; TsDPEN, N-(4-toluenesulfonyl)-1, 2, diphenylethylenediamine; ¢,,, half-life time;
tmeda, tetramethylethylenediamine; TOF, turnover frequency.

l. Introduction

Dendrimers are well-defined hyperbranched macromolecules, and the larger ones
have characteristic globular structures. Dendrimer chemistry has become extremely
popular since the preceding decades, and several potential applications of dend-
rimers, including catalysis (1), are well documented in several reviews (2). Recent

ISSN: 0360-0564 71 Copyright © 2006 Elsevier Inc.
DOI: 10.1016/S0360-0564(05)49002-1 All rights reserved



72 J. N. H. REEK et al. [I

developments of synthetic procedures have made functionalized dendrimers readily
available in large enough quantities to facilitate the rapid development of dend-
rimer chemistry. In catalysis, dendrimers have been proposed to bridge the gap
between homogeneous catalysis and surface catalysis, because their sizes enable
separation from reaction products by modern membrane techniques. These novel
soluble catalysts can be used in continuous-flow membrane reactors, which offer
major advantages, particularly for reactions that benefit from low substrate (re-
actant) concentrations or suffer from side reactions of the products. Dendrimers
functionalized at their cores offer the prospect of mimicking the properties of en-
zymes (which are regarded as their natural counterparts), and such dendrimers may
give catalysts with unique activities or stabilities.

Here we review recent progress and breakthroughs in research with promising,
novel transition metal-functionalized dendrimer catalysts and discuss aspects of
catalyst recycling and unique dendritic effects in catalysis.

In 1994, Tomalia and Dvornic (3) pointed out the promising opportunities of-
fered by surface-functionalized dendrimer catalysts, which have often been pro-
posed to bridge the gap between homogeneous, single site catalysts and
heterogeneous, multi-site catalysts. Because heterogeneous systems generally con-
tain at least 10'% active sites per conglomerated particle (4), it is fair to state that
dendritic catalysts containing at most 1000 active sites per molecule are closer to the
monomeric homogeneous systems than to heterogeneous systems, both with respect
to the number of sites per particle and in diffusion phenomena. A better formu-
lation is that functionalized dendrimers offer the potential to combine the advan-
tages of both homogeneous and heterogeneous catalysis. In principle, dendritic
catalysts can show the activity and selectivity of a conventional homogeneous cat-
alyst, and they can be recovered easily from the reaction medium. In contrast,
catalysts supported on highly cross-linked polymer beads generally suffer from
lower activity than their homogeneous analogues, because of reduced accessibility
(5). The accessibility is related to the solvent-dependent swelling properties of the
polymer, which can strongly influence the catalytic performance. Other advantages
of dendritic catalysis include the opportunity to fine-tune the catalytic centers by
ligand design and the opportunity to perform mechanistic studies of these uni-
formly distributed catalytic sites attached to the support.

The dendrimer framework also plays an important role. The catalytic perform-
ance measured by activity, selectivity, stability, and recyclability depends on the
dendritic architecture, and it is important to distinguish periphery-functionalized,
core-functionalized, and focal point-functionalized dendrimers (Fig. 1). Periphery-
functionalized dendrimers have catalytic groups located at the surface where they
are directly available to the substrate. In contrast, when a dendrimer is function-
alized at its core, the substrate has to penetrate the dendrimer support before it
reaches the active center, and this transport process can limit the rate of a catalytic
reaction if large and congested dendrimers are involved.

The accessible peripheral catalytic groups enable reaction rates that are compa-
rable to those of homogeneous systems, but the periphery-functionalized dendrim-
ers contain multiple reaction sites and may have extremely high local catalyst
concentrations, which can lead to cooperative effects in reactions that proceed via a
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Fic. 1. Different dendritic architectures: catalyst located at the periphery (a), core (b), focal point of a
wedge (c) and periphery of a wedge (d).

bimetallic mechanism (6). This may be a potential detriment of periphery-
functionalized dendrimers because several deactivation pathways operate via bi-
metallic mechanisms (e.g., ruthenium-catalyzed metathesis (7), palladium-catalyzed
reductive coupling of benzene and chlorobenzene (8), and reactions involving
radicals (9)).

In core- (and focal point-) functionalized dendrimers, the catalyst may benefit
from the site isolation created by the environment of the dendritic structure. Site-
isolation effects in dendrimers can also be beneficial for other functionalities (a
review of this topic has appeared in Reference (/0)). When reactions are deactivated
by excess ligand and when a bimetallic deactivation mechanism is operative, core-
functionalized dendrimers can minimize the deactivation.

Another noteworthy difference between core- and periphery-functionalized
dendrimers is that much higher costs are involved in the application of core-
functionalized dendrimers due to their higher molecular weight per catalytic site.
Furthermore, applications may be limited by the solubility of the dendrimer. (To
dissolve 1 mmol of catalyst/L, 20 g/L of core-functionalized dendrimer is required
(MW 20000 Da, 1 active site) compared to 1 g/L of periphery-functionalized dend-
rimer (MW 20000 Da, 20 active sites). On the other hand, for core-functionalized
systems, the solubility of the dendritic catalyst can be optimized by changing the
peripheral groups.

Dendritic catalysts can be recycled by using techniques similar to those applied
with their monomeric analogues, such as precipitation, two-phase catalysis, and
immobilization on insoluble supports. Furthermore, the large size and the globular
structure of the dendrimer can be utilized to facilitate catalyst—product separation
by means of nanofiltration. Nanofiltration can be performed batch wise or in a
continuous-flow membrane reactor (CFMR). The latter offers significant advan-
tages; the conditions such as reactant concentrations and reactant residence time
can be controlled accurately. These advantages are especially important in reactions
in which the product can react further with the catalytically active center to form
side products.
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Membrane reactors have been investigated since the 1970s (/7). Although mem-
branes can have several functions in a reactor, the most obvious is the separation of
reaction components. Initially, the focus has been mainly on polymeric membranes
applied in enzymatic reactions, and ultrafiltration of enzymes is commercially ap-
plied on a large scale for the synthesis of fine chemicals (e.g., L-methionine) (/2).
Membrane materials have been improved significantly over those applied initially,
and nanofiltration membranes suitable to retain relatively small compounds are
now available commercially (e.g., mass cut-off of 400—750 Da).

Two forms of leaching have to be considered when dendritic transition metal
catalysts are used in membrane reactors: depletion of the dendritic catalyst through
the membrane and metal dissociation from the dendrimer resulting in further
leaching of the unsupported metal through the membrane. In Fig 2, the theoretical
activities of dendritic catalysts are given for various retention factors.' For example,
if a dendritic catalyst has a retention factor of 0.95, only 25% of the catalyst would
remain in the reactor after the reactor had been flushed with 30 times its volume.
For practical applications, the overall retention of the dendritic catalyst must be
extremely high (typically, >99.9%) to maintain the material in a CFMR for long
reaction times. The required retention obviously depends on the application; proc-
esses for the commodity chemical industry generally require higher numbers of
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FiG. 2. Schematic presentation of a membrane reactor (left) and theoretical relative concentrations
(C,) of the dendritic species versus the substrate flow (in residence times N;) calculated for various
retention factors.

! Retention factors were calculated using the equation: retention factor = 1 + {In[a/(a + b)]/x}, where a
is the amount of dendrimer inside the reactor after the experiment; » the amount of dendrimer that went
through the membrane; x the number of reactor volumes flushed with substrate solution.
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turnovers and, therefore, more efficient catalyst recycling than those for high-
value-added fine chemicals.

In the first part of this overview, we focus on the recycling of dendritic catalysts.
This part of the review is divided according to the various recycling approaches, and
the sections are organized by way of the reactions catalyzed. In the second part, we
describe examples in which attachment of the catalyst to the dendrimer framework
results in modified performance. (Although we attempted to make a clear division
between catalyst recycling and dendritic effects, these two properties cannot always
be addressed separately.)

Il. Catalyst Recycling in Applications of
Dendrimer-Supported Catalysts

A. CATALYST RECYCLING USING NANOFILTRATION IN A CoNTINUOUS-FLOW
MEMBRANE REACTOR

Kragl (/3) pioneered the use of membranes to recycle dendritic catalysts. Initially,
he used soluble polymeric catalysts in a CFMR for the enantioselective addition of
Et,Zn to benzaldehyde. The ligand o,x-diphenyl-(1)-prolinol was coupled to a
copolymer prepared from 2-hydroxyethyl methyl acrylate and octadecyl methyl
acrylate (molecular weight 96,000 Da). The polymer was retained with a retention
factor >0.998 when a polyaramide ultrafiltration membrane (Hoechst Nadir UF
PA20) was used. The enantioselectivity obtained with the polymer-supported cat-
alyst was lower than that obtained with the monomeric ligand (80% ee vs 97% ee),
but the activity of the catalyst was similar to that of the monomeric catalyst. This
result is in contrast to observations with catalysts in which the ligand was coupled
to an insoluble support, which led to a 20% reduction of the catalytic activity.

A.l. Allylic Substitution using Dendritic Catalysts in a CFMR

A.1.1. Covalently Functionalized Dendrimers Applied in a CFMR. The palladium-
catalyzed allylic substitution reaction has been investigated extensively in the pre-
ceding decades and provides an important tool for the formation of carbon—carbon
and carbon—heteroatom bonds (/4). The product is formed after attack of a
nucleophile to an (i7°-allyl)Pd(II) species, formed by oxidative addition of the
unsaturated substrate to palladium(0) (Scheme 1). To date several nucleophiles
have been used, mostly resulting in the formation of carbon—carbon and

LG pd-catalyst Pd Nu Nu
' \ e
/J . /\/\ + /1 +
R RO Nu Nu )\/

trans-product cis-product branched

LG = Leaving group product

Nu = Nucleophile

SCHEME 1.
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carbon—nitrogen bonds. The majority of the reported investigations focused on the
enantioselectivity and regioselectivity of the reaction. Recently, the recycling of this
type of palladium catalyst has received some attention (15).

Reetz et al. (16) functionalized commercially available DAB-dendrimers with
diphenylphosphine groups at the periphery (1) via a double phosphination of the
amines with diphenylphosphine and formaldehyde. The transition metal complexes
la—le have been prepared in which the dendrimer-N-(CH,PPh,), groups act as
bidentate ligands.

Brinkmann et al. (17) reported the use of these phosphine-containing dendritic
catalysts for allylic substitution reactions in a CFMR. Retention factors up to 0.999
were measured for the third-generation dendrimer 1b (molecular weight =
10,212 Da). Although the dendrimer remained in the reactor, palladium leaching
was observed. Apparently, metal—ligand dissociation resulted in low-molecular-
weight palladium species that were washed out of the reactor. During the reaction,
leaching was compensated by addition of allylpalladium chloride to the feed
solution. In this manner, dendrimer 1b was applied in palladium-catalyzed allylic
substitution, and the CFMR could be operated for more than 60 residence times
with a conversion of as much as 12%. In this process, the product was obviously
contaminated with palladium.

Better results were obtained by using in situ prepared palladium complexes of a
G4 dendrimer (calculated molecular weight 20 564 Da for 100% palladium loading
of the 32 diphosphines). After 100 residence times, the conversion had decreased
from 100% to approximately 75% (Fig. 3). A small amount of palladium was
leached from the catalyst during this experiment (0.14% per residence time), which
only partly explains the decrease in conversion. The formation of inactive PdCl,
was proposed to account for the additional drop in activity. A sound conclusion
about the effect of this dendritic catalyst requires more experiments.

De Groot et al. (18) prepared phosphine-functionalized carbosilane dendrimers
of different generations (4, 8, 24, and 36 phosphine end groups) and used their
palladium complexes as catalysts for the allylic alkylation of allyl trifluoroacetate
with diethyl sodio-2-methylmalonate.

In a batch process, all dendritic catalysts showed very high activity. When a
substrate-to-Pd molar ratio of 2000 was used, the conversions after 5min were 49,
55, 45, and 47% when dendrimers with 4, 36, 8, and 24 phosphine ligands were
used, respectively. These results show that all the active sites located at the periph-
ery of the dendrimer support acted independently as catalysts.

The palladium catalyst supported on the dendrimer with 24 phosphine end
groups (2) was used in a CFMR. In the continuous process a solution of allyl
trifluoroacetate and sodium diethyl 2-methylmalonate in THF (including n-decane
as an internal standard) was pumped through the reactor. Figure 4 shows the
conversion as a function of the amount of substrate solution (expressed in reactor
volumes) pumped through the reactor. The reaction started immediately after the
addition of the catalyst, and the maximum conversion was reached after two reactor
volumes had passed, whereupon a drop in conversion was observed. It was inferred
from the retention of the dendrimer (99.7% in dichloromethane) that the decrease
was not caused by dendrimer depletion, and it was therefore ascribed to the
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Fic. 3. Allylic substitution in a CFMR with 1b as the catalyst (/7).
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decomposition of the palladium catalyst. Analysis of the reaction mixture by in-
duced coupled plasma atomic emission spectroscopy (ICP-AES) showed that after
the reaction all the palladium had passed through the membrane, but samples taken
from the product stream were not catalytically active, indicating that no active
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F1G. 4. Application of dendritic ligand 2 in the continuous allylic alkylation of allyl trifluoroacetate
and sodium diethyl 2-methylmalonate in a membrane reactor (Koch MPF-60 NF membrane, molecular
weight cut-off = 400 Da) (/8a).

palladium catalyst had passed through the membrane. Batch experiments per-
formed in the presence of pieces of membrane material gave results similar to those
observed without the membrane pieces in the reactor, suggesting that the membrane
material did not play a role in the deactivation process.

When dendritic catalyst 2 was applied in the allylic amination of crotyl acetate
and piperidine in the CFMR, a similar rapid deactivation of the catalyst was ob-
served.

Several experiments were carried out to provide insight into the deactivation
process. The decomposition of the model compound {(CHj3),Si(CH,PPh,),}
(n*-C3H,)PdCl was monitored by 'H-, and *'P-{'"H}-NMR spectroscopy, and the
formation of {(CHj3),Si(CH,PPh,),}PdCl, was observed. However, in the allylic
amination of crotyl acetate and piperidine, {(CHj3),Si(CH,PPh,),}PdCl, was
found to be only slightly less active than {(CHj3),Si(CH,PPh,),}(1°>-C;H;)PdCl.
Complete conversion was reached after 2h. Therefore, the formation of
{(CH3),Si(CH,PPh,),}PdCI, by reaction with the solvent cannot account for the
fast deactivation of the catalyst (as had been suggested by Brinkmann et al. (17)).
To study other possible deactivation pathways, the stability of the dendritic catalyst
2 was investigated by performing retention measurements in dichloromethane. The
retention of catalyst 2 was 99.7% after flushing the reactor with 10 reactor volumes.
This result indicates that the catalyst, which was in the Pd(II) state, was stable
under these conditions. During the catalytic cycle the catalyst also becomes Pd(0),
so retention measurements of the catalyst in the Pd(0) state were attempted. The
addition of one or more equivalents of diethylamine, which converts Pd(II) into
Pd(0) (after nucleophilic attack), did not result in leaching of palladium (99.5%
retention). Apparently, the catalyst was stable under conditions very similar to
those of the catalysis experiments; only the allyl acetate substrate was absent. It was
therefore concluded that the presence of allyl acetate facilitated the decomposition.
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Dendrimers with a 1,2-ethanediyl spacer between the terminal silicon atom and
the phosphorus atom (3 and 4) were also prepared by the group of van Leeuwen
(18D). The larger dendrimer (4) was applied as a ligand in the continuous allylic
amination reaction. Figure 5a shows that this dendritic catalyst is much more stable
than the one incorporating dendritic catalyst 2 (maximum conversion reached after
pumping 5 reactor volumes of substrate solution through the reactor) and that the
rate of product formation was nearly constant during the next 10 reactor volumes.
At the end of the experiment in the flow system, the conversion was still more than
70% of the maximum; the decrease in conversion corresponds to a retention
of more than 98% of the dendritic catalyst. Under similar conditions when the
P/Pd ratio was 4 (Fig. 5b) instead of the value of 2 used in the previous experiment
(Fig. 5a), the maximum conversion obtained during the reaction was higher, show-
ing that the dendritic catalyst was more active (since the palladium concentration
was the same in both experiments) and also more stabile. The small decrease in
conversion during this experiment is attributed entirely to depletion of very small
amounts of dendritic catalyst. On the basis of the curve shown in Fig 5b, the
retention of the dendritic complex is estimated to be 98.5—99%, which is in the
range of the expected values. We emphasize that the stability of the palladium
catalyst is sensitive to relatively small changes of the dendritic backbone.

When the catalyst is located in the core of a dendrimer, its stability can also be
increased by site-isolation effects. Core-functionalized dendritic catalysts supported
on a carbosilane backbone were reported by Oosterom et al. (19). A novel route was
developed to synthesize dendritic wedges with arylbromide as the focal point. These
wedges were divergently coupled to a ferrocenyl diphosphine core to form dppf-like
ligands (5). Other core-functionalized phosphine dendritic ligands have also been
prepared by the same strategy (20).
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Fic. 5. Application of dendrimeric ligand 4 in the allylic amination of crotyl acetate and piperidine
using a CFMR (% conversion of crotyl acetate in the product stream vs substrate flow), (a) P/Pd = 2, (b)
P/Pd = 4, Koch MPF-60 NF membrane, molecular weight cut-off = 400 Da) (/8b).
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Bidentate palladium complexes of 5 were formed upon the addition of PdCl,, as
shown by *'P-NMR spectroscopy, and even for the largest dendrimers steric in-
teractions between the dendritic branches did not prevent the facile formation of the
bidentate complex. Crotylpalladium chloride complexes were prepared in situ from
these dendrimers and used as catalysts for allylic alkylation reactions. The regio-
selectivity for the branched product for the alkylation of 3-phenylallyl acetate with
diethyl sodio-2-methylmalonate increased when the higher-generation dendrimers
were used, albeit at the cost of a lower activity.
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The recyclability of a catalyst incorporating dendritic ligand Sc¢ was tested by
performing an allylic alkylation reaction in a CFMR. A mixture of the third-
generation dendrimer Sc¢ and crotylpalladium chloride dimer in THF was incubated
and injected into the reactor at room temperature. Subsequently, the reactor was
fed with a solution of allyl trifluoroacetate, diethyl sodio-2-methylmalonate, and
decane as an internal standard. Figure 6 shows that the conversion of substrate
increased rapidly within the first 30 min until it stabilized at approximately 45%.
The catalytic activity remained almost constant for 8h, and in that period 20
reactor volumes of substrate solution had been pumped through the reactor. These
data show that the core-functionalized dendritic complex was highly stable and
active during the course of the experiment, especially compared to dendrimer 2. The
stability of the core-functionalized catalyst might be attributed to site-isolation
effects, as a result of efficient encapsulation by the dendritic shell.

A.1.2. Non-covalently Functionalized Dendrimers Applied in a CFMR. In most
systems reported so far, the catalyst is covalently linked to the dendritic support. An
interesting alternative approach is the non-covalent anchoring of the catalyst to the
dendrimers by using well-defined binding sites. The reversible nature of the non-
covalent approach allows controlled de- and re-functionalization of the support,
which enables the easy reuse of the support and simplifies the variation of catalyst
loading even during catalysis. Such a novel non-covalent binding approach was
recently reported in which phosphine ligands were anchored in the periphery of
poly(propylene imine) dendrimers (2/) via functional groups on the ligand that are
complementary to those of the dendrimer support. The dendrimer provided direc-
tional binding sites for the strong but reversible binding of 32 guest molecules
functionalized with the complementary binding pattern. The binding is based on a
combination of multiple hydrogen bonds and ionic interactions (Fig. 7).

The binding constant of the anchor into the periphery of the dendrimer and that
of the palladium to the ligand are very high; the guest—Pd—dendrimer complex
remained intact during size-exclusion chromatography (SEC). The dendrimer con-
taining 32 phosphine-functionalized guest molecules was used as a multidentate
ligand in the palladium-catalyzed allylic amination with crotyl acetate and piperi-
dine as the reactants. The reaction was fast; with a substrate to Pd ratio of 30, the
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Fic. 6. Allylic alkylation in a continuous flow membrane reactor using dendritic ligand 5S¢ (flow rate
50mLh~!; reactor volume 20mL, Koch MPF-60 NF membrane, molecular weight cut-off = 400 Da;
slight increases are due to pump failures) (/9b).
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FiG. 7. Schematic representation of the non-covalent immobilization of ligands to a dendrimer
support and the actual supramolecular dendritic complex containing 32 phosphine ligands (21).

conversion was more than 80% after 10 min. Approximately, the same rate and
selectivity (branched/trans/cis ratio = 61:33:6) were observed for the monomeric
palladium complex in the absence of the dendrimer.

The supramolecular guest—Pd—dendrimer complex was found to have a reten-
tion of 99.4% in a CFMR and was investigated as a catalyst for the allylic ami-
nation reaction. A solution of crotyl acetate and piperidine in dichloromethane was
pumped through the reactor. The conversion reached its maximum (ca. 80%) after
approximately 1.5h (which is equivalent to 2—3 reactor volumes of substrate so-
lution pumped through the reactor). The conversion remained fairly constant dur-
ing the course of the experiment (Fig. 8). A small decrease in conversion was
observed, which was attributed to the slow deactivation of the catalyst. This ex-
periment, however, clearly demonstrated that the non-covalently functionalized
dendrimers are suitable as soluble and recyclable supports for catalysts.

A.2. Hydrovinylation using Dendritic Catalysts in a CFMR

The hydrovinylation reaction, the codimerization of ethene and styrene
(Scheme 2), provides easy access to chiral building blocks from inexpensive hydro-
carbon feedstocks, which can be used further for the preparation of fine chemicals.
Key problems in this reaction include the selectivity of the reaction and the stability
of the catalyst. The main side reactions are oligomerization and isomerization of
the product to internal achiral alkenes. The latter reaction can be suppressed by



84 J. N. H. REEK et al. [1I

keeping the conversion low. Performance of this reaction in a CFMR is therefore of
interest because it can combine a high space-time yield with a low conversion and
thus a high selectivity (22).

Eggeling et al. (23) functionalized carbosilane dendrimers with hemilabile P,O-
ligands at the surface (6). The palladium allyl complexes of this compound were
used as catalyst for the hydrovinylation reaction. In a batch process, the dendritic
catalysts were found to be less active than the monomeric analogues, a result that
was attributed to a combination of enhanced catalyst deactivation and increased
steric hindrance. Isomerization of the product occurred at high conversion but was
largely suppressed by stopping the reaction at low conversion. Retention of the
multidentate ligand of 6a (without palladium) was only 85%, but it was inferred to
be sufficient for initial experiments in a CFMR. The results of such experiments,
displayed in Fig. 9a, clearly show a rapid decrease in conversion. This drop was
explained in part by leaching and in part by deactivation of the catalyst, which was
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FiG. 8. Application of a non-covalently functionalized dendrimer (see fig. 7) in a CFMR in the allylic
amination of crotyl acetate and piperidine in dichloromethane (Koch MPF-60 NF membrane, molecular
weight cut-off = 400 Da) (21).
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Fic. 9. Hydrovinylation in a CFMR using 6a (a) and 6b (b): Conditions: T = 23°C, p = 30 bar, flow
rates: ethene solution 2.5mLh~' (10 M), styrene solution 2.5mLh~' (1.8M), t = 4h, MPF-60 NF
membrane (Koch Int., Diisseldorf, Ger.). Y, space time yield (mgL~'h™"), for 6a: 0.05mmol Pd,
L/Pd = 1; for 6b, 0.13mmol Pd, L/Pd =1 (23).

corroborated by the observation of palladium precipitated on the membrane. More
importantly, in the hydrovinylation of styrene, the selectivity to the desired chiral
3-phenylbut-1-ene was high when the continuous-flow reactor was used.

In a subsequent experiment, the larger dendritic catalyst 6b was used under
optimized conditions, which was expected to result in a slower loss of activity. The
results (Fig. 9b) did not show much improvement, indicating that catalyst deac-
tivation was still a major problem. Indeed the number of turnovers (catalytic re-
action events) of catalyst 6b was only 260 in the continuous process compared with
the value of 3273 determined in the batch reaction experiment; in contrast, the
monomeric model compound showed a number of turnovers of 6027.

A.3. Nickel-Catalyzed Kharasch Addition in a CFMR

An early example of a dendritic catalyst was reported by Knapen et al. (24), who
functionalized GO (generation zero) and G1 carbosilane dendrimers with up to 12
NCN pincer-nickel(IT) groups (7a). These dendrimers were applied as catalysts in
the Kharasch addition of organic halides to alkenes (Scheme 3).

Preliminary results obtained with compound 7a in a CFMR indicated that the
dendrimer decomposed (25), which was ascribed to hydrolysis of the Si—O bond of
the linker between ligand and carbosilane backbone. The catalytically active com-
plexes were disconnected from the support and subsequently washed out of the
reactor. In species 7b—7d, the NCN ligands are directly attached to the carbosilane
backbone and therefore much more stable (26). The retentions for catalysts 7d and
7c¢ were measured to be 97.4 and 99.75%, respectively, indicating that 7¢ is suf-
ficiently large for application in a CFMR without significant depletion of the cat-
alyst after 100 cycles. During the experiments in the CFMR, the precipitation of
insoluble purple species was noted. In an additional experiment, 7¢ was applied in
the CFMR with a continuous feed of [BusN]Br to prevent catalyst precipitation
(Fig. 10). Notwithstanding the fact that 7¢ was successfully retained in the reactor
and that precipitation was avoided, a fast decrease of the conversion was observed.
The maximum activity (space-time yield) was reached after 600 min (after 15 cycles),
and after 1800 min (45 cycles), the activity had dropped to nearly zero. ICP mass
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spectrometric analysis showed that the retention of 7¢ under catalytic conditions
was 98.6%, which indicates that the drop in activity resulted from catalyst deac-
tivation.

A.4. Rhodium-Catalyzed Hydrogenation in a CFMR

One of the success stories of transition metal catalysis is the rhodium-complex-
catalyzed hydrogenation reaction. Asymmetric hydrogenation with a rhodium cat-
alyst has been commercialized for the production of L-Dopa, and in 2001 the in-
ventor, Knowles, together with Noyori and Sharpless, was awarded the Nobel Prize
in chemistry. After the initial invention, (enantioselective) hydrogenation has been
subject to intensive investigations (27). In general, hydrogenation reactions proceed
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Fic. 10. The application of 7c¢ as catalyst for the Kharasch addition of methyl methylacrylate and
carbon tetrachloride in a CFMR using a SelRO-MPF-50 nanofiltation membrane. (Residence time (or
cycle) is 43 min) (26).
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under mild conditions; therefore, this reaction can be applied in a membrane re-
actor. For this purpose a rhodium complex of dendritic ligand 8 was used and
compared with dppf (20).

The rhodium complexes were prepared in situ from the rhodium precursor
[Rh(nbd),](ClO4) (nbd = 2,5-norbornadiene) and applied in the hydrogenation ex-
periments under an initial hydrogen pressure of 5bar at 35°C. The dendrimer
structure had almost no effect on the activity of the catalyst in the batch-wise
rhodium-catalyzed hydrogenation of dimethyl itaconate (Scheme 4).



88 J.N. H. REEK et al. [11

Rh-catalyst

Ho COOMe
|v|eoocAn/Coo'\"e —_— M‘*OOCAV

SCHEME 4.

100

conversion | %

0 5 10 15 20 25 30 35 40
t/ reactor volumes

FiG. 11. The continuous hydrogenation of dimethyl itaconate using dppf (a) and the dendrimeric

ligand 8, (b) conversion (in %) versus time (expressed in reactor volumes pumped through the reactor)
(20).

Before the start of the continuous reaction, the substrate solution was saturated
with hydrogen by stirring under 5bar of H, for 16 h. Subsequently, a premixed
solution of the ligand and the rhodium precursor [Rh(nbd),](ClO4) was injected
into the membrane autoclave, after which the substrate solution was pumped
through the reactor.

Figure 11 shows the conversion of dimethyl itaconate versus time for two ex-
periments carried out with dppf and dendritic ligand 8 under identical conditions.
The hydrogenation with dppf increased to a maximum conversion of approximately
70% after the flow of approximately 10 reactor volumes, after which it rapidly
decreased to only 15% after 35 reactor volumes. In contrast, after reaching a
maximum at approximately 85%, the conversion in the reaction with dendritic
ligand 8 remained high, still showing a conversion of 77% after 35 reactor volumes.
The amounts of metal and ligand depletion during the catalytic experiment were
determined by ICP-AES analysis. The amount of metal leaching is similar to that of
the phosphine, indicating that the ligand—metal interaction was sufficiently strong
to suppress metal leaching. The ICP-AES analyses show that the loss of both ligand
and rhodium from the reactor in the hydrogenation experiment with dendritic
ligand 8 was much less than that for dppf. The experimental curves in Fig. 11 can be
explained completely by the retentions (determined from the ICP-AES analyses) of
97% for the dppf-rhodium(nbd) complex and 99.8% for the dendritic catalyst. A
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further improvement of the recyclability of these catalysts might be expected if
larger dendrimers were used.

B. CATALYST RECYCLING USING NANOFILTRATION IN BATCH PROCESSES

An alternative to the CFMR is the use of the nanofiltration technique in a batch
process. In such a process the dendritic catalyst is separated from the reaction
mixture after completion of the reaction. The typical advantages of continuous-flow
experiments obviously do not apply in these experiments. On the other hand, the
requirements with respect to stability and retention of the dendritic system are less
stringent. The problem of metal leaching applies to the state of the catalyst after
reaction, as catalytst leaching can take place only during the recycling procedure.
The majority of reported batch-wise nanofiltration experiments with dendritic cat-
alysts were performed primarily to assess whether these catalysts can be operated in
a CFMR. However, the results obtained in a batch-wise process cannot be extrap-
olated to a CFMR. A typical example of a system for which large differences
between batch and continuous operation may be encountered is a carbonylation
reaction; in a flow system, metal carbonyl species may form that are leached in the
presence of CO, but during the batch-wise recycling in the absence of CO, all the
metal may return to the immobilized ligand.

B.1. Acylation Reactions

Marquardt and Liining (28) immobilized concave pyridines on two types of
dendrimers (9 and 10) to obtain a recoverable acylation catalyst. For comparison
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they also immobilized the concave pyridines on a Merrifield resin and a soluble
poly(vinyl benzylchloride) polymer. Complete functionalization of the dendrimers
was achieved, whereas only 9% of the Merrifield resin and 29% of the poly(vinyl
benzylchloride) polymer functional groups reacted with the concave pyridine. The
enhanced selectivity in an intermolecular competition acylation experiment with
ethanol, isopropanol, and tert-butyl alcohol (Scheme 5), which was caused by the
concave pyridines on the four different supports, was investigated (Table I).

The observed selectivity of the acylation with diphenylketene for the ethyl, isop-
ropyl, and tert-butyl ester products of the monomeric concave pyridine, 9 and 10,
was almost the same. Lower selectivities were found when the modified Merrifield
resin and poly(vinyl benzylchloride) polymer were used. Dendrimer 10
(MW = 3,863 Da) could be recovered from the reaction mixture in 70—90% yield
by nanofiltration over a membrane.
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TABLE I
Intermolecular Competition Acylation Experiment of Ethanol, Isopropanol and tert-Butanol
with Diphenylketene

Immobilized pyridine Ethyl ester Isopropyl ester tert-butyl ester
9 12.0 1 0
10 11.4 1 0
Merrifield resin 7.4 1 0
poly(Vinyl benzylchloride) polymer 9.5 1 0

Conditions: [alcohol] = [catalyst] = 50 mM; [ketene] = Sm.

B.2. Asymmetric Hydrogenation

Kollner et al. (29) prepared a Josiphos derivative containing an amine function-
ality that was reacted with benzene-1,3,5-tricarboxylic acid trichloride (11) and
adamantane-1,3,5,7-tetracarboxylic acid tetrachloride (12). The second generation
of these two types of dendrimers (13 and 14) were synthesized convergently through
esterification of benzene-1,3,5-tricarboxylic acid trichloride and adamantane-
1,3,5,7-tetracarboxylic acid with a phenol bearing the Josiphos derivative in the
1,3 positions. The rhodium complexes of the dendrimers were used as chiral den-
dritic catalysts in the asymmetric hydrogenation of dimethyl itaconate in methanol
(1mol% catalyst, 1bar H, partial pressure). The enantioselectivities were only
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slightly lower than those obtained with the Josiphos parent compound (Table IT).
Preliminary nanofiltration experiments with dendrimers 13 and 14 (MD 4.8 and
6.5kDa, respectively) with a Millipore Centricon-3 membrane having a pore size of
3kDa and methanol as the solvent showed complete retention of the dendrimers.

B.3. Asymmetric Borohydride Reductions

Schmitzer et al. (30) synthesized four generations of peripherally p-gluconolactone
functionalized polyamidoamine (PAMAM) dendrimers (15-18), which were used as
chiral ligands for the sodium borohydride reduction of prochiral aromatic ketones,
either in water (homogeneous) or in tetrahydrofuran (heterogeneous) (Scheme 6).
In the latter case, high enantioselectivities were achieved with the third-generation
dendrimer (16), even for aliphatic ketones that are notorious for giving products
with low enantioselectivities. The asymmetric reduction of acetophenone with a
stoichiometric amount of sodium borohydride was investigated in the presence of
water and of THF.

In water, the third-generation (16) and fourth-generation dendrimers (17) in-
duced chirality toward the (S)-enantiomer (50% ee for 16 and 98% ee for 17). In
THF high enantiomeric excess was achieved only with the third-generation dend-
rimer (99% (S) ee for 16 and 3% (S) ee for 17). Dendrimer 16 was recovered from
the heterogeneous reaction mixture by nanofiltration on a Millipore microporous
membrane system. After regeneration of the catalytic activity by treatment with
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HCl/methanol, it could be reused, yielding the same results (for as many as 10
times).

B.4. Kharash Addition

Albrecht et al. (31) synthesized a series of polybenzyl ether dendrimers containing
a pincer metal (Ni, Pt) at the focal point of the wedge (19-22). Coordination of SO,
to the pincer-platinum complex resulted in a change in color of the dendrimer
solutions from colorless to orange, a property that facilitates the investigation of
the recoverability of these dendrimers by membrane filtration. The generation-
dependent leaching of the dendrimers from a membrane-capped immersion vial was
followed in time by UV-Vis spectroscopy. The retention of the first-generation
dendrimer (19) was moderate (half-life #,, = 108 h). The second-generation dend-
rimer (20) displayed a ¢, of ca. 300 h, whereas the third-generation dendrimer (21)
was characterized by a ¢, of >1500h. The third-generation nickel-pincer func-
tionalized dendrimer (22) was applied in the Kharasch addition of CCly to methyl
methacrylate. The dendritic catalyst 22 (0.33 mol%) showed the same reaction rate
and number of turnovers as the parent nickel-pincer complex (31). The dendritic
nickel catalyst could be recovered when the reaction was performed in the
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TABLE II
Asymmetric Hydrogenation of Dimethyl Itaconate
Ligand Enantiomeric excess (%)
Josiphos 99.0
11 98.6
12 98.7
13 98.1
14 98.0

Conditions: 1 mol% Rh catalyst, 1 bar H, pressure, MeOH.

membrane-capped immersion vial by a simple washing procedure. We note that this
recycling procedure of the dendritic catalyst is based on diffusion only, which limits
the product flux.
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B.S5. Hydroformylation

Tulchinsky and Miller (32) patented dendritic macromolecules, their metal com-
plexes, and their use in catalytic processes such as hydroformylation. Dendrimers
containing organophosphites, organophosphonites, and/or organophosphinites were
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claimed. Examples of the synthesis of five generations of phosphite-functionalized
PAMAM dendrimers, their use in hydroformylation, and separation via nano-
filtration were described. A ligand precursor was synthesized by reaction of
4-hydroxybutyl acrylate with (3,3'-di-tert-butyl-5,5 -dimethoxy-1,1’-biphenyl-2,
2'-diyl) phosphorochloride in the presence of pyridine. The precursor was subse-
quently reacted with five generations of PAMAM dendrimers (G0-G4, Michael ad-
dition) yielding GO-G4 dendrophites (Scheme 7; the zeroth generation is shown). The
dendrophites were used in the hydroformylation of propene. A decrease in reaction
rate was observed upon increasing the generation of dendrophite, whereas the linear-
to-branched ratio of the product was the same for all systems (Table III).

After the hydroformylation reaction, product mixtures were passed through
nanofiltration (reverse osmosis) membranes MPF-50 (available from Membrane
Products Kiryat Weizmann Ltd., Israel), which are cross-linked GKSS membranes
with an active layer thickness of 1um and 10 pum (available from GKSS, Fors-
chungszentrum Geesthach GmbH, Germany) with Texanol® used as the solvent.
No detectable dendritic material was found in the permeate solutions, indicating
that under these conditions the dendrimer is stable. The retention of rhodium
and the permeate flux rate were measured (Table IV). The experiment was also

OCH, OCHjg
o O pyridine O PAMAM GO
—_—

(0]
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SCHEME 7.
TABLE III

Hydroformylation of Propene using Dendrophites GO—G4

Ligand Rate (molL~'h™1) 1/b ratio
Dendrophite G0 3.2 1.32
Dendrophite G1 2.9 1.38
Dendrophite G2 2.0 1.41
Dendrophite G3 1.9 1.38
Dendrophite G4 1.8 1.40

Conditions: 0.039 mmol Rh; P/Rh = 8:1; p = 6.89 bars, propene:CO:H = 1:1:1; T = 70°C; 15 gTexanol®
solution in a 100 mL reactor.
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TABLE IV
Rhodium Retention and Flux Rate Measured for the Nanofiltration of Hydroformylation Mixtures

Ligand MPFE-50 GKSS (1 pm) GKSS (10 um)

% Rh retention  Flux rate % Rh retention  Flux rate % Rh retention  Flux rate

GO 99.59 6.11 99.60 28.51 99.84 8.14
Gl 99.74 13.85 99.86 21.18 99.86 12.22
G2 99.88 4.48 99.95 5.70 99.96 7.33
G3 99.92 4.07 99.94 9.77 99.96 9.77
G4 99.89 2.57 99.93 2.57 99.94 2.73
23 65 12.2-20.4 n.d n. d. 88 6.1-8.1

Flux rate: Lm~>d™~". Conditions: Flow rate: 100mL min~"'; p = 20.67 bar for MPF-50 and GKSS (1 pm);
p = 10.33bar for GKSS (10 um); solvent: Texanol™.
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performed with a bidentate phosphite ligand (23), with the results showing a lower
retention than observed with the higher generations of dendrimers. The use of the
GKSS (10 pm) membrane led to the highest retentions.

Remarkably, rhodium leaching was almost completely suppressed when these
dendrimers were used, which may be explained in several ways. For example, one
explanation is that the ligands on the dendritic surface were in such close proximity
to each other that a chelating effect prevented leaching. Another explanation is that
the binding of rhodium to polar groups (e.g., amides and esters) present in the
dendritic backbone during the recycling procedure, which was performed under
syngas-deficient conditions, minimized the leaching. The best retentions were found
for the third- and not the fourth-generation dendrimers. Furthermore, a significant
drop in the flux rate was observed when the fourth-generation dendrimer was used.

The same nanofiltration experiments were performed with a 50-A ultrafiltration
membrane (available from US Filter/Membralox, Warrendale, PA,USA), this time
with a monodentate phosphite ligand (24) used for comparison and toluene as
the solvent (Table V). Both higher retentions and flux rates for the dendrimers
were obtained relative to what was observed with the reverse osmosis membranes.
Dendrophite G4 was used in three subsequent reactions carried out with this
procedure.

Recycling experiments were performed with the second- and third-generation
dendrophites. Hydroformylation of propene was carried out in toluene, followed by
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OCHj,
24
TABLE V
Rhodium Retention and Flux Rate Measurements using a 50 A Ultrafiltration Membrane
Ligand Cycle % Rh retention Flux rate
24 I 83-86 171.04
Dendrophite G2 ™ 99.994 81.45
Dendrophite G3 I 99.997 77.38
Dendrophite G4 I 99.9975 52.94
Dendrophite G4 ond 99.9974 89.59
Dendrophite G4 3rd 99.994 85.52

Flux rate: Lm~2d~". Conditions: flow rate: 100 mL min~"; solvent: toluene.

separation of the dendritic catalyst from the reaction mixture by passing it over the
50-A ultrafiltration membrane. The catalyst solution was used in a second hydro-
formylation reaction. The differences in reaction rate between the two runs were
only 2% and 3% for the second- and third-generation dendrimers, respectively.

C. DENDRITIC CATALYST RECYCLING BY PRECIPITATION

Separation of catalysts from high-value products such as fine chemicals or phar-
maceuticals is often accomplished by precipitating the catalyst from the product
solution. Recycling of these catalysts is feasible, provided that they do not decom-
pose. In industry, catalyst recovery by means of catalyst precipitation is applied
only in relatively small batch processes. An example of such a process is the pro-
duction of (—)-menthol (33) in which an Rh-BINAP isomerization catalyst converts
the allylic amine substrate into (R)-citronellal (after hydrolysis of the enamine) in
high yield (99%) and with high enantioselectivity (98.5% ee). After distillation of
the solvent (THF) and product, the catalyst is recovered from the residue by pre-
cipitation with n-heptane.

The physical properties of dendrimers such as solubility, arising from their
hyperbranched globular shapes and the peripheral groups, can be modified by end-
group modification. In core-functionalized dendrimers, the immiscibility of the
wedges with a solvent enables precipitation and subsequent separation by filtration.
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In periphery-functionalized dendritic catalysts, the functional groups at the surface
determine the solubility and miscibility and thus the precipitation properties. Many
dendrimers functionalized with organometallic complexes do not dissolve in apolar
solvents, and the presence of multiple metal centers at the periphery facilitates
precipitation upon addition of this type of solvent. It is emphasized that the use of
dendrimer-immobilized catalysts with the goal of recovery through precipitation is
worthwhile only if the tendency to precipitation of the dendritic system exceeds that
of its non-dendritic equivalent.

C.1. Heck and Sonogashira Reaction

Reetz et al. (16) were the first to recover and recycle a dendritic catalyst through a
precipitation procedure. The dimethylpalladium complex of the phosphine-
functionalized DAB-dendr-[N(CH,PPh,),];¢ dendrimer (1a) is an active catalyst for
the Heck reaction of bromobenzene and styrene to give trans-stilbene (89% trans-
stilbene and 11% 1,1-diphenylethylene, at a conversion of 85—90%, Scheme §).

In contrast to the behavior of the monomeric catalyst, no decomposition to
palladium metal was observed when dendrimer 1a was used. The dendritic com-
plex was recovered from the reaction mixture by precipitation with diethyl ether
(yield >98%) and subsequent filtration. The precise structure of the recovered
palladium complex was not determined, but the palladium-containing dendrimer
showed only a small decrease in activity.

Heuzé et al. (34) synthesized three generations of bis(zerz-butylphosphine)- and
bis(cyclohexylphosphine)-functionalized Pd(II) DAB dendritic complexes that serve
as copper-free recoverable catalysts for the Sonogashira coupling between aryl
halides and alkynes (Scheme 9).

Treatment of the dendritic phosphines DAB-dendr-[N(CH,-NCH,PR;),]x with
Pd(OAc), gave the Pd(IT) dendrimers DAB-dendr-[N(CH,-NCH,PR,),Pd(OAc),]«

QBr . @_// Pd-catalyst ._\_. ::

SCHEME 8.

catalyst [Pd, Cu]
R—X + H—R' R————R
base -HX

X=1,Br, Cl
R = Aryl, Vinyl

SCHEME 9.
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(R = Cy, tBu; x = 4, 8, 16). These new palladodendritic catalysts exhibit very good
activity under mild conditions with aryl iodides and bromides in the Sonogashira
reaction. The catalytic activity of systems with tBu substituents on the phosphines
was much higher than those with Cy substituents. However, a similar negative
dendritic effect was observed for both families, i.e., the third-generation catalysts
are the less active ones. This observation is attributed to the increasing steric bulk
around the active metal centers.

Recovery of the metallodendritic catalysts with Cy substituents was achieved by
precipitation with pentane, and the dendrimers were reused five times without sig-
nificant loss of activity. However, the tBu-substituted catalysts could not be re-
covered by this method as a consequence of their high solubility in pentane.

C.2. Hydrogenation

Kakkar et al. (35) prepared organophosphine dendrimers up to the fourth gen-
eration (25) using phosphorus both as the branching point and as the ligand. The
corresponding Rh(I) organometallic dendrimers (having Rh(I) coordinated to every
branching point) were obtained by a reaction with [(u-Cl)(COD)Rh],. All Rh(I)
organometallic dendrimers were found to be efficient catalysts for alkene hydro-
genation reactions. Dendrimers of generations 1-4 (containing, respectively, 4, 10,
22, and 46 Rh(I) metal sites) were employed in the hydrogenation of 1-decene in
THF under standard conditions (25°C, 20 bar H,, 30 min, metal-to-substrate ra-
tio = 1:200). The activity of each of the dendritic catalysts was similar to that of the
monomeric analogue Rh(COD)(CI)P{(CH,);OH}; (TOF ~400h™"), and there was
only a slight decrease in activity observed for the larger systems. The recoverability
and stability of the fourth-generation dendrimer (having 46 Rh(I) centers) was
tested. Pentane extraction of the hydrogenation product from the reaction mixture
followed by recrystallization from a THF/hexanes mixture resulted in recovery of
this organometallic dendrimer. The recovered dendrimer was applied in a second
hydrogenation run under the same conditions, giving an activity of 95% of that
observed in the first run. Unfortunately, the same recycling procedure was not
tested for the dendrimers of the earlier generations.

BINAP core-functionalized dendrimers were synthesized by Fan et al (36), via
condensation of Fréchet’s polybenzyl ether dendritic wedges to 5,5'-diamino-BINAP
(26—28). The various generations of BINAP core-functionalized dendrimers were
tested in the ruthenium-catalyzed asymmetric hydrogenation of 2-[p-(2-methyl-
propyl)phenyl]acrylic acid in the presence of 80bar H, pressure and in a 1:1 (v/v)
methanol/toluene mixture. As later generations of the in situ prepared cymeneruthe-
nium chloride dendritic catalysts were used, higher activities were observed (TOF
values were 6.5, 8.3, and 214 h™' respectively). Relative to those of the BINAP

AV \S,/ \Si/ \Si/
P O,SI\O/\/\? o I\O/\/\? o \O/\/\P oo NP OH
22

I i
I'l%h(COD)CI Rh(COD)CI Rh(COD)CI Rh(COD)CI Rh(COD)CI 22223

25
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system (TOF 6.3h™", ee 89.8% (S)) higher activities and (opposite) enantioselectivi-
ties were found for the dendritic catalysts (ee: 26 91.8% (R), 27 92.6% (R) and 28
91.6% (R)). The dendritic catalyst composed of dendrimer 28 was quantitatively
recovered by precipitation with methanol. The catalyst was reused three times,
showing constant activity and enantioselectivity.

C.3. Oxidation

Zeng et al. (37) reported the synthesis and catalytic activity of tetra(polyoxom-
etalate) dendrimers. The catalytically active polyoxometalate (POM) (nBuyN)s
[H4P>V3W504,] was esterified with two types of dendrimers containing four
tris(hydroxymethyl) groups (29 and 30). Via an ion-exchange process, the dend-
rimer counterions nBuyN " were fully replaced by H". The POM-functionalized
dendrimer 29 and its H ™ -exchanged form (29-H) were used as catalysts in the
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oxidation of tetrahydrothiophene by tBuOOH in acetonitrile and in toluene. The
oxidation activity of dendrimers 29-H and 29 in the presence of p-toluenesulfonic
acid was higher than that of the reaction in the absence of dendrimer with
p-toluenesulfonic acid. POM dendrimer 29 by itself showed hardly any activity. The
POM dendrimers 29-H and 29 were recovered from the reaction mixture by pre-
cipitation after the addition of diethyl ether, and the recycled catalyst did not show
any loss in activity.
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Another example of dendritic POM complexes used as recoverable oxidation
catalysts was reported by Plault e al. (38). A series of ionic polyammonium dend-
rimers containing between 1 and 6 POM units were prepared and used to catalyze
the epoxidation of cyclooctene in a biphasic water/CDCl; system. A comparison of
the homogeneous mono-, bis-, tris-, and tetra(POM) catalysts indicated that there
was no dendritic effect on the reaction kinetics within this series. However, a den-
dritic effect was found in the recovery of the catalysts. The dendritic catalysts were
precipitated from the organic phase by addition of pentane. The recovery of the tri-
and tetra-(POM) catalysts was easier (80—85% and 96%, respectively) than that of
the mono(POM) catalyst.

C.4. Stille Couplings, Knoevenagel Condensations, and Michael Addition Reactions

Maraval et al. (39) synthesized core- and periphery-functionalized ruthenium and
palladium dendritic diphosphines (Fig. 12) that were applied in three reactions
(Stille coupling, Knoevenagel condensation, and diastereoselective Michael addi-
tion). The catalyst was recovered by using the precipitation strategy.

The third-generation dendrimer palladium complex (31, containing 24 PdCl,
groups) was applied in the Stille coupling of methyl-2-iodobenzoate with 2-(tributyl-
stannyl)thiophene in DMF (Scheme 10; 1mol% catalyst). In contrast to what was
observed with the monomer (PPh;),PdCl,, no palladium metal formation was
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FiG. 12. Periphery- and core-functionalized ruthenium and palladium dendritic diphosphines.

observed when dendrimer 31 was applied. The dendrimer was precipitated by the
addition of diethyl ether to the reaction mixture and recovered by filtration. No
significant loss of activity was observed in three consecutive runs (80% conversion
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after 12h). NMR analysis of the isolated dendrimer complex clearly indicated that no
degradation had occurred.

Application of the same dendrimer 31 in the Stille coupling of iodobenzene
with tributylvinyltin in DMF (Scheme 10; 5mol% catalyst) showed an activity
equal to that of the tetraphosphole macrocycle complex (Fus;P)4,Pd(OAc), (31b;
100% conversion after 15min). In contrast to the monomer, the dendritic catalyst
could be recycled, but when recycled it showed a decrease in activity (95% con-
version after 15min). A better performance was achieved with the in situ prepared
catalyst 32 by mixing the third-generation diphosphine dendrimer with Pd(OAc),
(P/Pd ratio =4/1). An activity similar to that of the monomeric complex
(FusP)4Pd(OAc), was observed (100% conversion after 15min), even after three
consecutive runs.

The phosphine-containing dendrimers were also applied as dendritic ligands in
the ruthenium-catalyzed Knoevenagel reaction of malonitrile and cyclohexanone in
THF solvent (Scheme 11). The application of 1mol% phosphine-containing ru-
thenium dihydride-functionalized dendrimer (33) in the Knoevenagel reaction re-
sulted in complete conversion to the unsaturated nitrile product in 24h.
Remarkably, the activity of dendrimer 33 is higher than that of the monomer
complex [Me,N-N(CH,PPh,),RuH,(PPhj3),], which gave only 80% conversion af-
ter 24 h. The monomer complex could not be recovered by the precipitation meth-
od, whereas dendrimer 33 was efficiently recycled after precipitation with diethyl
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ether and used in three runs without a significant loss of activity. The same efficient
recoverability of dendrimer 33 (1 mol%) over three consecutive runs was found in
the Knoevenagel condensation of ethyl cyanoacetate and N-benzylideneaniline to
give ethyl benzylidenecyanoacetate (Scheme 11).

The phosphine-containing ruthenium dihydride dendrimer 33 was found to be an
active catalyst for the diastercoselective Michael addition of ethyl cyanoacetate to
diethyl ethylidenemalonate in THF (Scheme 12). The dendritic catalyst showed an
activity and selectivity similar to those of the reference compound RuH,(PPhs),
(100% conversion after 24 h and a diastereoselectivity of 7/3) (40). The dendritic
catalyst was recycled twice by precipitation with diethyl ether without loss of ac-
tivity or selectivity. Complex 34 showed similar activity and recoverability over
three runs like that of complex 33.

C.5. Asymmetric Transfer Hydrogenation

Chen et al. (41) reported the asymmetric transfer hydrogenation of acetophenone
by using four generations of core-functionalized dendritic catalysts. Polybenzyl
ether dendritic wedges were attached to an amine analogue of the [(S,S)-TsDPEN]
ligand (36-39). The cymene ruthenium chloride dendritic catalysts were used for the
transfer hydrogenation, which was performed in CH,Cl, with formic acid as the
hydrogen donor. The dendritic catalysts gave similar activities with slightly shorter
induction periods than the reference compound 35. Each of the catalysts induced a
high enantioselectivity (ee >96%). The third- and fourth-generation dendritic cat-
alysts were recycled four and five times, respectively, by evaporation of the CH,Cl,
followed by the addition of dry methanol, centrifugation, removal of the methanol,
and subsequent washing with methanol. After three cycles only a small loss in
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activity was observed, and the enantioselectivities were still high. In the fifth run a
loss in activity, but not in enantioselectivity, was found for the third-generation
dendritic catalyst 38 (52% conversion after 20 h, ee 95.0%). In contrast, the fourth-
generation dendritic catalyst 39 still displayed satisfactory activity (73% conversion
after 20 h, ee 96.3%). The fourth-generation dendritic catalyst was even used in a
sixth run, in which the activity and enantioselectivity were lower (52% conversion
after 20h, ee 87.0%). The higher stability of catalyst 39 was proposed to be a
consequence of a site-isolation effect imposed by the large dendrimer.

C.6. Asymmetric Additions of Diethylzinc to Aldehydes

Hu et al (42) reported chiral BINOL core-functionalized phenylacetylene-
containing dendrimers (S)-40, which were used as catalysts in the asymmetric
diethylzinc in addition to benzaldehyde. The reaction performed in the presence of
(S)-40 (5mol%) displayed a much higher conversion after 24 h than the parent
monomer BINOL, 98.6% and 37%, respectively. (S)-40 gave rise to the formation
of the opposite enantiomeric product. These results were explained by the site-
isolation effect of (S)-40, which prevents aggregation of the zinc species through
Zn—0—Zn linkages. These aggregates result in reduced Lewis acidity of the
zinc/BINOL complex. Complexation of Ti(O—i-Pr)y to (S)-40 (20 mol%) and
BINOL resulted in comparable activities and enantioselectivities for the addi-
tion of diethylzinc to benzaldehyde (100% conversion, 89% ee) as well as to
I-naphthaldehyde (100% conversion, 90% ee). It is likely that similar catalytically
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active (monomeric) species are formed from these complexes. (S)-40 could be re-
covered easily from the reaction mixture by precipitation with methanol. Unfor-
tunately, no recycling experiments were reported.

Liu et al. (43) prepared chiral BINOL ligands bearing dendritic Fréchet-type
polybenzyl ether wedges ((R)-41-(R)-44), which were assessed in enantioselective
Lewis acid-catalyzed addition of Et,Zn to benzaldehyde.



110 J. N. H. REEK et al. [1I

Differences in the effect of linking positions on enantioselectivity were observed
for these dendritic ligand-derived catalysts. The catalytic experiments were carried
out in toluene at 0°C in the presence of Ti(O—i-Pr),. High conversions (up to 99%)
and good enantioselectivities were observed for ligands (R)-42—(R)-44. Dendrimers
(R)-42 provided higher enantioselectivities than (R)-41 with dendritic wedges at
3,3-positions (80% vs 54% ee for the second-generation dendrimers). This differ-
ence was probably a consequence of the relatively open space around the active site
of (R)-42, which may decrease the negative effect of the bulky dendritic wedges.
Ligands (R)-43 and (R)-44 bear dendritic wedges at the 6,6’-positions or 6-position
on the binaphthyl backbone, which are situated at a large distance from the cat-
alytic center. Ligands (R)-43 gave the highest enantioselectivity (up to 87% ee),
which is similar to that observed with BINOL (85% ee). Moreover, the third-
generation ligand G3-(R)-43 was quantitatively precipitated by addition of
methanol and recovered via filtration, and it could be reused without significant
loss in performance.
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D. CATALYST RECOVERY BY COLUMN CHROMATOGRAPHY

D.1. Metathesis

Garber et al. (44) took advantage of the unique properties of dendrimers to en-
hance the separation of dendritic metathesis catalysts and products in a silica column.
A mononuclear ruthenium catalyst with an imidazolin-2-ylidene carbene ligand was
synthesized for the application in the ring-closing metathesis (RCM) of dienes into
hetero- and carbocyclic-trisubstituted alkenes (Scheme 13). The catalytically active
species is formed by reaction of ligand 45 with the substrate with the formation of
2-isopropoxystyrene. The imidazolin-2-ylidene carbene ligand gave a more active cata-
Iytic species than the tricyclohexylphosphine ligand. By addition of 2-isopropoxy-
styrene to the reaction mixture after the reaction had been completed, catalyst 45
was recovered by column chromatography (silica, >95% yield). Reuse of the catalyst
in a consecutive run gave no significant loss in activity. In contrast, when the
tricyclohexylphosphine-ligated complex was used, recycling resulted in loss in activity.

The monomeric catalyst fraction showed similar Ry values as the metathesis
products, which complicated the chromatographic separation and recycling pro-
cedure. Immobilization of the ruthenium catalyst on a dendrimer was anticipated to
facilitate the chromatographic separation. Indeed, the presence of multiple (polar)
organometallic sites on the dendrimer periphery resulted in stronger adsorption
interactions between the dendritic catalyst and the silica and thus a better sepa-
ration from the product. Two types of dendritic catalysts were prepared in which
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either tricyclohexylphosphine (46) or an imidazolin-2-ylidene carbene (47) acted
as a ligand. Dendritic catalyst 46 was applied in the RCM reaction of diallyl
tosylamine (1.25mol% 46, CH,Cl,, 40°C, 15min). The catalyst was recycled five
times by column chromatography with a silica column and CH,Cl, was used as
eluent to isolate the cyclic product and ether was used for the elution of the den-
dritic catalyst. The cyclic product was isolated in more than 87% yield in each of
the reactions. Although significant amounts of ruthenium metal had been lost from
the recovered dendritic catalyst (13% after the first run), this loss did not affect the
ring-closure activity (48% ruthenium content in the sixth cycle gave 87% yield after
15min). The dendritic catalyst 47 exhibited a higher activity than catalyst 46.
In contrast to catalyst 46 and its mononuclear analogue, catalyst 47 catalyzed
the ring-closing metathesis of diene carbinol, giving the product in a 78% yield.
This dendritic catalyst was recovered in 90% yield after column chromatography
with an 8% loss of the ruthenium loading. Catalyst 47 was also effective for the
tandem ROM/RCM of catalysts 48 and 49 (94% yield, 90% catalyst recovery,
8% ruthenium loss; Scheme 14) and the ROM/CM of catalyst 50 with styrene to
catalyst 51 (70% yield) and catalyst 52 (18% vyield) (>98% trans-alkenes, 95%
catalyst recovery, 5% ruthenium loss; Scheme 14). In contrast to the mononuclear
complex 45, dendritic catalyst 47 was completely separated from the reaction
products by column chromatography.

We emphasize that in these systems the ruthenium catalysts are released from the
dendritic support during the reaction, and the activities are therefore high. How-
ever, at the same time this release limits the application of this type of system to
batch reactors.

D.2. Asymmetric Dialkyl Zinc Addition

Sato et al. (45) synthesized two generations of poly(phenylacetylene) dendrimers
derivatized with (1R, 2S)-ephedrine, which were used as ligands for the asymmetric
diethylzinc addition to aryl N-diphenylphosphinyl imines (phenyl, 2-naphthyl,
p-tolyl; Scheme 15). Slightly higher enantioselectivities were achieved with ligand
53 than with 54 in the diethylzinc addition to phenyl, 2-naphthyl, and p-tolyl
N-diphenylphosphinyl imine (89%, 94%, 89% ee for 53 and 87%, 90%, 85% ee
for 54, respectively). After the reaction of diethylzinc with phenyl N-diphenyl-
phosphinyl imine, ligand 54 was recovered from the reaction mixture in 80% yield
by thin layer chromatography on silica gel. The dendritic ligand was used in a
consecutive reaction with a small loss in enantioselectivity (87% ee in the first run,
81% ee in the second).

Ph_Ph talvst
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The same dendritic ligands were used for the addition of disopropylzinc and
diethylzinc to aldehydes (phenyl, 2-naphthyl, p-tolyl) (46). The two ligands were
equally selective for the (R)-alcohol product (77% < ee <86%, depending on the
substrate). Dendrimer 53 was recovered after the reaction between diethylzinc and
benzaldehyde and was reused in a consecutive run, giving the same enantioselec-
tivity.

E. RecoveEry oF HETEROGENEOUS DENDRITIC CATALYSTS

E.1. Supported Dendritic Catalysts for Alkene Hydroformylation

Bourque et al. (47) prepared phosphine-functionalized PAMAM poly(amido
amine) branches at the surfaces of silica particles. Primary amines were converted
stepwise into GO— G4. Phosphination of the terminal amine groups occurred com-
pletely for GO-G2 (55—57), but steric crowding prevented complete functional-
ization of G3 and G4. Subsequent reaction with [RhCI(CO),], gave the
corresponding metal complexes, which were tested in the rhodium-catalyzed hy-
droformylation of alkenes. With styrene as a substrate, the dendritic catalysts
55—57 afforded aldehydes in nearly quantitative yield, even at room temperature
(TOF = 10—20 mmol of substrate (mmol Rh)™'h™"). These catalysts were charac-
terized by high regioselectivity to the branched product (linear to branched ratios
were as high as 1:30). The third- and fourth-generation catalysts showed consid-
erable activity only at elevated temperatures.

To investigate the impact of steric congestion on the hydroformylation reaction,
the authors prepared a new series of ligands differing in flexibility as a result of
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variations in spacer length (48). From a comparison of the catalytic activities ob-
served with these ligands, they concluded that steric congestion indeed lowered the
activity, which is in contrast with the results obtained with homogeneous dendritic
systems (49). The reusability of the immobilized catalysts was tested in recycling
experiments. Recovery of the catalyst was relatively easy, because the particles were
large enough to be separated by microporous filtration. No significant loss of ac-
tivity or selectivity was observed in five consecutive runs.

Arya et al. (50) immobilized similar dendrimers for the alkene hydroformylation
on polystyrene (PS) beads, using solid-phase synthesis (58—60). The rhodium-
catalyzed hydroformylation of styrene was investigated, and recycling experiments
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were performed with all three immobilized dendrimers over six consecutive runs.
When the total pressure was 68.9 bar CO/H, (1:1) at 45°C, dendrimers 58 and 60
gave complete conversion after 22h for the first four cycles. Unfortunately, no
further details were given about the stability or activity of the system. The
branched-to-linear ratio of the product varied between 9:1 and 16:1. In the fifth and
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sixth runs, a drop in activity was observed for both dendrimers 59 (98% and 88% of
the intial values, respectively, after 22 h) and 60 (78% and 47% of the intial values,
respectively, after 22 h). The activities of the second- and third-generation catalysts
59 and 60 surpassed that of the first-generation catalyst 58 (85% conversion after
23h in the third run). The second-generation catalyst 59 was subsequently inves-
tigated in three hydroformylation recycling experiments with the substrates vinyl
acetate, vinyl benzoate, and p-methoxy styrene. The immobilized dendrimer was
recycled three times without loss of activity or regioselectivity. Vinyl acetate as a
substrate gave a branched-to-linear ratio of 15:1 in three subsequent runs.

Arya et al. (51) used solid-phase synthesis to prepare immobilized dendritic cat-
alysts with the rhodium center placed on different interior sites to mimic proteins
and enzymes with catalytic sites in the inner core. Two generations of PS-
immobilized rhodium-complexed dendrimer 61 and the more shielded 62, were
synthesized and used in the rhodium-catalyzed hydroformylation of styrene,
p-methoxystyrene, vinyl acetate, and vinyl benzoate at a total pressure of 68.9 bar of
1:1 CO/H, at 45°C in the presence of CH,Cl,. With styrene as the substrate, dend-
rimers 61 and 62 were each recycled four times without significant loss in activity or
selectivity (>99% conversion after 20 h; branched-to-linear ratio of product =
18:1). When p-methoxystyrene was used as a substrate, the first three cycles did not
suffer from any measureable deactivation (>99% conversion after 20 h, branched-
to-linear ratio of product ~ 17:1). Neither for dendrimer 61 nor for 62 did the
fourth cycle reach full conversion after 20 h, but the more shielded dendritic catalyst
did give a higher conversion than the other (56% conversion for 61, 85% for 62). In
the hydroformylation of vinyl acetate, dendrimers 61 and 62 gave similar results.
Comparable selectivities (branched-to-linear ratio of products ~ 17:1) and slightly
declining activities per cycle were observed (99% conversion for the second cycle
relative to 85% conversion for the fifth cycle). With vinyl benzoate as substrate,
the immobilized dendrimers 61 and 62 could be recycled with constant activity and
selectivity for three cycles (> 99% conversion after 20 h, branched-to-linear product
ratio ~ 25:1). In the fourth and fifth cycles, deactivation of each catalyst was
observed. A dramatic drop in activity was found for dendrimer 61 (fourth cycle,
conversion = 43%; fifth cycle, conversion = 20%). A smaller decline in activity
was observed for dendrimer 62, which was speculated to be a consequence of
the larger dendritic environment (fourth cycle, conversion = 91%,; fifth cycle,
conversion = 83%). Determination of the numbers of turnovers characterizing
the two systems should provide a conclusive test for the interpretation of this
dendritic effect.

The same authors recently described the synthesis of similar rhodium-complexed
dendrimers supported on a resin having both interior and exterior functional
groups. These were tested as catalysts for the hydroformylation of aryl alkenes and
vinyl esters (52). The results show that the reactions proceeded with high selectivity
for the branched aldehydes, with excellent yields, even up to the tenth cycle. The
hydroformylation experiments were carried out with first- and a second-generation
rhodium-complexed dendrimers as catalysts, with a mixture of 34.5 bar of CO and
34.5bar of H; in dichloromethane at room temperature. Each catalyst was easily
recovered by simple filtration and was reusable for at least six more cycles without
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loss of activity or regioselectivity. The second-generation dendrimer was found to
be more reactive than the first-generation dendrimer when styrene was the subst-
rate. The branched-to-linear ratio of the aldehyde products ranged from 39:1 to
36:1 at >99% conversions, even up to the tenth cycle. Similar results were obtained
for the hydroformylation of 4-isobutylstyrene, 4-vinylanisole, and 2-vinyl-6-
methoxynaphthalene. These results indicate a dramatic improvement over the
previously described Rh-complexed dendrimers reported by these authors (50,57)
for the hydroformylation reactions. Unfortunately, the authors did not specify the
P/Rh ratios used or the TOF observed. The improved catalytic behavior may be

attributed to cooperative catalytic effects of the multiple coordination sites on the
interior and exterior functional groups of these dendrimers.
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E.2. Supported Dendritic Catalysts for Carbonylation, Hydroesterification,
Oxidation, and Heck Reactions

Alper et al. (53) investigated the use of phosphine-functionalized PAMAM
dendrimer immobilized on silica (55—57) as ligands in the palladium-catalyzed
Heck reaction. Good yields were found in the reaction of bromobenzene with
styrene at temperatures of 110—140°C for the dendrimer generations 0, 1, and 2,
with generation 2 being the most active. The lower activities observed for gener-
ations 3 and 4 dendrimers was attributed to surface congestion. Again, this crowd-
ing problem was solved by using longer spacers between the dendritic branch points
(43). The effect of the base on the reaction rate was investigated with the second-
generation dendrimer in the reaction between bromobenzene and styrene. The
use of triethylamine resulted in very low reaction rates, and sodium acetate and
potassium carbonate gave the best yields. A drop in activity was found when the
catalyst was used in a second cycle (K,COs: 53% trans-stilbene in the first cycle,
43% in the second cycle; NaOAc: 39—69% in the first cycle, 20—45% in the second
cycle).

Antebi et al. (54) investigated the carbonylation of iodoarenes to their methyl
esters with Pd-PPh,-PAMAM-SiO, dendrimers of generations 0—3 as catalysts.
These dendrimers were prepared by complexation of the phosphino-PAMAM
dendrimers supported on SiO, 55—57 with either Pd(RCN),Cl, (R = Me, Ph) or
Pd(tmeda)Me,. The catalytic studies were carried out with methanol as the solvent,
at a low pressure of CO, at 100°C, and with Et;N as a base. High yields were
obtained, and the catalysts could be recycled 4 to 5 times without significant loss of
activity. The results show that the activity decreased as the dendrimer generation
increased. The carbonylation reaction is applicable to iodoarenes with both elec-
tron-withdrawing and electron-donating groups.

Similar 0—4 generations silica-supported Pd-PAMAM dendrimers with various
spacer lengths were used by Alper et al. as recyclable catalysts for the hydro-
esterification reaction of alkenes (55) and the oxidation of terminal alkenes to
methyl ketones (56). The hydroesterification experiments (Scheme 16) showed that
(PPh3),Pd-PPh,-PAMAM-SiO, complexes were highly active catalysts for styrene
derivatives and linear long-chain alkenes (numbers of turnovers up to 1200).

These palladium-functionalized dendrimers show selectivity for the linear reac-
tion product. A drop in activity was found when the catalysts were reused (1-decene
as substrate/G(4)Pd(PPhs), dendrimer as catalyst: 92, 75, 73, and 45% yield for the
first, second, third, and fourth, respectively). The (dba)Pd-PPh,-PAMAM-SiO,
dendrimers of generations 0—4 showed activity for the oxidation of terminal
alkenes under mild conditions. The catalytic activity was found to be dependent on

Pd catalyst R
R& + ROH + coO R—COR" +
non-polar solvent

150 psi, 115°C

COLR'
R = Ph-R, alkyl

SCHEME 16.
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the dendrimer generation. The higher generations were less active, giving lower
conversions with 1l-octene as the substrate. Only the first-generation dendrimer
complex gave the methyl ketone in satisfactory yields (42%, 33%, traces, and no
detectable yields for the zeroth, first, second, and third generations, respectively).
These poor activities were attributed to steric congestion of the dendrimer. Oxi-
dation was selective for the terminal double bond versus an internal unsaturated
bond. These dendritic catalysts could be recycled; the GO dendrimer was reused up
to eight times, giving good yields of 2-octanone, whereas G1 and G2 complexes
were reused only four times.

E.3. Supported Dendritic Catalysts for the Asymmetric Addition of Diethylzinc

Chung et al. (57) synthesized silica-supported PAMAM dendrimers up to the
fourth generation containing an (—)-ephedrine auxiliary (63) for the dicthylzinc
addition to benzaldehyde. Silica particles with a low and a high PAMAM loading
were prepared starting from 0.24 and 0.9 mmol/g of amine initiator sites, respec-
tively. Amine end group analysis showed that propagation of dendrimer growth
became increasingly difficult with an increase in the generation, probably as a result
of steric crowding. Larger deviations from the theoretical amine end group values
were found for the highly loaded materials. The activity and (stereo) selectivity in
the diethylzinc addition to benzaldehyde of the two types of modified silica were
investigated (5mol% catalyst, 2.2 eq. of diethylzinc, 0°C, toluene solvent, 48 h). In
the case of the high loading, a gradual decrease in activity, selectivity, and enan-
tioselectivity upon going to higher generation dendrimer-modified surfaces was
observed. The diminished activity and selectivity were explained by a diffusional
resistance induced by the irregular hyper-branched structure. The irregular branch-
ing, caused by incomplete functionalization during the dendrimer growth, is be-
lieved to generate different chiral environments leading to loss in enantioselectivity.
However, the occurrence of the background reaction (no ligand: 45% conversion,
57% selectivity, racemic mixture) can partly account for these results.

A different trend was found for the low-loaded silica supports. The activity,
selectivity, and enantioselectivity were found to increase upon going to the third
generation. Under optimized reaction conditions, the third-generation silica-
supported dendrimer gave results in the addition reaction identical to those
observed with the homogeneous monomer (—)-ephedrine. The fourth generation
showed a slightly lower activity and stereoselectivity, probably as a consequence of
hindered access of the reagents to the catalytic sites. This effect was also found for
similar dendritic catalysts in solution (58). The third-generation silica-supported
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dendrimer was recycled three times without loss in activity, selectivity, or
enantioselectivity.

Rheiner et al. (59) developed strategies to incorporate dendritic ligands incorpo-
rating TADDOL and BINOL moieties in a crosslinked polystyrene matrix. A
first- and a second-generation TADDOL core-functionalized polybenzyl ether dend-
rimer with peripheral styryl groups (8 and 16, respectively) were synthesized and
incorporated in a polystyrene matrix via a suspension copolymerization. The
Ti-TADDOLate derivatives were synthesized by reacting the beads with Ti(OiPr),.
The polymer-incorporated dendritic Ti-TADDOLates are more active catalysts for
the diethylzinc addition to benzaldehyde than a conventional PS-bound Ti-TADDO-
Late. The higher activity was attributed to the dendritic structure preventing the
burial of the catalytic sites in the polystyrene matrix. Enantioselectivities comparable
with those of the homogeneous Ti-TADDOLate were observed when 0.2 equivalents
of the Ti-TADDOLates were used (S/R: homogeneous, 99:1; supported, 98:2).
Higher enantioselectivities were obtained when the Ti-TADDOLate content in the
polymer was lower as a result of the lower degree of cross-linking of the PS. No
difference between the first- and second-generation dendrimers was observed.

Sellner et al. (60) investigated these systems in more detail using cross-linkable
TADDOL derivatives containing a variety of flexible linkers with peripheral styryl
groups, including a dendritic analogue (64—67). The derivatized TADDOL systems
were copolymerized with styrene and treated with Ti(OiPr)4 to yield the polymer-
bound Ti-TADDOLates p-64-p-67 (diameter in non-solvent-swollen state ~400 um).
The enantioselectivities in the reaction of diethylzinc with benzaldehyde (0.2 equiv-
alents, toluene, —20°C, 2h) with the application of the various polymer-bound
Ti-TADDOLates with a loading of 0.1 mmol/g over 20 cycles was investigated.
The best results were obtained with the PS beads cross-linked with dendritic
TADDOL derivative p-64, yiclding a similar enantioselectivity (S/R = 98:2) over
20 consecutive cycles. A Kkinetics investigation comparing the homogeneous
TADDOL-Ti-complex and polymer-bound Ti-complex p-64 revealed that the ac-
tivity of p-64 was slightly higher. Longer chain lengths of the linkers resulted in a
dramatic drop in both selectivity and activity. Furthermore, the swelling properties
of p-65, p-66, and p-67 decreased after multiple uses, whereas p-64 kept its high
swelling properties.

Sellner et al. (61) applied another immobilization technique using a BINOL
ligand. The cross-linkable peripheral styryl-functionalized BINOLs 68—70 and
dendritic first-generation 71 and second-generation 72 were copolymerized with
styrene and treated with Ti(OiPr),. The recyclability over 20 cycles of the resultant
Ti-BINOLates (loading 0.13 mmol/g) was investigated in the diethylzinc addition
reaction to benzaldehyde. The best results were obtained with the immobilized
dendritic BINOLate p-71 giving similar enantioselectivities (S/R = 93:7) over 20
cycles.

The cross-linked dendritic BINOLate p-71 (20mol%) was also used as a sup-
ported catalyst in the asymmetric cyanosilylation of pivalaldehyde in CH,Cl,. The
catalyst was reused several times after separation from the reaction mixture by
filtration. In 20 consecutive reactions, the cyanohydrine product was formed
in >90% yield. Initially, an increase in enantioselectivity was observed from 72%



11] DENDRIMERS IN CATALYSIS 123

64

) )
X o
g=2evARERS ot vy

(S-enantiomer, comparable with the homogenecous BINOL-Ti catalyst) in the first
run to 83% after the fifth run. After the 8th run, a gradual decrease in enantio-
selectivity was observed that was attributed to leaching of the metal. Reloading the
vacant sites with Ti(OiPr), caused a gradual increase of the enantioselectivity.
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67

E.4. Scandium Cross-Linked Dendrimers as Lewis Acid Catalysts

Reetz and Giebel (62) anchored sulfonylated poly(propylene imine) dendrimers
by a cross-linking reaction with Sc(OTf)3;, resulting in a non-porous material
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(73, Fig. 13). The cross-linked scandium-modified dendrimer was tested in a
number of Lewis acid-catalyzed reactions, including Mukaiyama aldol additions
to aldehydes and aldimines, Diels—Alder reactions, and Friedel-Crafts acylations.
The dendritic catalyst was recovered by a simple filtration. The Mukaiyama aldol

70
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addition was performed in a two-phase system, with stirring of benzaldehyde, an-
iline, and trimethyl-(1-phenyl-propenyloxy)-silane at room temperature in the pres-
ence of the dendritic material 73 (the system contained 7mol% scandium). The
aldimine product, B-amino ketone, was the only product observed (89% yield).
After recycling of the catalysts, similar results (over three runs 88—89% yield) were
obtained. ICP analysis of the filtrate and the absence of catalytic activity of the
filtrate demonstrated that no scandium had leached from the dendritic material.
The chemoselectivity of the dendritic material for the aldimine adduct is much
better than that of the “monomeric” Sc(OTf); homogeneous catalyst that gave rise
to a 86:14 product mixture of the f-amino ketone over f-alcohol ketone. This
increase in selectivity was attributed to the ligand effect.

In the Mukaiyama aldol additions of trimethyl-(1-phenyl-propenyloxy)-silane to
give benzaldehyde and cinnamaldehyde catalyzed by 7mol% supported scandium
catalyst, a 1:1 mixture of diastereomers was obtained. Again, the dendritic catalyst
could be recycled easily without any loss in performance. The scandium cross-
linked dendritic material appeared to be an efficient catalyst for the Diels—Alder
reaction between methyl vinyl ketone and cyclopentadiene. The Diels—Alder adduct
was formed in dichloromethane at 0°C in 79% yield with an endo/exo ratio of
85:15. The material was also used as a Friedel-Crafts acylation catalyst (contain-
ing7mol% scandium) for the formation of p-methoxyacetophenone (in a 73%
yield) from anisole, acetic acid anhydride, and lithium perchlorate at 50°C in
nitromethane.
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72

E.5. Dendrimer-Bound Pd(II) Complex for Selective Hydrogenations

Mizugaki et al. (63) synthesized dendritic complex 1a and carried out catalytic
investigations of the selective hydrogenation of conjugated dienes to monoenes. The
reactions were performed in ethanol as a solvent in which the dendritic catalyst was
not soluble. The hydrogenation activity was monitored by the hydrogen uptake as
a function of time. In the hydrogenation of cyclopentadiene, complex 1a displayed
considerable activity for the monoene (1.39mLH,min™'). The subsequent
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Fic. 13. Schematic representation of a scandium triflate cross-linked fourth generation poly(propyl-
ene imine) dendrimer (DAB).
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hydrogenation to cyclopentane was significantly slower (0.1 mL H,min™"). The
supported solid catalysts Pd/Al,O; and Pd/C showed higher activity, but no se-
lectivity  toward the monoene product. The monomeric complex
PhIN(CH,PPh,),PdCl, was barely active, but the addition of triethylamine result-
ed in a moderate activity compared with that of 1a. Cyclooctadiene was mono-
hydrogenated with an initial rate of 1.80 mL H, min~! to cyclooctene. Complex 1a
was recovered from the reaction mixture by centrifugation, washed, dried, and
reused in a consecutive run without considerable loss in activity (1.76 mL H, min™").

E.6. Dendrimers Supported on Montmorillonite

Kenawy (64) immobilized ammonium and phosphonium peripheral functionali-
zed dendritic branches on a montmorillonite supported chloromethylstyrene/methyl
methacrylate copolymer (74-75). These polymer/montmorillonite-supported dend-
rimers were used as phase transfer catalysts (PTC) for the nucleophilic substitution
reaction between n-butyl bromide and thiocyanate, cyanide, and nitrite anions in a
toluene or a benzene/water system. These PT catalysts could be recycled by filtra-
tion of the functionalized montmorillonite from the reaction mixture. Generally,
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higher activities were found at elevated (reflux) temperatures. The phosphonium-
functionalized systems were found to be more active than the ammonium chloride
analogues. A recycling experiment was performed in the reaction of n-butyl
bromide with thiocyanate in benzene/water at reflux temperature (10% PTC 74b).
In three consecutive runs, only a small decline in activity was observed (yield after
15h, respectively, 100, 96, and 96%). A similar experiment was performed with
PTC 75b in toluene/water (5% PTC). At reflux temperature, after 9h a yield of
99% was obtained, whereas in a consecutive run a slightly lower yield (95%) was
obtained.

F. DeNDRITIC CATALYSTS APPLIED IN TwO-PHASE CATALYSIS

The use of biphasic systems, in which the catalyst and product are dissolved in
different phases facilitating separation and recycling, has been a subject of wide
interest. Research in this area has been stimulated by the successful application of
the two-phase rhodium-TPPTS Ruhrchemie/Rhone Poulenc process for hydro-
formylation of propene for the production of butanal (65). Recently, Horvath and
Rabai (66) introduced fluorous phases as an alternative to water, which triggered
the development of catalysts that are soluble in the fluorous phase. Solubilization of
the ligand in the desired phase by attaching either water-soluble groups or fluorous
tails is generally sufficient to allow efficient recovery and recycling of the catalyst.
Therefore, there is no urgent need to introduce a dendritic structure into these types
of processes. Consequently, the number of reports of the application of dendrimers
in two-phase catalysis is limited.

F.1. Water-Soluble Dendritic Catalysts for Alkene Hydroformylation

Gong et al. (67) synthesized four different water-soluble third-generation
monodentate phosphine containing PAMAM dendrimers (Fig. 14, 76-79). In the

76 77 78 79

° = CH2PPh2
= PAMAM dendrimer s = (CHp)3S03
(NH, end groups) -~ = C(0)CygHay

Fic. 14. Schematic representation of four types water-soluble PAMAM dendrimers containing
phosphine ligands.



130 J. N. H. REEK et al. [1I

dendrimers 76 and 78, the peripheral amine groups contribute to water solubility of
the dendrimers, whereas in the analogues 77 and 79 the introduction of sulfonic acid
groups assured the solubility in water. The hydroformylation of styrene and of 1-
octene with the rhodium complexes of the dendrimers with varying Rh/P ratios was
investigated (40°C, water/toluene, CO/H, = 1:1 (20 bar)). A higher branched-to-
linear product ratio relative to that observed with the reference ligand TPPTS was
found (68). Hydroformylation of styrene with 76 (Rh/P = 1:3) afforded a branched-
to-linear product ratio of 14:1 compared to 6:94 for TPPTS. A branched-to-linear
ratio of 1:2 was found for the hydroformylation of 1-octene when 76 was applied as
the ligand, whereas TPPTS gave a ratio of 3:7 (69). Increasing the phosphorus-to-
rhodium ratio resulted in a lower activity but a higher branched-to-linear ratio.
Moreover, higher phosphorus-to-rhodium ratios suppressed rhodium leaching into
the organic phase (P/Rh ratios were 2, 3, and 4). Raising the reaction temperature
facilitated the leaching of rhodium into the organic phase. The dendritic catalyst
was separated from the product phase; however, no recycling experiments using
these water-soluble dendritic catalysts have been reported.

F.2. Dendrimer-Encapsulated Palladium Nanoparticles for Hydrogenations

Zhao et al. (70) developed a method for the synthesis of dendrimer-encapsulated
metal nanoparticles based on sorbing metal ions into (modified) PAMAM dend-
rimers followed by a reduction. Dendrimers encapsulating copper, palladium, and
platinum nanoparticles have been prepared. Hydroxyl-terminated PAMAM dend-
rimers were used to prepare encapsulated palladium (PAMAM generations 4, 6,
and 8) and platinum (PAMAM generations 4 and 6) nanoparticles. The dendrimer-
encapsulated palladium and platinum nanocomposites catalyzed the hydrogenation
reaction of allyl alcohol and N-isopropyl acrylamide in water (71).

Extending this work, Chechik et al. (72), prepared self-assembled inverted mice-
lles that encapsulated palladium nanoparticles. The self-assembled inverted micelles
were synthesized in an acid-base reaction between an amine-terminated fourth-
generation PAMAM palladium-encapsulated dendrimer and dodecanoic acid
(Fig. 15). With allyl alcohol as the substrate, the hydrogenation activity of the
palladium nanoparticle-encapsulated inverted micelles was compared with the ac-
tivity of the hydroxy-terminated dendrimer-encapsulated palladium nanoparticles
in water. The amine-terminated dendrimer-encapsulated palladium nanoparticles
were solubilized in toluene containing 2% (w/w) of dodecanoic acid. The
0.05mol% inverted micelle palladium catalyst gave a TOF of approximately
760 mol H, (mol Pd)~'h~" at 20°C, whereas the water-soluble catalyst gave a TOF
of 218 mol H, (mol Pd)~'h™'. The inverted micelle could be extracted back into
the aqueous phase at pH 2, after which it could be re-introduced in the toluene/
dodecanoic acid mixture after dialysis.

Using a similar approach, Chechik and Crooks (73), modified the PAMAM
dendrimer-encapsulated palladium nanoparticles with perfluoropolyether tails uti-
lizing non-covalent ion-pair interactions. The catalytic hydrogenation of six subst-
rates under biphasic conditions (toluene/ perfluoro-2-butyltetrahydrofuran FC-75)
was investigated. Allyl alcohol, methyl acrylate, vinyl isopropenyl ether, and
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Fic. 15. Schematic representation of the formation of an inverse micelle from a PAMAM dendrimer-
encapsulated palladium nanoparticle.
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cyclohexene were hydrogenated with different turnover frequencies (400, 50, 10,
and 3 mol H, (mol Pd)""h™", respectively). The difference in activity is explained in
part by the polar nano-environment within the dendrimer. The hydrogenation of 1-
hexene resulted in the formation of hexane and the isomerized products 2- and 3-
hexene. 1,3-Cyclooctadiene was hydrogenated selectively to cyclooctene (99%). The
Pd/dendrimer nanocomposite could be recycled up to 12 times without a significant
loss in activity. No leaching of the catalyst into the organic phase was observed
within experimental error.

F.3. Two-Phase Allylic Aminations and Heck Reactions using Thermomorphic
Dendpritic Catalysts

Mizugaki et al. (74) have recently utilized thermomorphic properties of Pd(0)-
complexed phosphinated dendrimers for dendritic catalyst recycling. Using the
method developed by Reetz (/6), they prepared dendritic ligands containing, re-
spectively, 2, 8, 16, and 32 chelating diphosphines. Palladium dichloride was com-
plexed to the dendrimers, and a reduction in the presence of triphenylphosphine
gave the Pd(0)-complexed dendrimers (80—83). The dendritic complexes were active
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as catalyst in the allylic amination reaction of frans-cinnamyl acetate with morpho-
line in DMSO at 40°C, yielding the linear and branched allylic amines (quantitative
yield after 30 min for dendrimer 81, linear-to-branched ratio = 90:10). No change in
regioselectivity was observed for the dendrimers of different generations. A change
in the regioselectivity was observed when cis-3-acetoxy-5-carbomethoxycyclohex-1-
ene was used as the allylic substrate and morpholine as the nucleophile. As a result
of the steric congestion of the surface of the higher generation dendrimers, an
increase in the selectivity toward the cis-product (up to 94% for 83) was observed
(tetra(triphenylphosphine) palladium gave 8% of the cis-product). The dendritic
catalysts 80—83 could be dissolved only in polar solvents such as DMSO and DMF
(in contrast to tetrakis(triphenylphosphine) palladium). This characteristic allowed
the reactions to be performed in a biphasic system. Recycling experiments were
performed with the dendrimers 80—83 catalyzing the allylic amination of trans-
cinnamyl acetate with dibutylamine. The reaction was performed in a biphasic
mixture of DMF and heptane, which became homogeneous at 75°C. After the
reaction, the dendritic catalyst was recovered by cooling the reaction mixture to
room temperature and decantation of the heptane phase containing the products.
The catalytic activity remained high for three runs giving yields of 66% in the first,
99% in the second, and 99% in the third and fourth runs. Product distribution over
the two phases decreased the yield of the first catalytic cycle.

Another example of a thermomorphic dendritic system was recently described
by Ooe et al. (75). The immobilization of a palladium complex within the cavity
of poly(propylene imine) dendrimers through ionic bonds afforded dendrimer-
encapsulated palladium catalysts that act as unique nanoreactors for Heck reactions
and allylic aminations. Peripheral amino groups on the third to fifth generation
of PPI dendrimers were modified to give surface-alkylated and arylated dendrimers.
4-Diphenylphosphinobenzoic acid was used as the phosphine ligand to fix the pal-
ladium complex inside the dendrimers through ionic bonds between the carboxyl
group and an internal amino group of the dendrimer (Fig. 16).

The dendritic palladium complexes efficiently catalyzed the Heck reaction of
iodobenzene with n-butylacrylate in toluene at 100°C, whereas the reaction hardly

FiG. 16. Proposed structure of dendrimer-encapsulated palladium complex.
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occurred in the absence of the dendrimer. The reaction yields increased with in-
creasing generation of the dendrimers (59, 89, and 92% yields for the third, fourth,
and fifth generations, respectively), with the generation effect being more pro-
nounced between the third and fourth generations. When the fifth-generation
dendrimer was used, the reaction rate decreased as the P/Pd ratio increased. It can
be concluded that this dendrimer acts as an effective nanoreactor with high catalytic
activity and stability for the Pd(0) species in a low P/Pd ratio. The high density of
amine groups inside the dendrimer provides a polar nanoenvironment around the
active palladium species, and even Pd-N coordination can occur—and consequently
high catalytic activities have been obtained.

The fifth-generation dendrimer can also be used for other Heck reactions, such as
the reaction of p-diiodobenzene with n-butylacrylate. In these experiments, the
monosubstituted product was obtained in 92% selectivity, whereas a nearly equi-
molar mixture of mono and disubstituted products was obtained without dend-
rimer. A similar behavior was also observed using styrene and p-diiodobenzene as
the substrates.

The allylic amination of cinnamyl methyl carbonate with morpholine was also
catalyzed by these dendrimer-encapsulated palladium complexes. In this case, the
reaction rates increased with decreasing generations of the dendrimers (78, 67, and
52% yields for third, fourth, and fifth generations, respectively). The surface con-
gestion of the higher-generation dendrimers can suppress the penetration of subst-
rates into the dendrimers. However, such an effect was not observed for the Heck
reaction. The thermomorphic behavior of DMF and heptane was used as a tool
for catalyst recycling. In the allylic amination of cinnamyl methyl carbonate with
piperidine, DMF and heptane formed a homogeneous mixture during the reaction,
and immediate phase separation was observed after cooling of the reaction mixture.
After decantation of the heptane phase, the DMF phase containing the dendritic
catalyst was recycled and reused with retention of activity.

lll. Dendritic Effects in Catalysis

Already at an early stage in the research with dendritic catalysis, these novel systems
were proposed to form a promising class of recyclable catalysts. Furthermore, new,
interesting properties were proposed to arise by catalyst attachment to these large,
structurally well-defined polymers. In the previous section we summarized the re-
sults obtained so far in the recycling of dendritic catalysts, and here we describe
some of the dendritic effects observed in catalysis. Both negative and positive effects
are discussed, in an attempt to provide a balanced view of the current state of
affairs.

A. DENDRIMERS AS SOLUBLE SUPPORTS

The properties induced by the dendritic framework depend on the location of
the functional groups within the structure. Periphery-functionalized dendrimers
offer high accessibility of the metal complex, which allows reaction rates that are
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comparable with those in homogeneous solutions. However, these systems contain
multiple reaction sites and ligands that provide high local catalyst and ligand con-
centrations. Thus, dendrimers can stabilize systems when excess ligand is required,
as well as favor reactions that proceed by bimetallic mechanisms. On the other
hand, bimetallic mechanisms operate in several deactivation mechanisms, which
will be favored in periphery-functionalized dendrimers.

A general trend observed in many of the reports concerning catalysis with
periphery-functionalized dendrimers is that the activity of the catalysts decreases
with the dendrimer generation, which is usually attributed to the increasing steric
bulk around the metal centers as the dendrimer generation increases. Some of these
negative effects have already been discussed in Section II.

An early example of a dendritic catalyst was reported by Knapen et al. (24),
who functionalized GO and G1 carbosilane dendrimers with up to 12 NCN
pincer-nickel(IT) groups (7a) and applied them as catalysts in the Kharasch addition
of organic halides to alkenes (Scheme 3).

The catalytic activity of the dendritic catalyst was slightly lower than that of the
monomeric parent compound; 80% of the activity was found for GO (four Ni
centers) and 70% for G1 (7a, 12 Ni centers). The selectivity was the same in all
experiments, resulting in a clean and regiospecific formation of the 1:1 addition
product. It was proposed that the lower rates were a consequence of the high local
concentration of nickel centers. In a subsequent paper (76), this effect was inves-
tigated in more detail with dendrimers having various spacer lengths. An even
larger decrease in activity was observed with larger dendritic catalysts, which was
attributed to surface congestion. This interpretation was strongly supported by the
results of the experiments with more flexible dendrimers. The more flexible system
7c¢ (with 12 active sites) yielded a much better catalyst for the Kharasch addition
reaction than 7b (the TOF increased from 39 for 7b to 85 for 7¢). It was proposed
that the catalyst deactivation was caused by an interaction between neighboring
Ni'!/Ni'""" sites, which obviously is more pronounced in systems that are charac-
terized by larger surface congestion. In a subsequent detailed report, this deacti-
vation process was supported by EPR measurements and investigations with model
compounds. During the reaction, a purple precipitate was formed that contained
inactive Ni(III) species (26).

Rhodium complexes of the phosphine-functionalized carbosilane dendrimers are
active for the hydroformylation of alkenes. The influence of the flexibility of the
dendritic backbone on the catalytic performance was characterized by comparing
dendritic ligands 84a—84c¢ (conditions: toluene, 80°C, 20 bar CO/H,) (49).

84a 84b: n=0
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Remarkably, an increase in steric congestion ongoing from dendrimer 84a to 84b,
and finally to 84c¢ did not affect the catalytic performance in this reaction, which is
in contrast with the results representing the Kharasch addition reaction.

Ropartz et al. (77) described a positive dendritic effect for the rhodium-catalyzed
hydroformylation of terminal alkenes with polyhedral oligomeric silsesquioxane
(POSS) dendrimers functionalized with diphenylphosphine. The rhodium complex-
es of dendritic ligands G1-16ethylPPh, and G2-propyl-48ethylPPh, led to unex-
pectedly high regioselectivity for the linear aldehyde 1-nonanal (86%, 1:b ratios up
to 14:1) for the hydroformylation of 1-octene. Small monomeric analogues did not
show such selectivity, a result that clearly points to the positive dendritic effect.
Remarkably, only the dendritic framework with a spacer of five atoms
(CH,CH,SiCH,CH),) between the P atoms led to high selectivity. Other structures
with three-atom spacers were too compact (G1-16methylPPh;), and those with
seven-atom spacers were not sufficiently constrained (G1-16ethoxyPPh, and G1-
16propylPPh,) to give a high regioselectivity for the linear aldehyde. The compo-
sition of the dendritic framework was also inferred to be important, because, when
a carbon atom was replaced by an oxygen atom in the  position to the phosphorus
atoms (from G1-16ethylPPh, to G1-16methoxyPPh,), the selectivity was reduced. It
is believed that the lower regioselectivity in this case could arise from a different
geometry of the Rh/dendritic ligand.

Gatard et al. (78) reported the synthesis of dendritic ruthenium benzylidene
complexes and their use as catalysts for the ROMP of norbornene to form star-
shaped metallodendritic polymers. The reaction of 1—4-generation dendritic dip-
hosphine DAB-dendr-[N(CH,PCy,),], (n =4, 8, 16, 32) with [Ru{n*-( = CH-o-
PhO-i-Pr)Cl,(PPhs)}] gives the dendritic chelating diphosphine Ru-benzylidene
complexes 1—4 generation DAB-dendr-[N(CH,PCy,)>Ru( = CHAr)CL], (n =4, 8,
16, 32) (85) with Ar = 0-i-Pr-C¢H4. ROMP of norbornene was carried out at 25°C
in CDCl; with the 1—3-generation dendritic ruthenium carbene complexes.

A dramatic positive dendritic effect was observed, with the reaction proceeding
more rapidly with the metallodendritic ruthenium complexes than with the mon-
omeric ruthenium model compound (conversions after 3.5 h: G1, 94%; G2, 65%;
G3, 59%; model compound, traces). A possible reason for this effect could be the
labilization of metal—ligand bonds in the dendrimers by interbranch collisions of
the metal groups. Among the metallodendrimers, the most active initiator is the
first-generation complex, and the activity slowly and regularly decreased as
the dendrimer generation increased. This negative dendritic effect is attributed to
the increased bulk around the ruthenium centers when the generation increases. The

P H
N Oru=c]
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. = DAB dendrimer
n=4,8,16, 32
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steric bulk is proposed to slow down the approach of the incoming norbornene
monomer to the ruthenium center.

In core- (and focal point-) functionalized dendrimers, the catalyst can especially
benefit from the specific microenvironment created by dendritic structures. Site-
isolation effects can be beneficial for reactions that are deactivated by excess ligand,
and can also prevent bimetallic deactivation pathways.

The first example of a catalytic reaction at the core of dendrimers was pro-
vided by Fréchet (79) using dendritic alcoholates such as 86 as macro-initiators
for anionic ring-opening polymerization of e¢-caprolactone. Usually the alkali

86
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metal alcoholates yield low-molecular-weight (MW) polymers with broad MW
distribution in the polymerization of e-caprolactone. Earlier research had shown
that steric bulk around the reaction center leads to suppression of side reactions as
well as to a decrease of ““backbiting,” which is responsible for low-MW products.
Furthermore, solubility limitations usually result in low-MW polymers. The den-
dritic species demonstrated to be suitable initiators because of their excellent sol-
ubility in THF and their steric bulk prevented “‘backbiting.” The G4 alcoholate 86
acts as a highly effective initiator producing high-MW polymers with a narrow MW
distribution of 1.07. The initiator efficiency was estimated to be close to 100%,
which confirms the high accessibility of the reactive core. The G1 analogue pro-
duced only oligomers with very low conversions. Thus, the large dendrimers prevent
termination of the polymerization by shielding the growing tip from reacting with a
chain of another growing tip.

Chow (80) reported the preparation of a series of poly(alkyl aryl ether) dendrons
(GO to G3; G3 (87) is shown in Scheme 17) functionalized with dendritic bis
(oxazoline) ligands at the focal point. Cu'' complexes of these dendrimers catalyze
the Diels—Alder reaction between cyclopentadiene and N-2-butenoyl-2-oxazolidi-
none. A detailed study revealed that the reaction follows enzyme-like Michaelis-
Menten kinetics. A reversible formation of the copper dienophile complex is fol-
lowed by the rate-limiting conversion to the Diels—Alder adducts. The association
constants of the catalyst-dienophile complex (k;/k_;) decreased slightly with in-
creasing generation dendrimer. The geometry at the metal center changes upon
complexation of the dienophile at the focal point. This results in an increase in steric
repulsion between the dendritic wedges, which is more pronounced for the larger
systems. Because the dienophile was used in large excess in the catalytic experi-
ments, the copper was present as a dienophile complex in all the catalysts. Thus,
under these conditions no effect of this difference on the catalytic activity was
expected. Indeed the activities of the dendritic catalysts G0—G2 were very similar.
However, when G3 was used, a markedly lower activity was observed. The size of
this dendritic system results in a change in spatial structure around the catalytic
core, from planar to globular. The decrease in reaction rate is proposed to be to the
result of a decrease in substrate accessibility; therefore G3 behaves more like a core-
functionalized dendrimer.

This encapsulation effect was further characterized by determination of the
substrate selectivity using substrates of different sizes. Dienophiles with various tail
lengths were applied in a 1:1 molar ratio to react with cyclopentadiene in the pres-
ence of a catalyst. The smaller dienophile reacted slightly faster than the bulkier one
with each of the catalysts investigated (non-dendritic parent complex, G1.Cu(OTf),,
and G3.Cu(OTf),). More importantly, G3.Cu(OTf), (k. = 1.18) displayed higher
substrate selectivity than G1.Cu(OTY), (k. = 1.05).

Another example of a dendritic effect observed for a core-funtionalized dendritic
catalyst was described by Oosterom et al. (19) for allylic alkylation reactions (Sec-
tion II). The palladium complexes of 5 catalyzed the alkylation of 3-phenylallyl
acetate with sodium diethyl methylmalonate. It was observed that the reaction rate
decreased and the fraction of branched product increased with increasing gener-
ation number.
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Andrés et al. (81) reported the synthesis of titanium and zirconium metallocenes
bearing one or two first-generation carbosilane dendritic wedges, together with their
behavior in ethene polymerization with MAO as a cocatalyst. Reaction of wedges
(R,R’SiCH,CH,)5SiCl with K(CsHs) and subsequent treatment with KH gave the
dendronized cyclopentadienes K[(R,R"’SiCH,CH>);Si(CsHy)], which were allowed
to react with CpTiClj; for the preparation of the mixed-ring titanocenes 88—89, and
with MCly; (M = Ti, Zr) for the synthesis of the symmetrically substituted metal-
locenes 90 and 91.
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Complexes 88—91 catalyzed the polymerization of ethene upon activation with
MAUO. Every dendritic catalyst displayed a lower activity than its reference complex
Cp,ZrCl, or Cp,TiCl,. It was found that the replacement of a CsHjs ligand by a
dendritic cyclopentadienide (88 or 89) caused a moderate decrease in activity (4,320;
2,064 and 1,720 kg/mol/h for CpTiCl;, 88, and 89, respectively), which could be
attributed to steric hindrance. The bis-dendritic Cp system 90 gave a lower activity
(576 kgmol'h™"). Interaction between a pair of dendritic wedges may restrict the
conformations in which they are kept far away from the metal center.

In the case of the bis-dendritic zirconium complex 91, a much smaller decrease in
activity was observed relative to the reference zirconium complex, probably because
of the bigger size of zirconium. Titanium dendrimers 88—90 gave polymers of
higher molecular weights than those produced with CpTiCl;. The polydispersity
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values increased with the number of dendritic substituents on the catalyst (1.86,
2.51, 3.33, and 5.81 for reference complex, 88, 89, and 90, respectively). These
values reflect the appearance of bimodal molecular weight distributions, especially
for polyethylene produced by 90. This fact could be attributed to a multi-state
catalyst with slow interconversion of states or to the presence of traces of impu-
rities, such as unsubstituted metal complexes.

Miiller et al. (82) reported a site-isolation effect observed for a core-functionalized
dendritic (P,O)Ni catalyst for the oligomerization of ethene. It was found that
embedding a (P,O)Ni catalyst in a dendritic framework (92) suppressed the forma-
tion of inactive bis(P,0)Ni complexes in toluene, thereby enhancing the productiviy
of the catalyst. Catalysis experiments performed with 92 and parent ligand 93 in
toluene show that the dendritic catalyst produced higher yields of oligomers than
93 (5.39 g oligomer, TOF,,, = 7700h™" vs 2.52 g, TOF,,,, = 3600 h~"). Formation
of bis(P,O)Ni complexes is favored in polar solvents such as methanol. The
dendritic effect observed in methanol is subtle, because both 92 and 93 form
bis(P,O)Ni complexes in solution. In contrast to the parent compound, the
bis(P,O)Ni complex derived from dendrimer ligand 92 is able to dissociate to form
active mono-ligated species under reaction conditions, as was evident from HP-
NMR experiments, resulting in a dendritic catalyst that is far more active then the
parent compound.

Enantioselective catalysis with dendrimers (83) offers appealing prospects in the
search for “dendritic effects;” however, so far there are relatively few reports of
applications of dendrimers in asymmetric catalysis. The traditional concepts of
chirality for small molecules are not sufficient to explain the chiroptical properties
of some of the chiral dendrimers. Some studies show that the local chirality in the
core of a dendrimer can result in a cryptochiral dendrimer that exhibits no optical
activity. Furthermore, in periphery-functionalized systems with chiral groups, the
optical rotation can depend strongly on the number of end groups. In general, the
rigidity of the system and the dense packing of chiral groups can have a dramatic
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influence on the stereochemical properties. Steric hindrance of the chiral end groups
at the periphery of a dendrimer can result in an increased resistance to the attain-
ment of their preferred conformation of all terminal groups, which will have a direct
influence on enantioselective catalysis.

Meijer et al. (84) investigated the asymmetric addition of Et,Zn to benzaldehyde
catalyzed by PPI dendrimers functionalized with chiral amino alcohol ligands
(94-95).

Their results show that the chemical yields of 1-phenylpropanol and the
enantioselectivities decreased with increasing generation of the dendrimer; when G5
was used, almost no enantioselectivity was observed (57% yield, 7% ee), a result
that was attributed to the dense packing of the chiral end groups at the periphery.

Similar results were obtained by Suzuki et al (85) in their investigation of
enantioselective addition of Et,Zn to various N-diphenylphosphinylimines with
PAMAM dendrimers functionalized with 4 and 8 chiral amino alcohol groups.
They observed 92% ee for the monomeric ligand, 43% ee for GO, and 30—39% ee
for G1 when using N-diphenylphosphinylbenzaldimine as the substrate. Again, a
high local concentration of chiral active sites leads to a decrease in enantioselec-
tivity.

Significantly, the more rigid dendrimers 53-54 and 11-14 (described in Section
IT) prepared by Sato (45) and Kolner (29) showed no drop in enantioselectivity
for higher generations of the dendrimer for the addition of Et,Zn to N-
diphenylphosphinylimines and the hydrogenation of dimethylitaconate, respec-
tively. This result clearly suggests that in those systems the catalysts work as
independent sites without significant obstruction by steric congestion.

Recently Engel et al. (86) prepared the rhodium complexes of a series of chiral
phosphine-functionalized PPI dendrimers and investigated their catalytic properties
in the asymmetric hydrogenation of Z-methyl-z-acetamidocinammate and of dime-
thylitaconate. The reaction of carboxyl-linked C,-chiral pyrphos ligand (3.4-
bis(diphenylphosphino)pyrrolidine) with PPI dendrimers of generations 0—4 with
ethyl-N,N-dimethylaminopropylcarbodiimide (EDC)/1-hydroxybenzotriazol as a
coupling agent gave pyrphos-functionalized dendrimers (3G 96).
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Subsequent metallation of the multi-site phosphines with [Rh(COD),]BF, led to
dendrimers containing up to 32 cationic rhodium metal centers (for G4). These
dendrimers were used as catalysts for the asymmetric hydrogenation of methyl
acetamidocinnamate. It was found that the activity and enantioselectivity decreased
upon going from GO (93% ee) to G4 (88% ee). The results of the asymmetric
hydrogenation of dimethylitaconate show a more pronounced dependence of the
catalyst performance on the dendrimer size. The activity and selectivity were found
to decrease upon going to the higher generations (74% ee for GO0, 59% ee for G4).
The reduction in activity observed for both hydrogenations is attributed to the
reduced accessibility of all the metal centers in the higher-generation dendrimers,
and the negative dendritic effect in enantioselectivity may be a consequence of the
flexibility of the dendritic backbone, which renders the immediate environment of
the catalytic centers less uniform.

In a subsequent paper (87), the same authors investigated the palladium-
catalyzed allylic aminations with pyrphos-functionlized PPI and PAMAM dend-
rimers as multidentate ligands. Zero to four generation PPI-(pyrphosPdCl,),
and PAMAM-(pyrphosPdCl,), neutral dendrimers (97) showed a strong positive
dendritic effect on the selectivity of the allylic amination of 1,3-diphenyl-1-
acetoxypropene with morpholine (at 45°C in DMSO).

A remarkable increase in catalyst selectivity was observed as a function of the
dendrimer generation. This increase in ee values was less pronounced for the PPI-
derived catalysts (40% ee for G4-PPI(pyrphosPdCl,)¢4) than for the more rigid
PAMAM-containing dendritic catalysts, for which an increase in selectivity from
9% ee for a mononuclear reference system to 69% ee for G4-PAMAM
(pyrphosPdCl,)e4 was observed.

Since the pioneering studies of asymmetric catalysis with core-functionalized
dendrimers reported by Brunner (88) and Bolm (89), several noteworthy investi-
gations have been described in this field. Some examples of the dendritic effects
observed in enantioselective catalysis with dendrimers having active sites in the core
were discussed in Section II, such as the catalytic experiments with TADDOL-cored
dendrimers described by Seebach et al. (59); the asymmetric addition of Et,Zn to
aldehydes catalyzed by core-functionalized phenylacetylene-containing dendrimers
reported by Hu et al. (42); the asymmetric hydrogenation investigations with (R)-
BINAP core-functionalized dendrimers synthesized by Fan et al. (36); or the results
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concerning the asymmetric transfer hydrogenation with polybenzylether-containing
dendrimers with [(S,S)-TsDPEN] ligands in the core reported by Chen et al. (41).

The latter authors (90) subsequently prepared the Ru(Il) complexes of dendritic
ligands based on (1S, 2R)-norephedrine and used them as catalysts for asymmetric
transfer hydrogenation. N-alkylation of (1S, 2S)-norephedrine with polybenzyl
ether Fréchet-type wedges bearing benzylic bromo groups at the focal point led to
dendritic ligands 98-100. The catalysts were generated in situ by refluxing [RuCl,
(p-cymene)], and the dendritic ligands in isopropanol for 1 h. Asymmetric transfer
hydrogenation reactions were carried out at 25°C in isopropanol with acetophenone
as a substrate. In comparison with a ruthenium monomeric catalyst analogue, an
enhancement of reactivity and similar enantioselectivity was observed for the first-
generation catalyst Ru-98 (70% yield, 93% ee for monomer; 88% yield, 92% ee for
Ru-98). However, the second- and third-generation dendritic catalysts Ru-99 and
Ru-100 led to a decrease in activity and enantioselectivity, probably as a conse-
quence of their low solubility in isopropanol.

The addition of CH,Cl, as co-solvent to the Ru-99 system improved the sol-
ubility, and as a consequence a great enhancement in reactivity and enantioselec-
tivity was observed (63% yield, 87% ee for monomer; 82% yield, 90% ee for Ru-
99). Moreover, use of the dendritic catalyst Ru-100 for a prolonged reaction time
(up to 25h) did not result in lower ee values, as is usually observed for the un-
supported species because of the reversibility of the transfer hydrogenation in is-
opropanol. The fact that the ee was retained upon use of the dendritic species is
interesting, but the origin of the effect is unclear and might be explained simply by
the lower reactivity.

To improve the solubility of the dendritic catalysts, other series of dendritic
ligands with 2-methoxyethyl groups instead of benzyl groups were synthesized
(101-103).

It was found that Ru-101 and Ru-102 maintained the enantioselectivity, and a
dendritic acceleration effect was also observed in comparison with the performance
of the monomeric analogue (70% yield, 93% ee for monomer; 75% yield, 92%
ee for Ru-101; 90% yield, 93% ee for Ru-102). However, the higher-generation
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dendrimer Ru-103 gave low catalytic activity and enantioselectivity associated with
its poor solubility in isopropanol. By adding CH,Cl, to the reaction mixture, Ru-
103 gave rise to much better activity and selectivity.

B. DENDRIMERS SUPPORTED ON A SOLID PHASE

Catalysis using immobilized dendritic catalysts on solid supports was discussed in
Section II.E. Some interesting dendritic effects were also observed for this class of
dendritic materials. For example, Chung et al. (57) investigated the Et,Zn addition
to benzaldehyde with silica-supported PAMAM dendrimers up to the fourth gen-
eration containing an (—)-ephedrine auxiliary. They observed a decrease in catalytic
activity, selectivity, and enantioselectivity upon going to higher-generation dend-
rimer-modified surfaces when highly loaded silica supports were used. The loss in
enantioselectivity was attributed to the presence of different chiral environments
generated by incomplete functionalization during dendrimer synthesis. A diffu-
sional resistance induced by irregularities in the hyper-branched structure explained
the decrease in activity and selectivity. However, an opposite trend was observed for
lightly loaded silica supports. The activity, selectivity, and enanatioselectivity in-
creased upon going to the third generation.

In a subsequent paper, the authors developed another type of silica-supported
dendritic chiral catalyst that was anticipated to suppress the background racemic
reaction caused by the surface silanol groups, and to diminish the multiple inter-
actions between chiral groups at the periphery of the dendrimer (9/). The silica-
supported chiral dendrimers were synthesized in four steps: (1) grafting of an
epoxide linker on a silica support, (2) immobilization of the nth generation
PAMAM dendrimer, (3) introduction of a long alkyl spacer, and (4) introduction of
chiral auxiliaries at the periphery of the dendrimer with (1R, 2R)-(+)-1-phenyl-
propene oxide. Two families of dendritic chiral catalysts with different spacer
lengths were prepared (nG-104 and nG-105).

Important differences were found between the two series of catalysts in promot-
ing the addition of Et,Zn to benzaldehyde. A decrease in conversion, selectivity,
and enantiomeric excess upon increasing the dendrimer generation was observed
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when nG-104 dendrimers were used (79.7% yield, 96.4% selectivity, 13.2% ee for
G1; 65.5% vyield, 87.2% selectivity, 2.3% ee for G4). The denser packing in the
higher-generation dendrimers restricts the access of reagents (decrease in activity)
and leads to the presence of a number of different frozen-in conformations (poor
enantioselectivity).

The reactions with nG-105 dendrimers show a different trend. Enhanced catalytic
performance was observed with increasing dendrimer generation (77.3% yield,
97.2% selectivity, 15.5% ee for G1; 85% yield, 98% selectivity, 37% ee for G4).
This comparison indicates that the introduction of an alkyl spacer not only facil-
itates the access of reactant to the catalytic active sites but also prevents the for-
mation of frozen-in conformations and thus different chiral active sites. However,
when the fifth-generation dendrimer is reached, the multiple interactions between
end groups become more pronounced, which leads to a decrease in the catalyst
performance (68% yield, 95.3% selectivity, 17.6% ee).

Bu et al. (92) described the immobilization of an Mn(II) salen complex on the
periphery of 0—4 generation PAMAM-SiO, dendrimers (106) and their use as cat-
alysts for alkene epoxidation.

They reported a remarkable enhancement of the catalytic activity in the epox-
idation of styrene upon increasing the dendrimer generation, which suggests that
the length of the dendritic backbone chain plays an important role in increasing the
accesibility of the reactant molecules to the catalytic active sites of the immobilized
Mn(II) salen complex (yields of 20.2, 25.6, 36, 53.4, and 75% for GO-, G1-, G2-,
G3-, and G4-Mn dendrimers, respectively). It was found that the manganese load-
ings are not as high as the expected values, and the amount of manganese loading of
G4-Mn was even slightly lower than that of G3-Mn. However, G4-Mn exhibited a
much higher catalytic activity than G3-Mn. These results suggest that the length of
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the dendritic backbone plays a more important role in the catalytic performance
than the number of catalytic sites. These silica-supported dendritic catalysts could
be recycled and reused without significant loss in activity.

IV. Conclusions

There are reports of numerous examples of dendritic transition metal catalysts
incorporating various dendritic backbones functionalized at various locations.
Dendritic effects in catalysis include increased or decreased activity, selectivity, and
stability. It is clear from the contributions of many research groups that dendrimers
are suitable supports for recyclable transition metal catalysts. Separation and/or
recycle of the catalysts are possible with these functionalized dendrimers; for ex-
ample, separation results from precipitation of the dendrimer from the product
liquid; two-phase catalysis allows separation and recycle of the catalyst when
the products and catalyst are concentrated in two immiscible liquid phases; and
immobilization of the dendrimer in an insoluble support (such as crosslinked
polystyrene or silica) allows use of a fixed-bed reactor holding the catalyst and
excluding it from the product stream. Furthermore, the large size and the globular
structure of the dendrimers enable efficient separation by nanofiltration techniques.
Nanofiltration can be performed either batch wise or in a continuous-flow mem-
brane reactor (CFMR).

The common problems involved in catalyst recycle also pertain to dendritic cat-
alysts. These include dendrimer or catalyst decomposition, dendrimer leaching,
metal leaching, and catalyst deactivation. The demands are usually most stringent
for applications in continuous processes. Some of the problems such as metal
leaching and lack of catalyst stability can be alleviated by proper choice of ligands
and dendrimer backbones. This point emphasizes the importance of ligand and
catalyst design and the need for identification of the catalytically active species. It is
significant that small changes in the dendritic architecture can have a huge impact
on the stability of catalytic systems.

Whether dendritic catalysis can compete successfully in commercial applica-
tions with other systems remains to be seen. Two-phase catalysis and catalysis by
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polymer-supported metal complexes have found successful industrial applications,
but dendrimer-supported catalysts still have not. Dendrimer supports are still rel-
atively expensive, but for applications that do not require the well-defined structure
of the dendrimer support, hyperbranched polymers can offer a cheaper alternative.
The price per active site of this type of material is competitive with the prices of
supports such as crosslinked polystyrene and silica. However, it is important to
realize that high turnover numbers are required before these sophisticated systems
become attractive for commercial applications.

Although dendritic catalysts have been used in several reactions, more experi-
ments are required to provide deeper insight into dendritic effects in catalysis and
catalyst recycling. Optimal advantage of dendrimers as soluble supports for cat-
alysts can be obtained when they are applied in a continuous-flow membrane re-
actor. The progress in membrane technology will be important to future
development of sophisticated reactors for the application of dendritic catalysts.
Dendritic systems functionalized with different catalytic sites at several well-defined
locations can potentially be used for tandem reactions, making these membrane
processes more efficient. However, so far the area of cascade reactions using dend-
rimers is largely unexplored.
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Catalysis in lonic Liquids
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Tonic liquids, salts with melting points less than about 100°C, present a wide range of pro-
perties for applications as catalysts, and there has been a spate of research recently concerned with
catalytic applications of low-temperature ionic liquids. These typically consist of an organic
cationic component with one or multiple heteroatoms, such as N, P, or S, and an inorganic or
organic anion. The inertness of many ionic liquids toward most known catalysts makes them
superior to water as solvents for catalysts, and from an environmental point of view, their low
vapor pressures make them attractive as replacements for organic solvents. Other unique pro-
perties of ionic liquids, including the high thermal stability, broad ranges of temperatures over
which they are liquids, the tunablity of their acidities, and their excellent retention of polar or
charged catalysts make them appealing media for a broad range of catalytic applications. Re-
usable catalyst—ionic liquid systems make possible facile catalyst—product separation, providing
economic incentives for the development of such systems for new processes and as replacements
for the existing ones.

Abbreviations: acac, acetylacetonate; AD, asymmetric dihydroxylation; AMIM, I-alkyl-3-methyl-
imidazolium; ATRP, atom transfer radical polymerization; BA, butyl acrylate; BDMIM, 1-butyl-2, 3-
dimethylimidazolium; BDP, dibutylphosphonate; bdpp, 2, 4-bis(diphenylphosphino)pentane; BINAP, 2,
2'-bis(diphenylphosphino)-1, 1’-binaphthyl; BMIM, 1-butyl-3-methylimidazolium; Bn, benzyl; BuPy, n-
butylpyridinium; CALB, Candida antarctica lipase B; cod, cyclooctadiene; Cy, cyclohexyl; cyt,
cytochrome; DABCO, 1, 4-diazabicyclo[2.2.2] octane; dba, dibenzylideneacetone; DBIM, 1, 3-
dibutylimidozolium; DMF, dimethylfuran; DMIM, 1-decyl-3-methylimidazolium; DSC, differential
scanning calorimetry; EADC, ethylaluminumdichloride; EEIM, 1-ethyl-3-ethylimidazolium; EMIM, 1-
ethyl-3-methylimidazolium; EMIMF, I-ethyl-3-methylimidazolium fluoride; GOD, glucose oxidase;
HBIM, hydrogen butylimidazolium; hfacac, hexafluoroacetylacetonate; HMIM, 1-H-3-methyl-
imidazolium; HOMIM, 3-hexoyloxymethyl-1-methylimidazolium; IM, imimidazolium; IR, infrared;
MBMIM, methyl-1-butyl-3-methylimidazolium; MIM, methylimidazolium; MMA, methyl methacrylate;
MMIM, [-methyl-3-methylimidazolium; Mn, number average molecular weight; MOEMIM, 1-
methoxyethyl-3-methylimidazolium; MP, microperoxidase; MTBE, methyl-tert-butylether; MTO,
methyltrioxorhenium; MTOA, methyltrioctylammonium; Mw, weight average molecular weight; nbd,
norbornadiene; OMIM, 1-octyl-3-methylimidazolium; o-Tol, ortho-tolyl; PCL, Pseudomonas cepacia
lipase; PDI, polydispersity index; PPA, poly(phenylacetylene); PPTS, pyridinium p-toluenesulfonate;
PS-C, Pseudomonas cepacia; pta, 1, 3, S-triaza-7-hosphaadamantane; QB, quininium bromide;
(QN),PHAL, 1, 4-bis(9-O-quininyl)phthalazine; Q *OOH™, dialkylimidazolium hydroperoxide; RCM,
ring-closing metathesis; ROP, ring-opening polymerization; ScCO,, supercritical carbon dioxide; TBA,
tetrabutylammonium; TBAB, tetrabutylammonium bromide; Tf,N, bis(trifluoromethanesulfonyl)amide;
TfO, trifluoromethanesulfonate; TfOH, trifluoromethanesulfonic acid; TGA, thermographic analysis;
THEF, tetrahydrofuran; THP, tetrahydropyranyl; TMAC, trimethylammonium chloride; TOF, turnover
frequency; TPP, triphenyl phosphine; tppti, tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-methyl-
imidazolium); tppts, tri(m-sulfonyl)triphenyl phosphine trisodium; TPPTS triphenylphosphine
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trisulfonate sodium salt; TSIL, task-specific ionic liquid; TsO, tosylate; TsOH p-toluenesulfonic acid;
UV, ultraviolet; UCST, upper critical solution temperature; VIiEIM, 1-vinyl-3-ethyl-imidazolium;
VO(salen)@IL, a vanadyl salen complex chemically attached to an ionic liquid.

l. Introduction

Ionic liquids are salts that are often defined as those with melting points <100°C
(1); many are liquids even at room temperature. These salts present a wide range of
properties for applications as new solvents and catalysts. A large number of new
ionic liquids have been reported recently, and the scope of their potential appli-
cations has been expanding rapidly. For catalytic applications, ionic liquids can be
viewed as salts that are stable in the liquid state under the process conditions.

One distinctive difference between the low-melting ionic liquids and conventional
molten salts is reflected in their compositions. A low-temperature ionic liquid typi-
cally consists of an organic cationic component with one or multiple heteroatoms,
such as N, P, or S, and an inorganic or organic anion, whereas conventional molten
salts are typically inorganic, commonly mixed metal halides. Ionic liquids have
considerably lower melting points than most conventional molten salts, although a
number of low-melting molten salts exist. The conventional molten salts are typi-
cally corrosive at high temperatures and therefore find only limited applications in
catalytic processes. Many ionic liquids are known to be thermally stable up to
300°C or somewhat higher temperatures, but the decomposition temperature of an
ionic liquid can be significantly lowered by impurities. In general, the melting and
stable temperature ranges of most ionic liquids have been found to be well suited to
a broad range of catalytic processes.

The history of the development of ionic liquids has been reviewed (2) and is not
addressed here.

Successful homogeneous catalysts offer advantages that may include high selec-
tivity, high activity, low investment cost, and flexibility of operation under mild
conditions that facilitate rapid mixing and heat removal. For selective synthesis of
fine chemicals and medicinal products, organometallic homogeneous catalysts are
particularly attractive because of their well-characterized, uniform active sites
and the tunability of their steric and electronic properties by variation of the metal
and/or the ligands (3,4).

However, homogeneous catalytic processes typically suffer from the disadvan-
tages of corrosion and expensive separation of the catalyst from the products, and
in many cases, the need for an organic solvent poses serious challenges to the
commercialization of the processes. Because of these disadvantages, it may be eco-
nomical to isolate the catalyst in a phase separate from that containing most of the
reactants, for example, by the use of liquid-liquid two-phase systems. In
such systems, the catalyst is confined in a polar liquid phase in which the organic
products are poorly soluble. The use of aqueous (5) or fluorous (6) phases for
the catalyst has been investigated thoroughly. Water-soluble sulfonated aryl-
phosphorus-containing ligands have enabled various biphasic catalytic reactions to
be conducted on an industrial scale (6,7).
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The concept of this biphasic catalysis implies that the organometallic catalyst is
soluble in only one phase whereas the reactants and products are confined almost
entirely to the other phase. In most cases, the catalyst phase can be reused, and the
products and reactants are simply removed from the reaction mixture by decan-
tation. In successful processes involving biphasic catalysis, the advantages of homo-
geneous catalysis listed above may be realized without the disadvantages of
expensive separation of catalysts from products.

The use of an aqueous phase for catalyst isolation has met with some obvious
limitations. Water is a coordinating proton—donor solvent with a high polarity and
may be reactive with the metal catalyst and thereby interfere with the desired
chemistry. Another disadvantage of aqueous—organic systems is that the ligands on
the catalyst have to be modified to give the catalyst the needed solubility in water,
and the low solubility of some organic reactants in water limits the attainable
reaction rates. Solubilities of reactants in an aqueous phase may be quite limited
and reaction rates may be correspondingly low when the reactants are introduced
from the gas phase.

Potential applications of fluorous phases are also limited by the low solubilities of
reactants in them (8—/0), and modifications of catalysts with fluorous ligands nec-
essary for some applications are expected to be expensive (6).

An area of broad interest in catalysis is the search for viable replacements for the
widely used Bronsted liquid acids such as HF and H,SO,4 and solid Lewis acids such
as AICl; and MgCl,. The liquid acids are corrosive and also costly, because of the
need to work up the products by neutralization and repeated washing. In many
cases, the contamination of the products by these acids induces degradation over
time and limits the application of the products. The cost of multi-step washing can
be quite high. Acidic ionic liquids therefore offer potential alternatives for such
reactions (/7).

Ionic liquids in general have higher densities than most organic reactants and
products. They are also quite different in other physical and chemical properties, as
discussed below. Therefore, they usually have limited miscibility with most reac-
tants and products of practical interest. Ionic liquids have been used to carry cata-
lysts that are charged or bear polar functional groups; the catalysts are retained in
the ionic liquid phase after separation of the product phase. It has even been
reported that an inert ionic liquid could be used as a medium to make and stabilize
metallic nanoclusters (12).

Most catalytic applications of ionic liquids involve a biphasic or multiphasic
system, with the ionic liquids being readily and economically separated from the
products and in most cases reusable. Some ionic liquids can also function as cata-
lysts themselves.

There is a wide range of possibilities for adjusting the solubility characteristics of
ionic liquids, and this is one of their potential advantages for optimized per-
formance in biphasic or multiphasic catalysis (/). Because of the generally
weak coordinating ability of the anions, most catalysts can be isolated in the
solvent in a stable state without loss of activity. The product selectivity can some-
times be improved as well by the phase isolation. Because the catalyst is concen-
trated in the ionic phase, the reaction volume can be much smaller than in classical
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homogeneous processes in which the catalyst concentration in an organic solvent is
typically low.

Dissolving a metal halide Lewis acid in a stable ionic liquid may increase the
catalytic activity of the Lewis acid. Most of these Lewis acids have good solubilities
in ionic liquids.

An early success has appeared in a commercial process for the manufacture of
alkoxyphenylphosphine. This process ingeniously utilizes the low melting point of
an ionic liquid and the facile formation of the liquid from a precursor during the
process (13). In the process, HCl is a product. Triethylamine was used in the former
process, together with the feed, to scavenge the HCI. The process slurry became
increasingly viscous from the formation of triethylammonium chloride. The new
BASF BASIL process uses N-methylimidazole to scavenge the HCI, resulting in the
formation of the ionic liquid N-methylimidazolium chloride, which has a melting
point of 75°C, below the operating temperature. Remarkably, the production rate
of the new process involving the ionic liquid is accelerated by a factor of 80 000.

Another example is butene dimerization catalyzed by nickel complexes in acidic
chloroaluminates (/4). This reaction has been performed on a continuous basis on
the pilot scale by IFP (Difasol process). Relative to the industrial process involving
homogeneous catalysis (Dimersol process), the overall yield in dimers is increased.
Similarly, selective hydrogenation of diene can be performed in ionic liquids, be-
cause the solubility of dienes is higher than that of monoene, which is higher than
that of paraffins. In the case of the Difasol process, a reduction of the volume of the
reaction section by a factor of up to 40 can be achieved. This new Difasol techno-
logy enables lower dimer (e.g., octenes) production costs (/4).

With the continued explosion of academic and industrial activities surrounding
ionic liquids for many different applications, the potential for catalytic processes
using ionic liquids has been increasingly recognized (/,15—18). A number of excel-
lent reviews have appeared (/9), including the reviews related to biocatalytic appli-
cations of ionic liquids (20,21).

The review presented here is intended to update the development of the funda-
mental understanding of ionic liquids as applied to catalytic processes.

Il. lonic Liquids for Catalysis and Process Engineering

A. GENERAL FEATURES OF IoNic LiQuips IN CATALYSIS

Tonic liquids represent a unique class of reaction media for catalytic processes,
and their application in catalysis has entered a period of exploding growth. The
number of catalytic reactions involving ionic liquids continues to increase rapidly.
These liquids offer promising solutions to the problems associated with conven-
tional organic solvents; the potential advantages may include enhanced reaction
rates, improved chemo- and regioselectivities, and facile separation of products and
catalyst recovery.

Because most transition metal complexes are soluble in ionic liquids, the ionic
liquids are particularly suited for the isolation of catalysts in biphasic synthesis.
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The modification of ligands to introduce charged groups has been carried out to
prevent leaching of the catalyst from the ionic liquid phase to the organic phase.
The catalytic reaction takes place in the ionic liquid phase or at the interface
between the phases, where the catalyst is homogeneously distributed. It is desirable
to have a high solubility of the reactants combined with a low solubility of the
desired products in the ionic liquid phase. In such a system, the continuous removal
of reaction products from the ionic liquid phase can lead to high yields because it
minimizes the approach to equilibrium of the reaction in the phase where the
reaction occurs and also reduces consecutive reactions.

Tonic liquids offer a broad spectrum of solvent properties that can be readily
distinguished from those of the typical conventional organic solvents. The possi-
bilities for tailoring properties of ionic liquids by the selection of their structures are
particularly attractive.

When the solubility of reactants in ionic liquids is limited, mixed organic solvents
and ionic liquids can be used advantageously to achieve homogeneous systems in
which the reactants and catalysts have the best solubility. The product separation
can be facilitated by the removal of the organic solvent from the mixed sol-
vent containing the ionic liquid (e.g., by extraction or distillation), because the
solubility of the product in the ionic liquid is reduced upon the removal of the
organic solvent.

In catalytic reactions, ionic liquids with controllable coordinating strengths
and/or reactivities toward the catalyst are particularly important. The coordinating
strength of the ionic liquids depends on the nature of the anions and on the metal
complex involved in the catalysis. With a large selection of available anions, it is
possible to tailor the ionic liquid to suit specific chemical reactions, and variation of
the structure and the composition of the cations and anions can alter the solubility
of organic reactants in the ionic liquid.

The subject of ionic liquids applied to separation of gases and liquids has been
reviewed recently (22). Although the separation of products from ionic liquids
deserves significant consideration in catalytic processing, it is discussed in this re-
view only when it is relevant to a specific example.

Some general features of ionic liquids relevant to catalysis are summarized below
(15,16,22,23):

(1) The melting point of an ionic liquid is typically below 100°C and often near
ambient temperature. It is often important that there is a wide range of tem-
perature over which the liquid is maintained to allow operational flexibility.
Ionic liquids offer a desirable liquid range of up to 300°C.

(2) Ionic liquids essentially lack measurable vapor pressures. Therefore, they emit
almost no volatile organic compounds and allow product removal simply by
distillation. There is little product contamination by ionic liquids. As a result,
recycling of the ionic liquids and catalysts becomes feasible.

(3) Ionic liquids have much higher heat capacities and thermal conductivities than
most organic solvents. These properties facilitate heat transfer for many
chemical reactions.

(4) These liquids are inert and stable toward various organic chemicals under the
typical process conditions. Importantly, many ionic liquids are also inert in
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reactions involving polar or charged intermediates such as carbocations or
carbanions, so that such intermediates may be long-lived in these media.

(5) Ionic liquids have higher densities than organic liquids, and thus exist as the
lower phase in a biphasic system. They are also generally more viscous than
conventional organic solvents; the phase separation from organic solvents is
often more rapid than with two solvents of similar viscosity.

(6) Some ionic liquids have tunable Lewis acidities and basicities. The tuning can
be achieved simply by varying the anion fraction in the overall ionic liquid
composition. In some cases, Bronsted acidity can also be introduced into stable
ionic liquids. Many publications show the broad applicability of acidic or basic
ionic liquid media in catalysis replacing corrosive liquids and solid catalysts.

(7) Tonic liquids are generally polar, but the component ions are weakly coordi-
nating. Therefore, most ionic liquids are compatible with organometallics and
metal catalysts; the active site is only little affected by the anions of the ionic
liquids and remains easily accessible to organic reactants. Furthermore, ionic
liquids are also chemically inert toward reactive intermediates. In contrast to
aqueous phases, ionic liquids allow the use of most conventional ligands. Most
known catalysts, when used in ionic liquids, typically exhibit reactivities dif-
ferent from those in conventional solvents. There are numerous examples
showing that reactions are accelerated in suitable ionic liquids and proceed
with selectivities superior to those observed when the reaction occurs in a
conventional organic solvent. In a number of cases, improved catalyst stability
has also been observed in ionic liquids.

(8) Ionic liquids display good solubility for some organic compounds, typically
aromatics, but poor solubility for many saturated hydrocarbons, and solubili-
ties of gases also depend on their properties. It has therefore been possible to
run chemical reactions with reactants that are more soluble in the ionic liquids
than products.

(9) There is a broad spectrum of physical and chemical properties among ionic
liquids, allowing their tailoring for a wide range of applications (23).

(10) Catalysis in ionic liquids is not limited to biphasic reaction systems. When the
reaction mixture is homogeneous, an extraction solvent that is immiscible with
the ionic liquid can be used to remove the product. A number of organic
solvents display little or only limited miscibility with these liquids. However,
this advantage is of limited value in practice, because one major incentive for
using ionic liquids is to avoid volatile organic compounds.

B. IsoLATION OF CATALYSTS

In conventional solid-liquid or solid—gas heterogeneous catalytic systems, the
catalyst is conveniently separated from the fluid-phase reaction product. When an
ionic liquid is used as a phase to isolate a catalyst, the catalyst is fully dispersed and
mobile and may be fully involved in the reaction. When a homogeneous catalyst is
isolated by anchoring onto the surface of a solid support (e.g., by reaction with OH
groups), the result may be a stable catalyst that is not leached into the reactant
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phase during catalysis (24). When an ionic liquid is used as a phase to isolate the
catalyst, the typical catalyst experiences little direct bonding to the ionic liquid and
maintains a high dispersion and accessibility; polarity and charge play a rather
important role.

Although most ionic liquids have high viscosities at room temperature, viscosity
can drop dramatically with a small increase in temperature (25). The density of an
ionic liquid also drops with increasing temperature. Because reactions are typically
carried out at temperatures above ambient, the miscibility of an ionic liquid with
reactants and products can be expected to increase as the temperature is raised to
that of the reaction. The result may be an enhanced reaction rate by reduction of
the mass transfer resistance between reactants and the catalyst that are separated in
two phases at ambient temperature. Furthermore, as the miscibility of ionic liquids
with various organic solvents can be tuned, an ideal situation could be reached by
selecting an ionic liquid in which reactants are more soluble than the product,
resulting in a minimal mass transfer resistance for the reactants to reach the catalyst
in the ionic liquid—then, at the end of a catalytic process, the product and ionic
liquid can be readily separated from each other at reduced temperatures, allowing
easy recycling and reuse of the catalytic ionic liquid phase.

An example illustrates how the miscibility of water with ionic liquids can be
engineered to allow a temperature-controlled reversible single-phase—biphase tran-
sition (26). In such a system, the ionic liquid [OMIM]BF, and water exist as sep-
arate phases at room temperature; a catalyst preferentially stays in the ionic liquid
phase rather than the water phase. When hydrogenation reactions were conducted
at a higher temperature, 80°C, the two phases became completely miscible, allowing
homogeneous catalysis. Upon cooling, the phase separation occurs again, with the
catalyst in the ionic liquid phase and water serving as an extractant for water-
soluble products.

C. ProbpucT SEPARATION AND CATALYST RECYCLING

In an ideal case, an ionic liquid dissolves the catalyst and displays a partial
miscibility with the reactants under reaction conditions (giving a relatively high
reaction rate) and negligible miscibility with the product (giving enhanced selec-
tivity and yield). At the termination of the reaction, the product can be removed by
simple decantation without the need to extract the catalyst. This mode of operation
eliminates heating and therefore results in reduced loss of catalyst by thermal de-
composition (7).

When the products are partially or totally miscible in the ionic liquid, the sep-
aration of the products can be more complicated. It is however possible to reduce
the solubility of typical organic products in the ionic liquid by introducing a more
polar solvent that can be separated by distillation afterward at a lower temperature
(27). Because of the low vapor pressure of the ionic liquid, direct distillation can be
applied without azeotrope formation (28). However, such operation is often limited
to highly volatile or thermally labile products because of the general thermal in-
stability of organometallic catalysts.
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As an alternative to distillation, extraction with a co-solvent that is poorly mis-
cible with the ionic liquid has often been used. There are many solvents that can be
used to extract product from the ionic liquid phase, whether from a monophase
reaction or from a partially miscible system. Typical solvents are alkanes and ethers
(15). Supercritical CO, (scCO,) was recently shown to be a potential alternative
solvent for extraction of organics from ionic liquids (22). CO, has a remarkably
high solubility in ionic liquids. The scCO; dissolves quite well in ionic liquids to
facilitate extraction, but there is no appreciable ionic liquid solubilization in the
CO, phase in the supercritical state. As a result, pure products can be recovered.
For example, about 0.5mol fraction of CO, was dissolved at 40°C and 50 bar
pressure in [BMIM]PFg, but the total volume was only swelled by 10%. Therefore,
supercritical CO, may be applied to extract a wide variety of solutes from ionic
liquids, without product contamination by the ionic liquid (29).

However, because water has a high polarity, the solubility of CO, in ionic liquids,
exemplified by [BMIM]PF4 is markedly reduced by the presence of water (30).

CO, has been proposed to function as a separation switch for ionic-liquid—organic
mixtures (3/). The concept of task-specific ionic liquids (TSILs) was also suggested
for CO, assisting in the capturing of the organics (32). In recent works, the solubility
of supercritical CO, at various densities in ionic liquid was explored for the lipase-
catalyzed resolution of chiral secondary alcohols (33). The process combines
biocatalytic esterification with highly efficient enantiomer separation in a continu-
ous flow system avoiding the use of organic solvents completely. In this process, the
racemic alcohol and the acylating agent are transported into the reactor by use of
scCO, as the mobile phase. One of the enantiomers is esterified selectively by the
lipase in the ionic liquid, and the mixture of products is continuously extracted with
the scCO, stream. Ester and unreacted alcohol are then separated downstream
by controlled density reduction by variation of temperature and/or pressure. The
acylating agent was chosen so that the ester can have either higher or lower solubility
in scCO, than the corresponding alcohol, which is crucial for efficient extractive
separation.

It has recently been demonstrated that solutes can be extracted from ionic liquids
by perevaporation. This technique is based on the preferential partitioning of the
solute from a liquid feed into a dense, non-porous membrane. The ionic liquids do
not permeate the membrane. This technique can be applied to the recovery of
volatile solutes from temperature-sensitive reactions such as bioconversions carried
out in ionic liquids (34).

lll. Structures and Properties of lonic Liquids

The physical and chemical properties of ionic liquids are governed by the nature of
both the cations and the anions (35,36). Numerous ionic liquids have been reported,
and a large number of potential ionic liquids have been suggested (37), but for
catalytic applications relatively few have been investigated. Among the less well
studied for catalysis include [BMIM][Co(CO),] (38), [BusPEt][TsO] (m.p. = 83°C),
and [PhsPEt][TsO] (m.p. = 95°C), as well as ionic liquids consisting of organic



111] CATALYSIS IN IONIC LIQUIDS 161

anions [e.g., a-cyano-4-hydrpxycinnamate and sinapinate (39), bis(oxalato)borate,
bis(malonato)borate, bis(salicylato)borate, etc. (40)].

A number of ionic liquids incorporating new cations and anions have shown
decreased viscosity and stability (/). There is no doubt that more applications of
ionic liquids in catalysis are yet to be developed.

Heretofore, ionic liquids incorporating the 1,3-dialkylimidazolium cation have
been preferred as they interact weakly with the anions and are more thermally
stable than the quaternary ammonium cations. Recently, the physical properties of
1,2,3,4-tetraalkylimidazolium- and 1,3-dialkylimidazolium-containing ionic liquids
in combination with various hydrophobic and hydrophilic anions have been sys-
tematically investigated (36,41). The melting point, thermal stability, density, vis-
cosity, and other physical properties have been correlated with alkyl chain length of
the imidazolium cation and the nature of the anion. The anion mainly determines
water miscibility and has the most dramatic effect on the properties. An increase in
the alkyl chain length of the cations from butyl to octyl, for example, increases the
hydrophobicity and viscosity of the ionic liquid, whereas densities and surface
tension values decrease, as expected.

According to their miscibility with water, ionic liquids are also frequently clas-
sified as hydrophilic or hydrophobic. The hydrophilic ionic liquids are typically
salts composed of halide, acetate, nitrate, trifluoroacetate, and, in some cases,
tetrafluoroborate anions, in particular their salts with [AMIM]" having short alkyl
chains, as these ionic liquids are totally miscible with water. The ionic liquids
composed of PFg and (CF5S0,),N~ with [AMIM] " are immiscible with water in
bulk, and are therefore referred to as hydrophobic ionic liquids. The ionic liquids
consisting of BF; and CF3SOj3 ions with [AMIM]" can be totally miscible or
immiscible depending on the substituents on the cation, and they are therefore
sometimes called tunable ionic liquids (22). A recent review covers relevant pro-
perties of some ionic liquids for catalysis (42,43).

A. HYDROGEN BOND BAsICITY OF ANIONS

By using an approach based on linear free energy relationships, a recent study of
17 different ionic liquids led to an extensive comparison of their multiple solvation
interactions with a large number of probe molecules (39). Although the dispersion
forces were nearly constant for all the ionic liquids in this investigation, the hy-
drogen bond basicity (a measure of hydrogen bonding Gibbs Free energy of bases
with HF (44)) and dipolarity terms seemed to vary for each ionic liquid (Fig. 1).

The following observations were made:

(1) The ionic liquids incorporating various anions associated with the same cation
[BMIM]" exhibited different basicity and dipolarity values. The effect of the
cation on hydrogen bond basicity and dipolarity was quite small. Therefore, it
was inferred that the anion has a greater influence than the cation on the overall
hydrogen bond basicities of the ionic liquids.

(2) Ionic liquids in which a cationic moiety has an electron-rich aromatic n-system
showed stronger interactions with solute molecules capable of undergoing n—n
and n—m= interactions (e.g., 2-chloroaniline, p-cresol, aniline) than with others.
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Fic. 1. Grouping based on the hydrogen bond basicity and dipolarity characteristics of 17 ionic
liquids. (1) [BMIM][BF4]; (2) [C8m4im][NTf2]; (3) [BMPY]INTf2]; (4) [COom4im][NTf2]; (5),
[BMIM][NTf2]; (6) [BMIM][PF6]; (7) [Bm2im][NTf2]; (8) [BMIM][TfO]; (9) [BMIM]-[SbF6]; (10)
[BMIM][CI]; (11) [NH2m2][PA]; (12) [NHDb3][PA]; (13) [NHDb3]J[OHPA]; (14) [NHe3][PA]; (15)
[NHDb3][Ac]; (16) [NHDb3][CHCA]; (17) [NHb3][SA]. Reproduced with permission from Anderson
et al.(39). The hydrogen bond basicity is defined according to the solvation model of Abraham.

(3) The chloride ion (with non-bonding electrons), in combination with the
[BMIM] " ion, exhibited significant ability to interact with m-systems of probe
molecules. Similar behavior, but of a much smaller magnitude, was observed for
the [BMIM]SbF¢ and [BMIM]T{O salts, both having anions exhibiting large
hydrogen bond basicity. It was also concluded that probe molecules that in-
teract with the ionic liquids primarily via dispersion interactions behave sim-
ilarly. Although dispersion interactions between solutes and ionic liquids are
important, they usually cannot be used to distinguish between ionic liquids.

The authors applied the observed trends in hydrogen bond basicity of the anions
to rationalize some published results. One was related to the solubility of cellulose
in [BMIM]CI ionic liquid up to 25wt%, although cellulose is not soluble in
[BMIM]BF,4 and [BMIM]PF, (45). This difference was attributed to the large hy-
drogen bond basicity of the [BMIM]CI ionic liquid. Similarly, the high solubility of
o-, B-, and y-cyclodextrins in [BMIM]CI was explained. In general, the role of the
chloride ion (and its high hydrogen bond basicity) is crucial in achieving dissolution
of compounds capable of hydrogen bonding to the ionic liquid. The hydrogen bond
basicity related to the anions also satisfactorily accounts for a number of obser-
vations in catalytic reactions that show large differences among the ionic liquids
[BMIM]PFg, [BMIM]BF,4, and [BMIM]TfO with basicities decreasing in this order.
The observed high activity of rhodium-catalyzed biphasic hydrogenation of
1-pentene in [BMIM]SbF¢ compared with that in acetone and in [BMIM]PF¢ and
[BMIM]BF,4 was similarly rationalized in terms of the fact that [BMIM]SbF has
the highest hydrogen bond basicity among the solvents.

Recently, the ionic liquids [EMIM]NbF4 and [EMIM]TaFg4 have been reported
(46). These melt at temperatures slightly below room temperature and have the
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expected high densities. The viscosity of each is about 50cP, among the lowest
associated with ionic liquids.

B. CaTtIONS

The cations in ionic liquids are generally bulky monovalent organics. The typical
cations of ionic liquids, not including the familiar alkylammonium and
alkylphosphonium ions, are shown in Fig. 2. It is primarily the cations, which
account for the low melting points of ionic liquids. The dialkylimidazolium ions,
such as l-butyl-3-methyl imidazolium [BMIM] ", have been widely investigated
because low-melting ionic liquids can be made readily from such cations and be-
cause of their thermal and chemical stability.

A number of other substituted imidazolium ions have also been reported.
[MIM—C,HsOCH;]Br and [MIM—CH;OCH;]Br, liquids at room temperature, were
recently reported to be good solvents for carbohydrates and proteins (47). The
diversity of organic cations was extended even to include the antifungal drug mi-
conazole, which contains an imidazole ring. By the reaction of the miconazole with
alkyl iodide, bioactive cations were obtained that were subsequently used to form
ionic liquids with PFg (9).

Cholin chloride, shown in Scheme 1, was recently shown to be a versatile cationic
precursor for the preparation of a wide variety of ionic liquids (48). This precursor
is particularly interesting, as cholin is a vitamin B4 additive to animal food. There-
fore, it is not expected to be restricted in applications by health-related concerns,
whereas a number of other ionic liquids remain to be fully evaluated for their
environmental and health effects, including the ones based on imidazolium ions.
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The cholin chloride-containing ionic liquids are made simply by mixing it with a
metal halide or a compound such as a weak base, alcohol, or carboxylic acid. The
melting points of cholin metal halide (e.g., ZnCl,, FeCl;, or SnCl,) ionic liquids are
typically below 50°C when the metal halide mole fraction is 67%. The melting
points of cholin-containing ionic liquids from neutral molecules, such as urea and
polyols, are below room temperature. However, this type of ionic liquid is expected
to have less thermal stability than the imidazolium-containing ionic liquids. The
low-temperature Diels—Alder reactions have been successfully demonstrated with
the cholin CI-ZnCl,-FeCl; liquid, showing high yields and regioselectivities without
solvent residues in the products after decantation.

C. ANIONS

Anions in ionic liquids are typically monovalent, although a few higher-valent
anions such as phosphates have been reported (49). There is an opportunity for any
monovalent anion to join the ionic liquid universe if it is not thermally unstable.
Some typical anions found in ionic liquids include BF;, PFg, AsFg, SbFg,
F(HF)”_, ZHC];, CU,CIZ_, Sl’lCl;, (CFgSOz)zN_, (C2F5802)2N_, C(CF3SOz)3_,
CF3COE, CF3SO§, CH3SO;, (CF3SOQ)3C7, CF3CF2CF2CO£, and
CF;CF,CF,CF,SO3. Recently, the anions NbFg and TaFg, forming ionic liquids
with [EMIM] ", have been reported (46). Other anions in ionic liquids include
organics, such as a-cyano-4-hydroxycinnamate and sinapinate (39).

The anions determine the chemical properties of ionic liquids to a large extent.
For example, the following ionic liquids, in which the cation is the same and the
anions are not, behave totally different from one another:

[BMIMCI]AILCI;: hygroscopic;

[BMIM]PF¢: hydrophobic;

[BMIM]BF,: has cation-dependent water miscibility.

More specifically, Visser and Rogers (50) showed some examples of the possible
effects of cations and anions in their affinities toward water (Fig. 3).

Although the difference in miscibility with water between the BF; and PFg
anions for the same cation remains unexplained, a recent measurement showed
differences in the surface tension (y) values among ionic liquids of the two anions.
The vy value is higher for [BMIM]PF¢ than that for [BMIM]BF,. By increasing the
alkyl chain length resulted in a decrease in the y value for ionic liquids of both
anions, approaching values characteristic of long-chain alkanes (517).



111] CATALYSIS IN IONIC LIQUIDS 165

Cations
o
| +| HC R N,
N NN N _N
s \ ~
R R 7/ R R
1,1-alkyl- 1-alkyl-3-methyl- N-alkyl- N-alkyl-
pyrolinium imidazolium pyridinium isoquinolinium
[Cupyr] [Camim] [Cupy] [Cuisoq]"
Anions
PF¢’, N(SO,CF3)y, BF4 NO3, CI', ClO4
N(SO,CF,CF3),
Water-immiscible Cation dependent Water miscible

Fic. 3. Water miscibilities of representative ionic liquids. Reproduced with permission from Visser
and Rogers (50).

The miscibility of an ionic liquid with water or an organic solvent has often been
regarded as an important property of the ionic liquid. However, it should be clari-
fied that a solvent that is regarded as immiscible with an ionic liquid should not be
misunderstood as completely insoluble in it (although some organic solvents that
have limited solubilities in ionic liquid have often been described as immiscible with
the ionic liquids). Some ionic liquids that are regarded as immiscible in water are
hygroscopic, such as [BMIM]PF¢, which dissolves up to 1% water (52). Some of
this water is even retained on drying (53).

The miscibility with water depends on the nature of the anions, the temperature,
and the length of the alkyl chain in the dialkylimidazolium cation. For the same
[BMIM]" ion, the BF;, MeSO;, CF5S03, CF5CO5, CH3CO5, NO3, and halide
salts display complete miscibility with water at 25°C. However, upon cooling of the
[BMIM][BF4]/water solution to 4°C, a water-rich phase separates out. Similarly,
changing the [BMIM]" ion to a longer-chain 1-hexyl-3-methylimidazolium
[HMIM]" leads to a BF;-containing ionic liquid with a low miscibility with wa-
ter at room temperature. Apparently, an increase in the length of an alkyl chain
tends to decrease the water solubility because of the increased hydrophobicity of the
cation. On the other hand, the ionic liquids incorporating [BMIM] " with the anions
PFg, SbFg, NTf;, or BRy have very low miscibility with water, whereas the
shorter, symmetric substituted 1,3-dimethylimidazolium cation with PFg gives a
water-soluble ionic liquid (/).

Metal halides readily form ionic liquids by reacting with organohalide precursors
such as pyridinium chloride or imidazolium chloride. The ionic liquids obtained
from metal halides typically allow high ratios of the metal halide to the organic
chloride precursor, thus forming polynuclear anions. For examples, Al,Cl7,
Al;Cly, Au,Cl7, Fe,Cly, Sby,Fy;, Zn,Cls, and Zn;Cl; form from their corre-
sponding halide precursors (54). When a stoichiometric ratio of precursors is used,
mononuclear halide anions are formed, such as AICl;, ZnCl3, CuCl;, and SnCl5.
The polynuclear anions can be viewed as the products of the reaction of the cor-
responding Lewis acid (e.g., AlCl;) with the mononuclear anion (e.g., AlCly). Ionic
liquids with a metal halide in sub-stoichiometric ratio to the aminoorganic halide
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precursor can also be formed (e.g., [BMIM]CI-.[BMIM]AICly). Such ionic liquids
are basic and function as basic media in catalysis (55). The metal halide-containing
ionic liquids in general tend to be particularly water sensitive, except for most that
contain fluoride and a few that contain chloride.

A limitation of aluminum-containing ionic liquids arises from their moisture
sensitivity. Moreover, most transition metal complexes and organic reactants are
not unreactive in the presence of the chloroaluminate compounds. These ionic
liquids react with water in a highly exothermic manner, with the formation of
hydrogen chloride and a white precipitate.

As a strong polar proton donor, water is strongly absorbed in most ionic liquids.
In the extreme case, it is fully miscible with ionic liquids, such as [BMIM]BF, and
[BMIM]CF;CO; . Even the hydrophobic ionic liquids can pick up a low concen-
tration of water, resulting in a reduced absorption affinity for some organic com-
pounds (27). The presence of water may, therefore, influence the performance of an
ionic liquid in catalytic applications.

Of particular interest is the trifluoromethylsufonylamide anion, NTf, (56,57),
which gives salts with thermal stability at temperatures up to 400°C. Because of the
delocalization of the negative charge, the anion is probably less associated with the
cation and more mobile than the triflate anion. It is important that NTf; is hy-
drolytically stable, in contrast to PFg (58).

The number of anions used in ionic liquids is growing rapidly. Among the recent
additions are [B{C(,H4[SiM€2C8H]7]-4}4]_ and [B(C6H4{SiM€2(CH2CH2C6F]3)}-4)4]_
(59). Their salts with [BMIM] " have melting points near —20°C, with a liquid range of
about 200°C. The bulky lipophilic substituents dramatically enhance the solubility of
the imidazolium borates in hexane and reduce their relative polarities. These unique
properties make these ionic liquids interesting as amphiphilic ionic liquids with low
polarities.

D. PaYsicAL AND CHEMICAL PROPERTIES

D.1. Melting Point

The melting points of ionic liquids are sensitive to the presence of impurities, such
as halides, CO,, water, and organics (60,61). Water and organics dramatically re-
duce the melting points of a number of quaternary alkylammonium tetrafluorobo-
rate ionic liquids. For example, dry [BusN]BF4 has a melting point of about 160°C,
but this dropped to about 80°C in the presence of water and to 55°C in the presence
of toluene (60). Therefore, the reported melting points serve only as a general guide,
and the temperature at which a liquid forms in a biphasic system can be sharply
reduced by the presence of the other phase.

D.1.1. Chloride-Containing Ionic Liquids. The melting points of some typical
[AMIM]CI compounds are shown in Table I. Except for dimethylimidazolium
chloride, which has a melting point above 120°C, the higher-alkyl [AMIM]CI ionic
liquids melt at temperatures below 100°C.
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TABLE I
Melting Points of Some Typical [AMIM ]Cl Ionic Liquids
R group Melting point of compound (°C)
Methyl 124.5—-128
Ethyl 87
Propyl 58—66
Butyl 65—69

D.1.2. N-alkylpyridinium-Containing Ionic Liquids. The melting point of N-
alkylpyridinium chloride increases from 70 to 80°C when the alkyl chain is length-
ened from C;, to C;g. The melting point of N-alkylpyridinium [NiCly]; changes
only from 80 to 86°C as the substituent changes from C;, to Cyg (62).

D.1.3. N,N-dialkylpryrrolidinium-Containing Ionic Liquids. The ionic liquids incor-
porating pyrrolidinium ions show a clear trend of symmetry related melting points;
those with the smaller symmetrical cations such as [(CH3),C4HgN]™ have relatively
high melting points, whereas those with the larger, less symmetrical cations such as
[(CH;)(n-C4Ho)C4HgN] " are glass-forming liquids at room temperature (63).

The compound with the lowest melting point among the N,N-
dialkylpyrrolidinium tetrafluoroborate family is [(CH3)(n-C3H7)C4HgN]BF,4, which
has a melting point of 64°C, as does N-methyl-N-propylpyrrolidinium tetrafluo-
roborate. The melting point is sufficiently low to enable the application of this
compound in syntheses at temperatures above 70°C (64).

D.1.4. Alkylimidazolium-Containing Ionic Liquids. This group constitutes the
most thoroughly investigated ionic liquids. Holbrey and Seddon (65) reported the
physical properties of the ionic liquids [AMIM]BF, and [AMIM]PF for a wide
range of alkyl chain lengths. The melting points of these two types of ionic liquids
are shown in Fig. 4. The results point to three regions of distinct melting points. In
the region of short alkyl chain length, the symmetry of the cations prevails, resulting
in higher melting points for highly symmetric alkyl substituents. The ionic liquids
[1-methyl-3methy-IM]BF; and [l-ethyl-3-methyl-IM]PFy have melting points
above room temperature. As the symmetry decreases with the increase in the
length of the 3—alkyl chain, the melting point decreases to a minimum. The anion
PFg is larger than BF47; the difference in melting points associated with this size
difference appears primarily in the compounds with shorter alkyl chains. With a
large increase in the length of the alkyl chain, the aliphatic part of the compound
becomes dominant, as reflected in the high melting points.

The melting points of 1,2,3,4 = substituted imidazolium-containing ionic liquids
with various substituent alkyl groups on the imidazolium ring and with various
anions (Fig. 5) were investigated by Hagiwara and Ito (36). The authors con-
cluded that there was no clear correlation between the melting points and the
structures, although most of the salts were found to have melting points below
25°C. In general, however, the compounds containing symmetric cations such as
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FiG. 4. Melting points of [AMIM]BF, and [AMIM]PF; of varying alkyl chain lengths. Reproduced
with permission from Holbrey and Seddon (65).
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Fic. 5. 1,2,3,4-Substituted imidazolium-containing ionic liquids with various anions. Rreproduced

with permission from Hagiwara and Ito (36).

1,3-dimethyl and 1,3,-diethylimidazolium exhibit higher melting points than those
containing asymmetric cations (66). The anions were found to have a more pro-
nounced effect on the melting point than the cations; for example, salts containing
CF;CO5 exhibited relatively low melting temperatures. Some of the salts do not
crystallize but instead exhibit transitions to glasses. Methylation at C(2) (i.e., the
CH, at the 2 position in the imidazolium ring was methylated) was found to in-
crease the melting point, leading Hagiwara and Ito to suggest that the effect of van
der Waals interactions involving the methyl groups dominates over electrostatic
interactions via the more active hydrogen on C(2).

The dominant effect of anions on the melting points of [EMIM] " -containing
ionic liquids is shown clearly in the data of Table II (66,67). The melting point
ranges from 70°C for [EMIM][HSOy4] to —45°C for [EMIM][MeCO5]. The salts of
[EMIM] " with other anions have melting points spread through the whole range.
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TABLE II
Melting Point of [ EMIM ]-Containing Ionic Liquids with Corresponding Anions
Anion HSOy PF¢ NO; NO3 NfO™ NTf; TfO™ TA MeCO5;
m.p. (°C) 70 60 55 38 28 —4 -9 —14 —45

D.1.5. Quaternary Ammonium-Containing Ionic Liquids. McFarlane et al. (63)

investigated ionic liquids made of quaternary alkylammonium bis(trifluoromethyl-

sulfonyl) imide, [R{R,R3R4N][CF5SO,],N, with three of the alkyl chain lengths

varied independently from one to four carbon atoms each and the remaining one

varying from one to eight carbon atoms. It was concluded that, again, the melting

points of the compounds are symmetry dependent:

(1) The compounds containing highly symmetrical cations have melting points well
above the room temperature, with most being higher than 100°C.

(2) The compounds containing ammonium cations of lower symmetry have melting
point below room temperature; some are glass forming.

D.1.6. AICIl;-Containing Ionic Liquids. AlCls-containing ionic liquids are among
the most widely investigated of all ionic liquids. A liquid state is maintained at room
temperature for compositions between 33 and 67mol% AICl; in the mixture of
AICl; and [EMIM]CI/AICI; (Fig. 6).

The melting points of [1,3-dialkylimidazolium]AICl, decrease with an increase
in the alkyl chain length up to C4; symmetry does not appear to be important,
as [l-methyl-3-methyl-IM]AICl; has a much higher melting point (125°C) than
[1-butyl-3-butyl IM][AICL4]~ (55°C) (8). Ionic liquids made by mixing [EMIM]CI
with AICl; exhibit Lewis acid—base properties, which can be controlled by varying
the ratio of the two components. The mole fraction of AlCls, xcy3, 1S often used to
express the relative content of AICI; in the ionic liquids prepared from a mixture of
AlCl; with [1,3-dialkylimidazolium]Cl. The ionic liquids with x> 0.5 are acidic, and
those with x<0.5 are basic.

The Lewis acid—base properties of these ionic liquids are determined by the
chloroaluminate species. The equilibrium of the chloroaluminate liquid is primarily
described by two equilibria at x AICl; below 0.67:

AICL+CI™ = AICI;, (1)

AICL+AICI; = ALCL . Q)

The equilibrium (1) dominates in basic ionic liquids, where x AlCl;<0.5; the equi-
librium (2) dominates in acidic ionic liquids, where x AICl; > 0.5. This means that
over much of the liquid range the anions present in significant quantities are CI°,
AlCly, and Al,Cl;, and their relative amounts are controlled by the equilibrium:

2AICI; = ALCL +Cl. 3)
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FiG. 6. Experimental phase diagram for [EMIM]CI/AICI;. Reproduced with permission from Fannin
et al. (8).

The heptachloroaluminate ion is a strong Lewis acid, and chloride ion is the con-
jugate Lewis base. The basic ionic liquids, in which equilibrium (1) dominates, are
light green in color, and the acidic ones, in which equilibrium (2) dominates, are
darker and brownish in color (23). The acidic ionic liquids in this family are less
viscous than the basic ones.

D.2. Stability

Thermal stability has been reported for several liquids containing the [EMIM] ™
ion. A thermogravimetric investigation showed that its salts with CF3SO3 and
(CF380,),N™ are stable at temperatures up to 400°C, and the salt-containing
CF;COx3 is stable up to 150°C (66). The salt-containing BFy starts to lose weight at
300°C. Thus, it is expected that the thermal stability of dialkylimidazolium cations
is relatively high, and the choice of the anions often determines the decomposition
temperature.

The thermal properties of a number of ionic liquids with multiple alkyl substi-
tuted imidazolium cations and various anions were characterized by differential-
scanning calorimetry (DSC) and thermographic analysis (TGA) measurements (68).
Many of these salts are liquids at sub-ambient temperatures. The ionic liquids form
glasses at low temperatures and have minimal vapor pressures at temperatures up to
their thermal decomposition temperature (>400°C). The decomposition temper-
atures of these imidazolium salts were inferred to be insensitive to the presence of
oxygen, as similar thermal decomposition behavior was observed in O, and N,
environments. Thermal decomposition is endothermic when the anions are inor-
ganic and exothermic when they are the organics (C,FsSO,),N™ and (CF3S0,),N".
This exothermicity is likely to be a consequence the sulfonyl groups. Halide anions
drastically reduce the thermal stability of these salts (<300°C). The imidazolium
cations are thermally more stable than the tetraalkylammonium cations. The rela-
tive anion stability follows the order PF¢> BF, > AsF¢>1, Br, CL
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The stability of dialkylimidazolium cation-containing ionic liquids can be a
problem even at moderate temperatures in the presence of some reagents or cata-
lysts. For example, when CsF and KF were used in the ionic liquid [BMIM]PF; to
perform a halogen exchange reaction in an attempt to replace Br~ from bromo-
carbons with F~, it was found that alkyl elimination from the [BMIM] cation took
place, forming methyl imidazole, 1-butene, 1-fluorobutane, and other unidentified
products at 150°C overnight (69). The fluoride ion acted as a base that promotes
elimination or substitution processes.

The hydrolysis and decomposition of [BMIM]PF ionic liquid in the presence of
water and metal catalysts have also been reported (70—72). The decomposition of
the ionic liquid occurs only in the presence of both water and the transition-metal
precursor [e.g., (Ir(cod)Cl], or RhCl;. The presence of SnCl, was found to cause the
decomposition of the PFg ion by water alone (73). When hydrolysis occurs, HF is
formed as a decomposition product, and it can change the course of a catalytic
reaction. In the absence of water, such metal precursors can be reduced in H, at
75°C to form ionic liquid-stabilized nanoparticles (12,74).

D.3. Polarity

The polarities of various ionic liquids were measured by investigating the sol-
vent—solute interactions using solvatochromic dyes (66,75). The polarity of the ionic
liquid [BMIM]BF, is in the range of 0.6—-0.7 on the normalized polarity scale, which
sets the value for tetramethylsilane at 0.0 and that for water at 1.0 (76). Toluene
(0.1) and MTBE (0.35) are less polar. The data indicate that the polarities of 1,3-
dialkylimidazolium salts incorporating the PFg, BF;, CF3SO5, and NTf; ions can
be compared to that of the short-chain primary alcohols, with a slightly lower
polarity for the salts consisting of NTf, ion. The polarities of 1-alkyl-3-methyl-
imidazolium-containing ionic liquids were found to be similar to those of short-
chain alcohols, with the polarity decreasing somewhat as the length of the alkyl
chain increases (77,78). The anion appears to have little effect on the polarity of the
ionic liquid. 1-Butylpyridinium tetrafluoroborate exhibited a lower polarity than
the imidazolium salts. Tetraalkylammonium derivatives are relatively non-polar,
whereas those containing cations of the type [NHXR(AH.)]+ (where x>1) are con-
siderably more polar.

However, it is emphasized that the reported polarity values do not provide a rig-
orous basis for a prediction of the behavior of ionic liquids in catalysis, as the meas-
urements of polarity values are particularly dependent on the methods used; in some
cases the values are not consistent. For example, in one report the polarity of selected
ionic liquids was stated to increase in the order [BMIM]PF4<[BMIMI|T{,N <
[OMIM]PFg (75), whereas in another the order was just the opposite (77). In any case,
the differences are small.

D.4. Viscosity

Viscosities of ionic liquids are several tens to hundreds times higher than that of
water at room temperature. The structure of the cation strongly influences viscosity;
longer alkyl chains in the cation make the liquid more viscous. The viscosity of an
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ionic liquid is governed by the van der Waals interactions and hydrogen bonding
(66). Both the structure and basicity of the anion also affect the viscosity; a decrease
in the size of the anion decreases the van der Waals interaction but increases the
electrostatic interaction through hydrogen bonding. A low viscosity was found for
the ionic liquid EMIMF(HF),”, which was attributed to the highly basic anion,
suggesting that the effect of the van der Waals interaction dominates over the
electrostatic interactions.

The temperature dependence of viscosity of 23 room-temperature ionic liquids
was investigated. The size and symmetry of the cations and anions were shown to
have a marked effect on viscosity (79).

The viscosity of 1-alkyl-3-methylimidazolium salts can be lowered by using a
highly branched and compact alkyl chain in the cation, or, more important, by
changing the nature of the anion (80). For a given cation, the viscosity decreased in
the following order: CI">PFg >BF; ~ NO3;>NTf;. With [BMIM]" as the cation,
the viscosity at 20°C decreased as the size of the organic anion decreased:

When the ionic liquids are made from mixtures of [AMIM]CI and AICI;, the
effect of alkyl chain length on the viscosity is much less than that of the anionic
species. There is also a strong dependence of the viscosity on the mole fraction of
AICl; in the ionic liquid. Ionic liquids incorporating the chloride anion have the
highest viscosity. The chloride anion prevails when the AICI; fraction in the mixture
is less than 0.5 (87). A sharp change in the viscosity is observed when the fraction of
AICl; is changed from a value of about 0.5. The viscosity is essentially determined
by the ability of the ionic liquid to form hydrogen bonds and the strength of the van
der Waals interactions. Among the anions CI~, AICIy, and ALL,Cl7, CI™ allows the
strongest hydrogen bonding and Al,Cl; the lowest (this anion is also referred to as
non-coordinating).

The viscosity of [AMIM]X-type ionic liquids (X = anion) in general increases
with the alkyl chain length and is dependent on the anion (25). For example, the
ionic liquids [C,-MIM]PF¢ are much more viscous than their Tf,N analogs.
Viscosity values for [C,,-MIM]T,N with 7 in the range of 2—-10 and for [C,-MIM]PF
with 7 in the range of 4-9 are shown in Fig. 7. There is an almost linear dependence of
viscosity on the length of the alkyl chain for [C,-MIM]Tf,N, but the dependence is
more complex for [C,-MIM]PF.

The viscosities of several [AMIM] " -containing ionic liquids were found to de-
crease markedly as the temperature increased. For example (Fig. 8), the viscosity at
50°C is only 20—35% of that at 25°C (295).

D.5. Solubility of Species in Ionic Liquids

The solubility of a reactant in an ionic liquid affects the performance of the ionic
liquid as a catalyst and that of a catalyst dispersed in an ionic liquid. However,
there are only a few reports about the solubilities of species in ionic liquid media.
The solubility values of typical molecules of interest, as described below, are based
on a limited number of reports.
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FiG. 7. Influence of the 1-alkyl group on the viscosity of the ionic liquids (a) [Cn-MIM]Tf,N and (b)
[C,-MIM]PF¢ at room temperature. Reproduced with permission from Dzyuba and Bartsch (25).

a) 3001 b) 50
250
40
2004 T
T o 304
[$]
% 150 =
=
204
100
50 T T T T T T 10 T T T T T T
25 30 35 40 45 50 25 30 35 40 45 S0
T/°C —> T/°C —>»

FiG. 8. Influence of temperature on the viscosity of (a) [C4~-MIM]PF4 and (b) [C4-MIM]INTT,.
Reproduced with permission from Dzyuba and Bartsch (25).

D.5.1. Hydrogen. Hydrogen solubility at 20°C in the ionic liquids [BMIM]PF
and [BMIM]BF, was determined by Berger et al. (82), with the goal of correlating
the solubility with the catalytic activity and enantioselectivity in the asymmetric
hydrogenation of (Z) a-acetamido cinnamic acid. The measurements showed that
the solubility of H, in [BMIM]BF, is higher than that in [BMIM]PF by a factor of
more than 3 at 50atm. As expected, the amount of H, dissolved increased with
pressure. In [BMIM]BF,, the H, solubility is 0.15 mol/L at 50 atm.

D.5.2. Oxygen. The solubility of O, in [BMIM]PF; is very low, <0.2mmol/L,
much lower than that of O, in CH3CN (9.1 mmol/L) (83).

D.5.3. Carbon Monoxide. The solubility of CO in ionic liquids is crucial for car-
bonylation reactions. However, quantitative measurements are not yet available. In
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the butoxycarbonylation of iodobenzene or 4-bromoacetophenone in [TBA]Br with
a palladium complex catalyst, the authors noted that a CO partial pressure ex-
ceeding 1 atm was needed and that the butoxyester yield increased with increasing
CO partial pressure (84).

D.5.4. Carbon Dioxide and Lower Alkanes. Carbon dioxide has a remarkably
high solubility in ionic liquids (22). For example, about 0.5 mol fraction of CO, was
present in [BMIM]PF¢ at 40°C and 50 bar, although the total volume increased by
only 10% as a result of the CO, addition.

Brennecke et al. (22) compared the Henry’s law constants of several gases in
[BMIM]PF¢ with those in toluene and methanol. The results (Fig. 9) show that CO,
has a much higher solubility in the ionic liquid than in the organic solvent.

The solubility of CO, in ionic liquids is strongly dependent on the water content.
Saturating [BMIM]PF, with water (it contained up to 2.3 wt% water) reduced the
CO, solubility from 0.54 mol fraction (0.15 wt% water) to only 0.13 mol fraction at
57 bar and 40°C (30). When water is present in excess, CO» has also been found to
induce the separation of water from ionic liquids (85).

Although CO, is highly soluble in ionic liquids, there is no appreciable ionic
liquid solubility in the CO, phase in the supercritical state (29).

D.5.5. Solubility of Organic Molecules. The miscibility of ionic liquids with or-
ganic solvents was measured qualitatively by mixing equal volumes of the two (23).
Table III provides a guide (which is only rough) to the selection of a solvent.
[BMIM]PF is thermally stable and shows solubility in organic solvents with di-
electric constants higher than 7 (except water) (Table III). Ionic liquids formed from
mixtures of [BMIM]CI and AICl; are reactive with some solvents; the reactivity is
dependent on the ratio of AICI; to imidazolium chloride. Acidic chloroaluminate
ionic liquid is highly reactive, and there are only a few solvents that do not react with
it. In acetone, toluene, and tetrahydrofuran, solvation takes place to some degree, but
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FiG. 9. Henry’s law constants (bar) for H,O, CO,, CHy, and C,Hg in [BMIM]PFg, toluene, and
methanol. Reproduced with permission from Brennecke and Maginn (22).
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TABLE II1
Miscibilities of Various Compounds in [ BMIM |PF,, [BMIM ]AICl,, and [ BMIM ] Al Cl,

Solvent € [BMIM]PF, [BMIM]CI-AICI, [BMIM]CI-AL,CI4
Water 80.1 1 R R
Propylene carbonate 64.4 M M M
Methanol 33.0 M R R
Acetonirile 26.6 M M M

Acetone 20.7 M M R
Methylene chloride 8.93 M M M
Tetrahydrofuran 7058 M M R
Trichloroethylene 3.39 I I 1

Carbon disulfide 2.64 I I 1

Toluene 2.38 I I 1

Hexane 1.90 I I I

The interactions of the various compounds with the respective solvents, according to the following key:
M = miscible; R = reactive; I = immiscible (23).

only when the ionic liquid is acidic. This observation shows that solvents with donor
or acceptor properties may act differently in acidic and basic liquids.

It is possible to change the solubility of an organic compound in an ionic liquid
by tuning the structure of the ionic liquid. For example, the solubility of 1-hexene in
N,N-dialkylimidazolium- and in N,N-methylethylpyrrolidinium-containing ionic
liquids increases with an increase in the length of the alkyl chain of the cation. This
pattern is as expected, as the increase in the carbon chain length increases the
aliphatic fraction in the ionic liquid. Surface tension measurements indicate that the
surface tension approaches the values for alkanes with increasing the alkyl chain
length in [AMIM]PF4 (57). The effect of anions on solubility is also dra-
matic. For example, the solubility of hexene is strongly dependent on the nature of
the anion associated with the cation [BMIM]", in the following order:
BF; *NO3 <PFg <CF3S03 <CF;COO™ <NTf; (41).

The solubilities of organic compounds such as alkanes, cycloalkanes, alkenes,
aromatic hydrocarbons, saturated alkylamines, and N- and S-containing aromatic
compounds in several ionic liquids were reported recently (86). The solubilities in
the ionic liquid [TMAC]AL,Cl; are listed in Table IV.

The solubilities of aromatic compounds in the ionic liquid are dramatically
higher than those of saturated compounds. Benzene has a solubility of 4.9 mol/mol
of ionic liquid, and thiophene has a solubility of 6.7 mol/mol of ionic liquid. A
dramatic steric effect was observed on the solubility of aromatics; the alkyl-
substituted aromatics showed reduced solubility. Although the solubility of hexene
in the ionic liquid is considerably lower than that of the aromatics, it is still meas-
urably higher than that of hexane. Similar structure-solubility relationships char-
acteristic of organic molecules were observed with the ionic liquids [BMIM]BF,,
[BMIM]PFg, and [EMIM]BF, (Fig. 10) (27).

The solubility of an aromatic compound is dependent on the nature of the ionic
liquid, mainly on the sizes of the anion and cation. Increasing the size of the anion
and the alkyl chain length leads to a large increase in the solubility of the aromatic
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TABLE IV

Solubilities of Organic Compounds in [TMAC]ALCl;; TMAC = Trimethylammoniumchloride
Organic compound Solubility (mol/mol IL)
2-Methylpentane 0
Hexene 0.12
Benzene 4.9
Toluene 2.8
m-Xylene 2.24
Ethylbenzene 2.0
Trimethylbenzene 2.0
2-Methylpropylthiol 1.2
Thiophene 6.7
2-Methylthiophene 1.0

IL refers to ionic liquid (86).
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FiG. 10. Solubilities of model organic compounds in [EMIM]BF,, [BMIM]PF,, and [BMIM]BF,.
Reproduced with permission from Zhang and Zhang (27).

compound. Thus, the solubility of an aromatic compound in the ionic liquids
shown in Table V is higher in [TMAC]AL,Cl; than in other ionic liquids, because
ALyCl7 is the largest anion among the three ionic liquids.

An increase in the number of alkyl substituents on an aromatic ring markedly
reduces the solubility of the aromatic compound in [BMIM]BF,4, [BMIM]PF4, and
chloroaluminate-containing ionic liquids (27). For example, the solubility of trimethyl-
benzene in [BMIM]PFy is 10-fold less than that of toluene. Similarly, the solubility of
2-methylthiophene in this ionic liquid is three times less than that of thiophene.
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TABLE V
Solubilities of Nitrogen-Containing Compounds in [ BMIM |BF, (89)
Compound Solubility in [BMIM]BF,, mol/mol of [BMIM]BF,
Pyridine Fully miscible
Piperidine 0.72
2-Picoline Fully miscible
2-Methylpiperidine 0.23

1.4,

L 2

Benzene
® Cyclohexane

1.2

Mass Ratio of Solute to lonic Liquid
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FiG. 11. Miscibilty of benzene and of cyclohexane in the ionic liquids [CxMIM]BF, (where x =1
[MMIM]; x = 4 [BMIM]; x = 6 [HMIM]; and x = 8§ [OMIM] at 20°C. Reproduced with permission from
Dyson et al. (88)).

The length of an alkyl chain in a conjugated molecule has also a significant effect
on the solubility of the compound. For example, methyl acrylate is fully miscible
with [BMIM]PFg, but butyl acrylate is only partially miscible, simply because of the
increased alkyl chain length of the ester (87).

The solubility of benzene and of cyclohexane in [AMIM]BF, with various lengths
of the alkyl chain in the cation of the ionic liquid was reported (88). The results of
Fig. 11 show that the solubility of benzene increases with an increase in the alkyl
chain length, but, surprisingly, the solubility of cyclohexane is little affected by
varying the chain length.

N-containing compounds, whether saturated or not, have higher solubilities than
hydrocarbons in [BMIM]BF,, as shown in Table V. Remarkably, the aromatic N-
compounds are fully miscible with these ionic liquids (29,89).

The strong affinity of ionic liquids for aromatics has been attributed to the
formation of liquid clathrates (90—92). Liquid clathrates (93) are semi-ordered lig-
uids containing complex salt hosts. They are formed by associative interactions
between aromatic molecules and salt ions, which separate cation—anion-packing
interactions to a sufficient degree that localized cage structures are formed. Al-
though the aromatic compounds are highly soluble in the ionic liquid phase, the



178 Z. CONRAD ZHANG [111

concentration of the ionic liquid in the aromatic hydrocarbon phase is generally
very low (e.g., below the '"H NMR detection limit) (97). Some ionic liquid—aromatic
combinations favor the formation of liquid clathrate phases (92).

Molecular dynamic simulations representing benzene in [MMIM]CI and
[MMIM]PFg established a correlation of the (high) solubility of benzene in ionic
liquids with the strong electrostatic field around the aromatic molecule associated
with the n-electrons. The high polarizability of benzene also contributes to the high
solubility (94).

The typical liquid clathrate is characterized by (a) a low viscosity relative to that
of a neat ionic liquid, (b) immiscibility with excess aromatic solvents, and (¢) non-
stoichiometric compositions. The formation of air- and water-stable liquid clath-
rates has been reported for the compositions consisting of aromatic hydrocarbons
(e.g., benzene, toluene, and xylenes) and common salts of [AMIM] " cation with the
anions PFg, [TfLN]™, BF4, and CI™ (91).

Structure—solubility relationships can be used to predict the behavior of the
hydrogenation reactions in an ionic liquid. For example (88), the hydro-
genation of aromatics in ionic liquids is much faster than that in the aqueous
systems because of the higher solubilities of the aromatics in ionic liquids than in
water.

In general, the solubilities of alcohols in ionic liquids are high and those of ionic
liquids in alcohols are low. The phase behavior of alcohols and ionic liquids de-
pends on the length and branching of the alkyl chain of the alcohol and the anion of
ionic liquid (95). An upper critical solution temperature (UCST, a measure of the
temperature at which phase separation starts to occur on cooling) was observed for
all the combinations of alcohols and ionic liquids. An increase in the alkyl chain
length of the alcohol resulted in an increase in the UCST, consistent with the
general trend of decreased solubility of alcohols in ionic liquids with increased
alcohol aliphatic chain length. Increased branching of the alkyl chain in the alcohol
results in higher solubility of the alcohol in the ionic-liquid-rich phase. On the other
hand, an increase in the alkyl chain length in the cation of the ionic liquid leads to a
decrease in the UCST. Replacement of the hydrogen at the C2 position of the
imidazolium ring with a methyl group results in an increase in the UCST. The
choice of the anion was also shown to have a large influence on the UCST. The
effect of anion on the UCST was found to be related to the ability of the anion to
accept a hydrogen bond. In the solutions of alcohols and a family of ionic liquids
incorporating the cation [BMIM] ", the UCST decreased with an increase in the
hydrogen bond strength, reflecting the relative affinity for alcohols of the anions:
(CN),N™ > CF5S03 > (CF3S0,),N™ > BF; > PFg.

D.5.6. Solubilities of Catalysts. The solubility of the catalyst in an ionic liquid is a
crucial parameter for the ionic liquid dispersed catalyst systems. When a catalyst is
not fully dissolved in the ionic liquid, the reaction may occur to a significant degree
in the organic phase.

The solubility of a Lewis acidic salt in an ionic liquid is dependent on the nature
of both the salt and the ionic liquid. Hydrophobic ionic liquids have lower sol-
ubilities for such salts. For example, metal triflates such as Sc(TfO); readily dissolve
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in the hydrophilic ionic liquid [BMIM]BF,. But in the hydrophobic liquid
[BMIM]PFq, it remains in a separate phase, being present as a suspension (96).
An organometallic catalyst that is soluble in water may not be soluble in some
ionic liquids. For example, the well-known water-soluble metal-containing salts
incorporating the ligand tri(m-sulfonyl)triphenyl phosphine trisodiums (tppts) are
commonly applied in organic-aqueous biphasic catalysis because the catalysts in-
herit high solubility of the ligands in the aqueous phase. This salt is not soluble in
[BMIM]PFg, although it is soluble in [BMIM]BF,. The modification of the catalyst
by replacement of some of the ligands with an imidazolium ligand eliminates this
solubility issue. The tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-methyl-
imidazolium) salt (tppti) is soluble in both [BMIM]BF,4 and [BMIM]PF¢ (97).

D.6. Bronsted Acidic Ionic Liquids

The reaction of 1-alkyl-3-methyl imidazolium chloride [AMIM]CI and hydrogen
fluoride gives a family of non-volatile liquids, [AMIM]F-2.3HF. The liquid is stable
in air and, unlike HF, the liquids can even be stored in a glass container (98). The
[AMIM]F-2.3HF ionic liquids have relatively high conductivities and low viscosi-
ties relative to many other ionic liquids. IR- and NMR-spectroscopic measurements
suggest the existence of fluorohydrogenate anions such as H,F3 and H;FZ, with
which HF is rapidly exchanged (98,99). [EMIM]F-HF, which has a melting point of
50°C, was made by crystallization from the HF-deficient ionic liquid obtained by
thermal decomposition of the liquid [EMIM]F-2.3HF. [EMIM]F-HF, a solid at
room temperature, was found to have a layered structure by the high-energy syn-
chrotron X-ray radiation. This structure is partially preserved even in the liquid
state at higher temperatures (/00).

Ionic liquids with Brensted acidity have also been prepared from neutral liquids,
such as [BMIM]BF, and [BMIM]PF, by dissolving well-known Brensted acids,
p-toluenesulfonic acid (TsOH), pyridinium p-toluenesulfonate (PPTS), and
triphenyl phosphine hydrobromide (TPP.HBr) (/0/). The strong acidities of the
catalysts are maintained in the liquids.

In the BASF BASIL process that utilizes N-methylimidazole to scavenge HCI
byproduct, the acidic ionic liquid N-methylimidazolium chloride [HMIM]CI was
formed, with a melting point of 75°C (13,102). Recently, the group of Brensted
acidic ionic liquids with the same cation was extended to include other anions, such
as BFy, TfO™, and TsO™. The melting point of the salt is between 30 and 109°C.
Strong hydrogen bonding in the tosylate salt was characterized by IR spectroscopy.

Dissolving a strong acid like HCI in a strong Lewis acidic chloroaluminate ionic
liquids (e.g., [EMIM]ALCI,) resulted in the formation of superacidic proton donors,
according to quantitative ultraviolet (UV) spectroscopic measurements (/03). In com-
parison with the acid strength of 100% sulfuric acid, the acidity of the HCI-[EMIM]
ALCl; is much greater, as shown in Fig. 12 (/04). The superacidity was ascribed to the
non-solvated protons from the equilibrium HCl+ALCl; = [H] on_solvated T2 AICI5 .
A TSIL with strong Brensted acidity, [(CsHs)3(CsHgSO3H)PJOTT, was shown to have
strong acidity for Fisher esterification. The catalyst was reused in multiple cycles with
high yields (105).
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FiG. 12. Acid strength of [Al,Cl;]-ionic liquid in comparison with those of the conventional acids.
Reproduced with permission from Hussey (/04).

D.7. Basic Ionic Liquids

Tonic liquids of chloroaluminates with alkylpyridinium and dialkylimidazolium
at AlICl; molar fractions (x) less than 0.5 have been reported to have Lewis basicity.
Although it has been well recognized that acidic chloroaluminate-containing ionic
liquids degrade rapidly when even a small amount of water is present (with the
formation of solid aluminum hydroxide species), the Lewis basic chloroaluminate
ionic liquids of butylpyridinium are stable in water and have been used to catalyze
water-forming reactions, such as the esterification of alcohols and carboxylic acids
(106). Particularly remarkable is that the Lewis basic ionic liquids were reused for
multiple cycles by simply evaporating the water after each run. The basic ionic
liquid was not degraded at the reaction temperature range 30-100°C. For the es-
terification reaction, the authors emphasized two key factors regarding the use of
the Lewis basic ionic liquid. The molar ratio of aluminum chloride/butylpyridine
chloride must be <1. The aluminum chloride-containing ionic liquids are stable
enough to resist degradation by water as long as the molar ratio of aluminum
chloride/butylpyridine chloride is < 1. It is also important that alcohol be added to
the ionic liquid prior to the introduction of the organic acid. The advantage of such
a reaction system is that the esters produced are not soluble in the ionic liquid and
are therefore readily isolated.

Similar to the method of modifying neutral ionic liquids with strong Brensted
acids, a Lewis basic ionic liquid was also obtained by adding conventional base,
such as NaOH, into the neutral ionic liquid. However, the solubility of the base in
the ionic liquid is not high, and part of the [BMIM]PF¢ was converted to a solid
phase, probably because of the anion exchange between PF¢g and OH™ (/07,108).

It has been noted that imidazolium ions are not inert. Under mild basic con-
ditions, they are deprotonated to give reactive nucleophiles. For reactions in basic
media, the C2 hydrogen of the imidazolium ring can be replaced with an alkyl
group. In one study, the C2 hydrogen was substituted by a methyl group. Ionic
liquids based on the C2 methylated imidazolium cation were evaluated for the
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preparation of C9-aldehyde via aldol condensation reactions (/09). The ionic liquid
phases were treated with a concentrated solution of sodium hydroxide. The result-
ing mixtures were compared with an aqueous base containing sodium hydroxide.
The hydroxyl concentration of the aqueous solution and that of the ionic liquid
phase were both adjusted to 1 M, which corresponds to a conventional concentra-
tion for an aldol catalyst system (4 wt% NaOH). The resultant-basified ionic liquid
catalyst was reported to successfully catalyze the aldol condensation reaction.

A weak base such as glycine added to [HMIM]PF has also been reported to
catalyze a Knoevenagel reaction of malononitrile and benzaldehyde (/70). A KOH-
treated [BMIM]PF¢ also provides a suitable medium for the Corey—Chaykovsky
epoxidation of enones and cyclopropanation of aldehydes using trimethyl
sulfonium iodide (/71).

D.8. Impurities

D.8.1. Effect of Impurities. High purity is essential for the application of ionic
liquids to many catalytic processes (/), as the physical and chemical properties of
ionic liquids can be significantly altered by the presence of impurities (53,712).
Halide impurities can have a detrimental effect on transition metal-catalyzed re-
actions, largely because of the strong coordinating effect of the halide ions. The
presence of water can reduce the density and the viscosity but can also modify the
chemical properties. In some cases (e.g., PF¢-containing ionic liquids), trace
amounts of water can cause the decomposition of the anion and the formation of
HF. The presence of trace acid can cause unwanted reactivity. As halide ions
coordinate to transition metal centers, they block reactive coordination sites and
lead to side reactions and catalyst deactivation (/12,113). Therefore, substantial
efforts in research have been devoted to synthesizing halide-free ionic liquids by
avoiding halide precursors (/74). It has proved to be extremely difficult to remove
the final traces of chloride impurities from the ionic liquids.

D.8.2. F~ Impurity. It has been observed that [MIM]SbF¢ produced a small
amount of fluoride ion over time because of its sensitivity to air. Furthermore,
residual chloride impurities have been found to exert a large influence on the
physical properties of ionic liquids (/15).

D.8.3. CI” Impurity. Trace amounts of chloride impurities, which may be present
at levels between 0.1 and 0.5mol/kg, have significant effects on the physical pro-
perties of ionic liquids, such as viscosity and density. Increases in viscosity are of
particular concern in biphasic processes because of the formation of emulsions that
affect the interface between the two phases (88).

The largely negative effect of CI™ impurity was determined in benzene hydro-
genation with a ruthenium complex as the pre-catalyst (/15). The hydrogenation
activities of the catalyst in water, halide-containing [BMIM]BF,, and “‘halide-free”
[BMIIM]|BF, were compared. Whereas 50% higher activity in the ‘halide-
free” ionic liquid was observed over that in water, the activity is even lower in
the halide-containing ionic liquid than in water. The hydrogenation of other arene
compounds showed similar trends in the three systems. Even a pre-catalyst,
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[HsRuu(m®CHg)l(BF,),, that was not expected to be sensitive to poisoning by
halide impurities showed a significant increase in the turnover rate when the cluster
was immobilized in the “halide-free” [BMIM]BF,.

A systematic investigation of the effect of CI™ impurity was reported for a metal-
catalyzed Michael addition of acetylacetone to methyl vinyl ketone in [BMIM]BF,
(116). The time required for the completion of the reaction was used as a measure of
the effect of C1™. With a Ni(acac),.2H,O catalyst, the Michael addition was completed
in 2, 5, and 9 h when the ionic liquid contained 0, 0.62, and 1.62% CI~, respectively.

Various sources of CI™ impurity were found to inhibit the reaction to different
degrees. Chloride from NaCl was more detrimental than that from [BMIM]CI, as
the former favorably exchanges with the acac ligand at the metal complex, resulting
in the formation of tetrachloride metal (II) anion.

In certain cases, the halide impurities could be countered by using additives that
serve to bind the halides, but this is not always a desired solution. In the rhodium-
catalyzed polymerization of phenylacetylene (/17), it was shown that the deleterious
effect of halide impurities can be nullified by the addition of NEt; co-catalyst to a
Rh(diene)(acac)-containing catalyst.

IV. lonic Liquids as Catalysts

A. BRrRoNSTED AciD CATALYSIS IN [oNiCc LiQuiDs

Because ionic liquids are in general weakly coordinating, they display low nu-
cleophilicity. Such an environment favors the stabilization of electron-deficient
intermediates (/). This unique property allows ionic liquids to be used as non-
solvating media for the stabilization of strongly acidic species. It is this property
that has given rise to the superacidity of non-solvated protons in acidic
[AMIM]AILCI; (103).

Several authors reported the use of ionic liquids containing protonic acid in
catalysis (//8-120). For example, strong Brensted acidity in ionic liquids has been
reported to successfully catalyze tetrahydropyranylation of alcohols (/20). Tetra-
hydropyranylation is one of the most widely used processes for the protection of
alcohols and phenols in multi-step syntheses. Although the control experiments
with the ionic liquids showed negligible activity in the absence of the added acids,
high yields of product were obtained with the ionic liquid catalysts TPPTS or
TPP.HBr-[BMIM]PF¢. By rapid extraction of the product from the acidic ionic
liquid phase by diethyl ether, the reaction medium was successfully reused for 22
cycles without an appreciable activity loss. A gradual loss of the catalyst and a
reduced volume of the ionic liquid were noted, however, as a consequence of
transfer to the extraction solvent.

lonic liquid
| + ROH ——— =
Catalyst

0] O~ "OR
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As the process was carried out at a low temperature (18°C), decomposition of the
ionic liquids caused by the presence of the strong acids did not appear to be a
serious problem.

In another example, a catalytic amount of a Brensted acid such as H3;PO4 was
dissolved in [NRR';][NTf,] (R = hexyl, R’ = butyl) (//9). The catalyst was applied
for the condensation reaction of alcohols, which usually requires strongly acidic
media and dehydrating conditions. The condensation of veratryl alcohol was fa-
cilitated because the water that formed was continuously removed as vapor, which
assisted in driving the reaction to high yields. The product (cyclotriveratrylene)
separation, however, required the addition of a co-solvent.

When a Bronsted acid having a conjugated base identical to the anion of an ionic
liquid is mixed with the ionic liquid, the complication of anion compatibility is
avoided (/21). For example, the ionic liquids [HMIM]Tf,N and [HMIM]TfO
(H = hexyl) are suitable reaction media for protonic acid-catalyzed glycosidation of
glucopyranosyl diethyl phosphite and alcohols (Scheme 2), because they have low
viscosity, good hydrophobicity, and high solubility for the glycosyl donor and
several glycosyl acceptors. HOTf and HNTHT, are excellent choices of Brensted acids
for these ionic liquids because of their anion compatibility. Therefore, a low dose of
HOTf and HNTT, at 0.01-1% was selected with the corresponding ionic liquids of
the same anion. Compared to reactions in diethyl ether, toluene, acetonitrile, and
dichloromethane, the highest yield (91%) was obtained with the ionic liquid con-
taining protonic acid at 25°C in an hour. The product obtained from the ionic
liquid catalyst showed the highest B-stereoselectivity among the solvents evaluated.

Chloride-free ionic liquid was essential for the high activity; the addition of only
Smol% [BMIM]CI led to a significant decrease in the yield because of the basicity
of [BMIM]CI (/22). Remarkably, this acid—ionic liquid combination could be re-
used many times for the glycosidations without any loss in efficiency.

Bronsted acidic ionic liquids [HMIM]BF,, [HMIM]TfO, and [HMIM]TsO are
effective for proton- and metal-assisted catalytic processes such as the dimerization
of methyl acrylate and ring-closure metathesis (Scheme 3) (/23). For example, the
acidic [HBIM]BF, in association with the [Ru(= C = C = CPh,)(p-cymene)
(PCy3)CIJ[OTH] catalyst afforded a dramatic increase in the activity (100%) and
selectivity (100%) for the ring-closure metathesis of N,N-diallyltosylamide.

Changing the ionic liquid anion to triflate leads to a further increase in the
activity with no loss of selectivity (Scheme 3). The reaction product could be re-
moved by extraction with diethyl ether.

BnO proticacid Bno

BnO ionic liquid
Bncﬁ\»OP(OEﬂz + HO\D — %%
OBn OBn

25°C,1h
(2.0 equiv.)

SCHEME 2.
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Tonic liquids made from ethylamines and AlCl; were reported to be active catalysts
for the alkylation of 2-methylnaphthalene with long-chain mixed alkenes (C;;_;») at
ambient temperature (/24). The catalytic activity of the ionic liquids follows the
order EtNH;CI/AICI; (x = 0.71), <Et,NH,CI/AICI; (x = 0.71), <Et;NHCI/AICI,
(x = 0.71). The AICI; molar ratio (x) to the alkylamines is a key to determining the
catalystic activity. The optimal conditions for the alkylation reaction were observed to
occur at an aromatic hydrocarbon to alkene molar ratio of 4:1 and at a cyclohexane to
2-methylnaphthalene molar ratio of 2:1 in the presence of 7% of catalyst at 60°C.
More than 90% alkene conversion and 100% selectivity for the desired monoalkyl
methylnaphthalene product were observed. The reaction was completed rapidly, and
the product appeared to be stable over extended reaction times.

B. Lewis Acipic IoNic LiQuibs

B.1. Non-Chloroaluminate Lewis-Acid-Catalyzed Reactions

B.1.1. Friedel- Crafts Acylation. Acylation reactions have been carried out in
acidic chloroaluminate(IIl) ionic liquids (/25,126). The regioselectivities and reac-
tion rates are comparable to the best known for the traditional acylations. How-
ever, the consumption of the ionic liquid as a catalyst was high, as in the industrial
process that is carried out with AlCl;.

The ionic liquids made of ferric chloride and tin chloride displayed good prop-
erties as alternative catalysts in the acylation reactions (/27). For the acylation of
mesitylene with acetylchloride and for the acylation of anisole with acetylanhydride,
the best results were obtained with a ferric chloride-containing ionic liquid. The
conversions were much higher, and the selectivity obtained was in the same range
relative to those observed with the Al- and Sn-chloride-containing ionic liquids.

In-situ IR-spectroscopic characterization of the Friedel-Crafts acylation of
benzene in ionic liquids derived from AICIl; and FeCl; showed that the mechanism
of the reaction in ionic liquids was the same as that in 1,2-dichloroethane (/28). The
immobilization of ferric chloride-containing ionic liquid onto solid supports (e.g.,
silica and carbon) however failed to catalyze the acylation reaction, because leach-
ing was a serious problem. When the reaction was carried out with gas-phase
reactants, catalyst deactivation was observed.

B.1.2. Diels— Alder Reactions. The Diels—Alder reaction is one of the reactions
that has been most thoroughly investigated with ionic liquids (/). Adding a Lewis
acidic catalyst such as Sc(OTf); to ionic liquids improves endo selectivity (/29).
Ionic liquid co-solvent was found to activate the Lewis-acidic Sc(OTf); catalyst in
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the Diels—Alder reaction of linoleate with methyl vinyl ketone. Addition of the
Lewis acid and ionic liquid [BMIM]BF, to a non-polar solvent like CH,Cl, led to a
drastically shortened reaction time. Chloroaluminate-containing ionic liquids were
found to be active but unselective for this reaction (96).

Varying the alkyl group in the [AMIM]" ion is a convenient method for tuning
the ionic liquid performance in catalytic applications (/30). This approach was
used in a Diels—Alder reaction involving [AMIM]Tf;N ionic liquids. The 1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imides (in which alkyl = C5H>,
CioH»1, C¢HsCH,, CH50O(CH,»),, and HO(CH,),) are less viscous liquids at room
temperature. In the Diels—Alder reaction of cyclopentadiene with methyl acrylate, a
correlation between the stercoselectivity (endo/exo) of the reaction and the polarity of
the ionic liquid was observed; a greater polarity resulted in a higher endo/exo ratio.
The hydroxy-containing ionic liquid has a higher polarity than [C;(MIM]NTf,, and
therefore resulted in a better stercoselectivity.

Unusually high diastercoselectivity and enantioselectivity in Diels—Alder reac-
tions were achieved in ionic liquids at room temperature (/37). The selectivity rivals
that of the reaction in conventional solvents, for which a low temperature
(e.g., —78°C) is needed. Furthermore, the rate of the reaction is much higher in the
ionic liquids than in the conventional solvents, because the reaction is carried out at
room temperature in ionic liquids.

In another investigation, 1% ZnCl, in hydrogen butylimidazolium tetrafluo-
roborate ((HBIM]BF,) and 1,3-dibutylimidozolium tetrafluoroborate ((DBIM]BF,)
were found to be effective catalysts for the Diels—Alder reaction. The Diels—Alder
reactions of acryloyl oxazolidinones and cyclopentadiene proceed well in
[HBIM]BF, without ZnCl,, but for the reaction of crotonyl oxazolidinone with
cyclopentadiene, the presence of 1% ZnCl, in [DBIM]BF, gave the highest rate,
with a 68% yield to the cyclo adduct in a 92:8 endo/exo ratio (Scheme 4). For
comparison, Zn(OAc), or ZnCl, in the conventional solvents CH,Cl, or Et,O
resulted in rather low yields (only 2-13%) to the desired product.
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In the same work, it was demonstrated that 1% ZnCl, in [DBIM]BF, gave
55-97% vyields and very high diastereoselectivities (endo/exo ratio of 100:0) to
cycloadducts of chiral oxazolidinones at room temperature. For comparison, 1.4
equivalent of Et,AlCI in CH,Cl, gave a modest 62% cyclo adduct, with a poor
endo/exo ratio (endo/exo in 48:52).

A number of other ionic liquids have also been evaluated for Diels—Alder re-
actions, but mostly with model systems. Phosphonium tosylates were shown to be
good catalysts at temperatures of 80—100°C for the Diels—Alder reaction of isoprene
with oxygen-containing dienophiles, resulting in high regioselectivity, even in the
absence of Lewis acids (Scheme 5) (/32). The Lewis acid Znl, in [BMIM]PFg,
showed good activity and regioselectivity, even at a much milder reaction temper-
ature (20°C) (133).

Earlier works included investigations of [EMIM]PF¢, [EMIM]BF,, EMIM]T{O,
[BMIM][CIOy4], [(EMIM]CI/AICI3, and [BMIM]T{O (17,133—135). The addition of
a Lewis acid (e.g., Sc(TfO);) to ionic liquids promotes Diels—Alder reactions for
high product yield (129).

B.2. Chloroaluminate-Catalyzed Reactions

B.2.1. Alkylation. Lewis acidic ionic liquids have been extensively investigated as
replacements for AlClj; as catalysts for the alkylation of aromatics with alkenes. The
ionic liquids have strong Lewis acidity and also allow easy handling of the acid in
liquid state. An aromatic starting molecule typically has excellent solubility in the
ionic liquids, and the alkylated products have a much lower solubility (27). There-
fore, the Lewis acidic ionic liquids provide good opportunities for the formation of
products that have not undergone multiple alkylations. The prevention of exposure
to moisture during reaction and product separation is critical to allow for multiple
reuse of the liquid catalysts.

In the alkylation of benzene with 1-dodecene, complete conversion of 1-dodecene
was reached within 5 min in the presence of several strong Lewis acidic ionic liquids
(as well as a reference AICI; catalyst) (/36). However, the product distributions
were different. Anhydrous AlCl; was characterized by much lower selectivity for the
2-substutied isomer than the ionic liquid consisting of [EMIM]CI-AICI;. With
benzene in present large excess, dialkylated benzene and products of isomerization
and oligomerization of 1-dodencene were not observed. A higher selectivity to the
2-substituted dodecyl isomer was observed with the ionic liquids, in contrast to the
AICI;. The results were explained on the basis of stabilization of carbenium ion
intermediates by the ionic liquids.
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The alkylation of isobutane with 2-butene in ionic liquid media was investigated
with [AMIM] halide-aluminum chloride-containing ionic liquids (/37). A system-
atic investigation of the effect of the alkyl group in the [AMIM]" ion showed that a
larger alkyl group on the ion (e.g., [CsMIM)]) gives a higher activity than a smaller
one ([e.g., C¢ or C4MIM]) with the same anionic composition in the ionic liquids;
the effect is attributed to a high solubility of reactants in the former. Among ionic
liquids with various halide groups, bromides ([CsMIM]Br/AICl;) showed the high-
est activity. The characterization of the ionic liquids with ’Al NMR and FTIR
spectroscopies indicated the formation of [Al,ClgBr]™, which associates with the
hydrogen atom at the C(2) position of an imidazolium cation, resulting in strong
Bronsted acid. The optimum catalytic activity was observed at 80°C; at a higher
reaction temperature (120°C), the ionic liquid was characterized by lower activity
and trimethylpentane selectivity, because the solubility of the reactants and
Bronsted acid sites were reduced by the decomposition of imidazolium cation.
Remarkably, when the ionic liquid [CgMIM]Br/AlICl; was compared with sulfuric
acid under optimum conditions, it was found that the two catalysts are similar in
performance, with the ionic liquid, however, showing a higher activity and a lower-
TMP selectivity.

B.2.2. Dialkyl Ether Cleavage. Varying the mole fraction of AICl; in an ionic
liquid can optimize reactions that are sensitive to the strength of Lewis acidity.
When the ionic liquids [EMIM]CI/AICI; were applied for the acylative cleavage of
dialkyl ethers (Scheme 6), the reaction was found to be sensitive to the bulk Lewis
acidity of the ionic liquid solvent (/3§).

The acylative cleavage of the cyclic ether tetrahydrofuran showed an excellent
yield (95%) to 4-iodobutylbenzoate when fully acidic ionic liquid [EMIM]AICl,
was used, but the yield to di-functionalized product (61%) suffered when the mildly
acidic halogenoaluminate ionic liquid (which has a mole fraction of AICI; (x) at a
value of 0.52) was used as the solvent. In contrast, for 1,5-dimethyltetrahydrofuran
and tetrahydropyran, a good yield to the cleavage products was obtained when the
mildly acidic chloroaluminate was used.

In recent work a serendipitous discovery showed that strongly acidic
chloroaluminate-containing ionic liquids, whether in combination with trialkylam-
monium or with dialkylimidzolium cations, are active and selective for the cleavage
of aromatic methyl ethers, even at temperatures <40°C. The ionic liquids are con-
sistently better catalyst than AlCl; for this type of reaction (/39).

Good selectivity in alkene (ethylene or butene) alkylation with isoparaffins has
been reported for acidic chloroaluminates (/40). The ionic liquids have also been
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applied to the alkylation of benzene and to the polymerization of isobutylene
(141,142).

It was recently demonstrated that a chloroaluminate ionic liquid is well suited to
the Pechmann synthesis of coumarins, which are well-known anticoagulants and
are also used in a number of other applications (/43). The reaction involves the
condensation of phenols with B-ketonic esters in the presence of an acid catalyst
(144). When conventional acid catalysts (e.g., sulfuric acid, trifluoroacetic acid, or
aluminum chloride) are used (/45), large excess of the conventional acid catalysts
was necessary for the reaction. For this reaction, it was reported that the acidic
chloroaluminate ionic liquid corresponding to an AlCl; mole fraction (x) of 0.67
gave a maximum yield. The reaction time was drastically reduced with most of the
substrates. An excellent yield of coumarins was observed, even under ambient
conditions. In contrast, a high temperature was needed in conventional preparation
with AICl; in nitrobenzene to drive the reaction to completion. Another advantage
of the strongly acidic ionic liquid is that no detectable undesired product from
demethylation of 3-methoxyphenol was observed at temperatures <30°C. As the
traditional method requires high temperatures, demethylation has been a significant
issue.

C. Basic Ionic LiQuips AND RELATED REACTIONS

C.1. Aldol Reaction

Aldol condensation is one of the basic organic transformations for the formation
of C—C bonds. The most promising approach leading to stereoselective aldol re-
actions involves the use of small organic molecules that mimic enzymes (/46).
Proline has been demonstrated to be a catalyst for asymmetric direct intermolecular
aldol condensation. A strong solvent influence on the enantiopurity of the products
was observed; anhydrous DMSO has been found to be the most suitable solvent
(147). To enable catalyst reuse, [BMIM]PF¢ was evaluated as a solvent to isolate
proline. The resulting catalyst was effective for the conversion of a large number of
2- and 4-substituted benzaldehydes. Aldol products were obtained in good yields
(61-94%) with satisfactory enantioselectivities (61-93% ee). The [BMIM]PF cata-
lyst was shown to be recyclable and, in many cases the product yield and enan-
tiopurity were comparable to those obtained with the fresh catalyst (/48).

In similar works, a number of [AMIM] " -containing ionic liquids were evaluated
for proline-catalyzed aldol reactions. The catalyst in the ionic liquid with CI™ as the
anion was characterized by a higher reaction rate than the ionic liquids with the
anions BF; and PFg, but elimination products affected the yields in the latter ionic
liquids (149).

Several NaOH-treated ionic liquids for self- and cross-aldol condensation reac-
tions of propanal provide an interesting example illustrating improved product
selectivity in a system in which competing reactions take place (/09). In the self-
aldol condensation reaction of propanal, 2-methylpent-2-enal is formed. The re-
action progresses through an aldol intermediate and produces the unsaturated
aldehyde. The NaOH-treated ionic liquid [BDMIM]PF¢ gave the highest product
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selectivity (82%), identical to the selectivity obtained with an aqueous base. How-
ever, with the NaOH-treated [BMIM] PF¢ ionic liquid, although a quantitative
conversion of propanal was also observed, a large amount of higher-boiling alde-
hydes was also produced. The results indicate the role of an increased solubility of
the Cq aldehyde products in the ionic liquid, favoring the formation of higher-
boiling side products via cross-aldol condensation reactions. High selectivity for Cg
aldehydes such as 2-methylpentanal is essential for the subsequent synthesis of
2.4-dimethylhept-2-enal, as described below.

Following a selective hydrogenation of the self-condensation product, a cross-
aldol condensation reaction was carried out by reacting 2-methylpentanal with
propanal. The selectivity for the desired 2,4-dimethylhept-2-enal product was 20%
higher with the NaOH-containing ionic liquid than with aqueous NaOH. The in-
creased selectivity was attributed to the higher solubility of the starting material 2-
methylpentanal in the ionic liquid. In the aqueous NaOH, the substrate propanal is
fully soluble, but the other substrate, 2-methylpentanal, has only limited solubility.
Even with a four-fold excess of 2-methylpentanal to compensate for the low sol-
ubility, the product selectivity was only 60%. The major competing reaction is the
self-condensation of propanal to form 2-methylpent-2-enal. By carrying out the
same reaction under identical conditions in the basic [BMIM]BF, ionic liquid
phase, the competing reaction was reduced markedly, and the product selectivity
for the desired 2,4-dimethylhept-2-enal increased to 80%.

C.2. Knoevenagel Condensation

The Lewis acidity of a catalyst for the Knoevenagel condensation of substituted
benzaldehydes with ethyl malonate was tuned by simply varying the apparent mole
fraction of AICI; (/50). The rate of the Knoevenagel reaction relative to the con-
secutive competing Michael reaction, which consumes the Knoevenagel product
and ethyl malonate, depends on the mole fraction x of AICl; in the ionic liquid
[BMIM]CI/AICI;. At x = 0.5, the ionic liquid catalyzes the Knoevenagel reaction.
With an increase in x from 0.5 to 0.67, the Michael reaction becomes important.

An organic base in an ionic liquid was also found to be effective for a Knoevenagel
reaction. Glycine was added to the ionic liquid [HMIM]PFg as the base catalyst. The
reaction proceeded at room temperature in air without the need for rigorous drying
of the ionic liquid. Glycine and the reactants malononitrile and benzaldehyde dis-
solved readily in the ionic liquid. The product was extracted from the ionic liquid
phase with an immiscible co-solvent, toluene (110).

C.3. Robinson Annulation

The Robinson annulation of ethyl acetoacetate and trams-chalcone was
investigated with pulverized NaOH in [BMIM]PFg as the base catalyst at 100°C
(110). The mixture was neutralized before extraction with toluene. The product,
6-cthoxycarbonyl-3,5-diphenyl-2-cyclohexenone, was obtained by purification in a
silica gel chromatography column. A yield of 48% was obtained (Scheme 7). The
ionic liquid could be recycled and reused with no diminution of product yield. The
C2 position in imidazolium cations is an acidic proton donor and may have reacted
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with the base catalysts to form imidazolidene carbenes (/51,152). It was therefore
suggested that the active bases in the Knoevenagel and Robinson annulation re-
actions are carbenes.

D. NEeutrAL lonic LiQuips AS CATALYSTS

Neutral ionic liquids such as [AMIM]BF, and [AMIM]PF; function as catalysts
for a limited number of reported reactions. The purities of such ionic liquids have
been a concern. Because unknown impurities could give misleading results, care
needs to be taken in the preparations (/53).

The ionic liquid [BMIM]BF, was reported to catalyze the selective ring opening
of epoxides with aryl amines for the synthesis of corresponding B-amino alcohols
under mild and neutral conditions with excellent yields and high regioselectivity
(154). These reactions have traditionally been carried out with large excesses of the
amines at clevated temperatures, resulting in low regioselectivity. Metal amides,
metal triflates, and transition metal halides have been developed to perform the
epoxide ring opening with amines under mild conditions (/55—-7157). Undesirable
side reactions include the rearrangement of the oxiranes to allyl alcohols under
basic conditions and polymerization under strongly acidic conditions.

In the presence of [BMIM]Br, aryl oxiranes are cleaved by a variety of amines,
giving exclusively a regioselective product from benzylic attack. Other epoxides
(including glycidyl aryl ethers, glycidyl alkyl ethers, and esters), alkyl oxiranes, and
cycloalkyl epoxides are also converted. Remarkably, all the reactions were found to
proceed efficiently at ambient temperature with high regioselectivity. The product
yields reached 80-90% in a few hours.

The products were weakly soluble in the ionic phase. They were separated by
extraction with ether. The viscous ionic liquid could be reused in five runs without
any loss of activity after thorough washing with ether and drying at 80°C after each
run. In contrast, the reaction did not proceed in the polar organic solvents DMF
and N-methylpyrrolidine, even at higher temperatures (75-80°C). The ionic liquids
[BuyN]CIl and [BMIM]CI were also found to be ineffective.

The ionic liquid [BMIM]BF,4 was found to efficiently catalyze the three-component
coupling reactions of aldehydes, amines, and homophthalic anhydride under ambient
conditions to give the corresponding cis-isoquinolonic acids in excellent yields with
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high cis-selectivity (/58). There was a slow decrease in activity observed in consec-
utive tests with recycled ionic liquid, but the activity of the ionic liquid became
consistent in runs with no decrease in yield when the recycled ionic liquid was
activated at 80°C under vacuum. In contrast, several Lewis acids (such as BF; - OEt,,
TiCly, and SnCl,) were decomposed or deactivated by amines and water during imine
formation.

[BMIM]BF, and [BMIM]PF, were used as catalysts to activate aryl halides for
nucleophilic substitution reactions with secondary amines at room temperature.
The corresponding arylamines were obtained in high yields (159).

Tetraalkylammonium bromide was found to be a good catalyst for the conjugate
addition of thiols to a,B-unsaturated nitriles, carboxylic esters, ketones, aldehydes,
and nitro alkenes. The reactions proceeded rapidly and gave high yields of products
(typically, 90%) (160).

V. lonic Liquids as Catalyst Carriers

A. CHARACTERISTICS OF IoNic LiQuiD CATALYST CARRIERS

A.l. Inert Catalyst Carriers

In general, ionic liquids are weakly coordinating, and typically, they are chem-
ically inert. Therefore, they are suitable catalyst carriers for a wide variety of cata-
lysts, including organometallics and Lewis acidics, which are applicable in many
conventional homogeneous catalytic reactions. Nearly inertionic liquids have also
been used as media to prepare and isolate metal nanoclusters, such as Ir and Rh
(12). Metal nanoclusters can be stabilized in the ionic liquid phase; the extraction of
gold nanoclusters from an aqueous phase into an imidazolium-containing ionic
liquid phase has been reported (/61).

It is emphasized that not all ionic liquids are inert. Caution must be exercised
particularly regarding the acidity of C2 groups in [AMIM] . This position can be
substituted with an alkyl group, making the cations inert (Section I11.D.7).

A.2. Stabilization of Transition States

Because many of them are nearly inert, ionic liquids have been used to stabilize
highly polar or ionic transition states. Ionic liquids provide favorable media for the
formation and stabilization of intermediates in reactions that proceed through
charged intermediates. An example is the Baylis—Hillman reaction catalyzed by 1,4-
diazabicyclo (222). octane (DABCO) (Scheme 8) (162).

In the proposed mechanism (Scheme 9), the rate-determining step is the reaction
between aldehyde and enolate. In the absence of a solvent, a major issue with this
reaction is the typical low rate and the need for a high concentration of catalyst
(usually DABCO). It was reported recently that, under basic conditions, the ionic
liquid [BDMIM][PF6] is inert and that the Baylis—Hillman reaction in
[BDMIM]PF4 proceeds smoothly with better yields than in [BMIM]PF (163).
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A remarkable increase in the rate was observed when the reaction was conducted
in ionic liquids instead of CH3;CN (Fig. 13). The rate increased by 11 times in
[BMIM]BF,4 and 34 times in [BMIM]PFg4. Furthermore, the product yield was
significantly enhanced in [BMIM]PF¢ (65%), and this value is considerably higher
than that in CH3CN (35%) and is comparable to that of characterizing the neat
reaction. The enhanced reaction rates in the ionic liquids were attributed to a shift
in the equilibrium favoring stabilization of the zwitterionic intermediate.

A.3. Lewis Acidity

Lewis acidity is readily obtained in ionic liquids by selecting the anionic species or
by dispersing a Lewis acid in an anionic liquid. Several types of Lewis acids and
their catalytic applications are reviewed below.

Lewis acidic InCl; was dispersed and isolated in several ionic liquids for the
tetrahydropyranylation of cinnamyl alcohol with 3,4-dihydro-2H-pyran (/64).
Tetrahydropyranylation is one of the most widely used processes for the protection
of alcohols and phenols in multi-step syntheses of complex natural products. With
5-mol% InCl; dispersed in [BMIM]PFg, the desired tetrahydropyranyl (THP) de-
rivative was obtained in 92% yield. Similarly, a wide range of hydroxy compounds
was converted to the corresponding THP ethers in excellent yields. The reactions
proceeded efficiently at ambient temperature with high chemoselectivity. The re-
action conditions were mild enough to avoid isomerization of multiple bonds dur-
ing pyranylation of allylic and propargylic systems. The reaction medium was also
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Fic. 13. Effect of the ionic liquid [BMIM]PF¢ on catalysis of the Baylis—Hillman reaction. Repro-
duced with permission from Rosa et al. (162).

highly selective for the protection of hydroxyl groups in the presence of highly acid-
sensitive protecting groups, such as epoxides and acetals, which is difficult to
achieve under the more severe conventional conditions. The catalyst was also ef-
fective for the reaction of alcohols with 2,3-dihydrofuran at ambient temperature
with high chemoselectivity. The tetrahydrofuranyl ether products were isolated in
high yields (about 90%) after 3—-6 h. [BMIM]BF4 was also effective for the same
reaction. [BMIM]CI and n-BuyNCI are poor solvents for the reaction. In these ionic
liquids, stronger interactions between InCl; and CI™ are expected, as InCl; has been
reported to form ionic liquids with [EMIM]CI (165).

Enhanced reaction rates, improved yields, and high functional group compat-
ibility are the features demonstrated by these ionic liquids. The products are weakly
soluble in the ionic phase, so that they are easily separated by simple extraction with
ether.

Metal triflate Lewis acids can also be dispersed in ionic liquids for catalytic
applications. Acetylation of alcohols with acetic anhydride and acetic acid has been
reported with Cu(OTY),, Yb(OTf);, Sc(OTf)3, In(OTf);, HfCl,. (THF),, and InCls
in ionic liquids that consist of [BMIM]" and the anions BFj, PFg, or SbFs (166).
With 1 mol% acid, all the catalysts in [BMIM]PF4 showed >99% acetylation
products in acetyl anhydride acetylation of benzyl alcohol. Sc(OTf); showed the
best yield with recycling, with a 25% drop in yield after two cycles. A relatively long
reaction period was needed to obtain a high yield (95-98%) for the acetylation of
benzyl alcohol with acetic acid, indicating that the activities of the catalysts were
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low for this reaction. The ionic liquids [BMIM]BF, and [BMIM]SbF, were less
effective solvents than [BMIM]PF for the catalysts used for acetylation with acetic
acid.

Non-chlorinated Lewis acids, such as scandium triflate, were found to be good
catalysts for Friedel-Crafts alkylation reactions (/67). Although no aromatic hy-
drocarbon alkylation occurred in CH,Cl, [BMIM]PFg, Sc(OTf); catalyzed the al-
kylation of benzene with high yields of the monoalkylated product. The lower
acidity of the ionic liquid led to fewer byproducts and therefore higher yields. The
products were separated by simple decantation and the catalyst was reused.

In another example, a catalytic amount of cerium triflate hydrate was dispersed
and isolated in [BMIM]PF4 for the direct formation of tetrahydropyranol deriv-
atives. The reaction involves a simple homoallyl alcohol and an aldehyde. When an
organic solvent such as chloroform was employed, an undesired ether derivative
formed as the major product. In the ionic liquid, however, the desired tetra-
hydropyranol was exclusive. Although the yield was moderate, this example con-
stitutes the first relatively facile and direct formation of the synthetically useful
pyranol derivative; the only effective catalyst reported is the ionic liquid (/68).

A.4. Dispersion and Isolation of Organometallic Catalysts

Many organometallic catalysts are soluble in ionic liquids, especially including
ionic compounds. Neutral species, such as Wilkinson’s catalyst, are also soluble to
some extent in ionic liquids (/69). There are numerous examples illustrating the
dispersion and isolation of organometallic catalysts in ionic liquids; a list of
examples is given in a recent review (/).

Often in the literature, the term ‘catalyst immobilization” has been used to
describe the dispersion and retention of a catalyst in an ionic liquid, although it is
generally understood that the catalyst in the ionic liquid is not truly immobilized as
it is on a solid support surface; the term “catalyst immobilization” is avoided in this
context here.

A primary incentive for the use of ionic liquids as media for transition-metal
catalyzed reactions is the opportunity to recycle expensive catalysts and ligands and
at the same time preventing contamination of the products by the catalysts and the
ligands. There are many examples demonstrating the retention and recycling of
orgamometallic catalysts by the use of ionic liquids. The principle is simply the
retention of ionic or polar catalytic species in the ionic liquid without the need
for specially designed ligands. An example is alkene hydrogenation catalyzed by
the complexes [HRh(PPhs),(L,)]JPFs in [BMIM]|BF, (/70). The cluster
[HyRuy(CeHg)4]BF4 is also soluble and stable in [BMIM]BF, (/70). In the pres-
ence of H,, it probably forms [HeRu4(Ce¢Hg)4](BF4),, which is an active arene hy-
drogenation catalyst.

A.5. Ligand Partitioning Effects

When the active catalyst species is not charged, partitioning of transition metal
complexes into the organic phase can be controlled by using functionalized ligands.
For example, organophosphorus ligands have been used widely as ligands for
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asymmetric hydrogenation catalysts. To protect the metal complexes from leaching
from an ionic liquid during the reaction and separation steps, some charged phos-
phorus ligands have been designed; two examples are shown in Scheme 10
(171,172).

Other ligands chosen by a similar strategy were also reported (/73,174). They
have been used to retain rhodium complexes in ionic liquids for alkene hydro-
formylation.

050, is a well-investigated catalyst for asymmetric dihydroxylation (AD) of al-
kenes, particularly for chiral drugs and fine chemicals (/75). The high cost of os-
mium and chiral ligands, combined with the high toxicity and volatility of the
osmium component, have made their large-scale industrial application difficult
(176,177). Possible product contamination by osmium leaching from homogeneous
systems has restricted the use of the catalyst for AD reactions in industry (/78).

A specific ligand design strategy was implemented for favorable partitioning of
the catalyst OsOy in ionic liquids (/79). It involved the selection of a pre-ligand,
which strongly coordinates to the oxide catalyst. The pre-ligand, containing C = C
bonds, was converted into a new dihydroxylated ligand in situ during the catalytic
AD reaction of the reactant stilbene. The dihydroxylated ligand showed a remark-
able strength of coordination to OsOy4 as well as strong affinity for the ionic ligands.
High activity was obtained with the catalyst.

By taking advantage of the polarity of [BMIM]PFy, the pre-ligand,
[(QN),PHAL] (Scheme 11), with highly polar groups, was selected for its compat-
ibility with the ionic liquid. This ligand showed excellent performance with OsO4
when it was applied for the AD of the model compound stilbene under standard
conditions in the ionic liquid. The [(QN),PHAL] ligand itself was further converted
in situ with the reactant into a new bis-cinchona alkaloid ligand. The new lig-
and produced a dramatic improvement in the recyclability of the two catalyst
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components. The recovered ionic liquid phase containing osmium and the new bis-
cinchona alkaloid ligand were reused with no detectable leaching, even at much
reduced catalyst loadings (0.1 mol% vs. >1mol% in comparable systems). The
same ligand in combination with a catalyst, K,0sO,(OH)4/K;Fe(CN)g, in a bipha-
sic [BMIM]PF4/H,O reaction system and a monophasic [BMIM]PF4 /H,O/t-BuOH
system for the AD reaction of 1-hexene was also reported (/80). The multiple cycle
test results consistently showed the remarkable partitioning of the OsO, catalyst in
the [BMIM]PFg ionic liquid through the favorable partitioning of the ligand. Most
significant is a remarkable reduction of Os contamination in the product.

A.6. Ligand Effects of Ionic Liquids

In general, a significant advantage of using ionic liquids for the stabilization of
organometallic catalysts is their weak coordinating effect. Therefore, stronger lig-
and effects imposed by halide impurities in ionic liquids should be avoided.

However, the bromide ion in [BMIM]Br or [TBA]Br has been found to become
beneficial when used to stabilize the noble metal catalysts that are prone to form
zerovalent nanoparticles, which could agglomerate further under reaction condi-
tions, resulting in the loss of the catalysts (84).

To prevent the loss of palladium as palladium black, two groups independently
reported the use of a halide ion and the active nature of the acidic C2 groups in
[AMIM] . In one case, [TBA]Br was used. The anion and the cation of [TBA]Br
played a double role in the catalyst. The bromide ion, by reacting to give a rather
unstable 14-electron complex, L,Pd° led to an anionic, more stable, and catalyt-
ically active 16-electron complex, [TBA]*[L,Pd°Br]~. The formation of this large
complex, by imposing a Coulombic barrier for collision, impedes the growth of
clusters into metal particles. This catalyst has been shown to be successful in
the Heck reaction of bromoaromatics with 3-hydroxy-2-methylenealkanoates to
give B-arylketones (/81).

The ligand effect of the halides on the stabilization of the metal catalyst, however,
follows the efficacy order: Br>Cl~™ ~ I". Although the I" ion is a weaker ligand
than Br—, Cl™ is too strong, so that the accessibility of the metal center by reactant
is hindered. When a palladium complex catalyst was placed in a bromide-containing
ionic liquid, the catalyst was shown to be stable for the Heck reactions without
precipitation of the metals. [TBA]Br performed better than [BMIM]Br; the struc-
tural difference between [NBuy] " and [BMIM]" accounts for the difference, with
the Br~ being more strongly coordinated in [NBuy|Br due to a weak association
with the bulky tetrahedral ammonium ion than the Br™ associated with the planar
[BMIM] " ion. Therefore, Br~ in [TBA]Br is a stronger ligand for the metal than the
Br™ in [BMIM]Br (182).

Another strategy was successfully implemented by synthetic deprotonation of the
acidic C2 group of the imidazolium cation by basic ligands of metal complexes,
forming carbenes (Scheme 12). When Pd(OAc), was heated in the presence of
[BMIM]Br, a mixture of palladium imidazolylidene complexes formed. The pal-
ladium carbene complexes have been shown to be active and stable catalysts for the
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Heck and C-C coupling reactions (/83). The highest activity and stability of pal-
ladium was observed in the ionic liquid [BMIM]Br.

A similar palladium catalyst with benzothiazole ligands has been shown to be
stable at high temperatures in the presence of oxygen and moisture (Scheme 13).
This catalyst is active for C—C coupling reactions, both in conventional solvents and
in ionic liquids such as [TBA]Br (/82,184). For the Heck arylation of 3-hydroxy-2-
methylenealkanoates using the ionic liquid [TBA]Br as a solvent, the stability of the
catalyst in the ionic liquid makes its recycling feasible. For example, in only 3 g of
[TBA]BT, after three cycles, 8 g of bromobenzene was processed with a total number
of turnovers of about 1700, thus making the whole process economically viable
(185). Isolated in [TBA]Br (m.p. 110°C), the catalyst gave a good yield to met-
hoxycarbonylation from organic halides (84). The catalyst in the same ionic liquid
was also reported to be active for the arylation allylic alcohols to give B-arylated
carbonyl compounds (/86).

A.7. Ionic Tagging of Active Catalysts

According to a different approach to tailoring a catalyst for the desired ionic
character, the catalyst was modified by the attachment of an imidazolium ion. This
approach was demonstrated for a vanadyl salen complex, VO(salen)@IL (Scheme
14) (187).

The modified catalyst is insoluble in conventional organic solvents but totally
miscible with imidazolium-containing ionic liquids. The catalyst showed high ac-
tivity for the cyanosilylation of aldehydes and, as expected, remained isolated in the
ionic liquid phase after use (for more details, see Section V.A.12).

Another example is the ionic tagging of a ruthenium carbene catalyst for ring-
closing alkene metathesis. A [-(CH»);-MIM] " PFg moiety was built into the struc-
ture of the catalyst, which enabled the long-term retention of the catalyst in the
[BMIM]PFg ionic liquid for multiple recycles (/88).
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The carbene complexes can also be formed by direct oxidative addition of ze-
rovalent metal to an ionic liquid. The oxidative addition of a C—H bond has been
demonstrated by heating [MMIM]BF, with Pt(PPhs), in THF, resulting in the
formation of a stable cationic platinum carbene complex (Scheme 15) (/89). An
effective method to protect this carbene-metal-alkyl complex from reductive elim-
ination is to perform the reaction with an imidazolium salt as a solvent.

Although most anions in ionic liquids are known to be generally weakly coor-
dinating, including the Al,Cl7 anion, a special case of ligand replacement involving
chloroaluminate anions was reported recently for the oligomerization of ethylene
catalyzed by nickel(IT)-diiminophosphorane complex catalysts with an alkylalumi-
num co-catalyst (/90). A three-fold enhancement of catalytic activity was observed,
resulting from the replacement of the diiminophosphorane ligands by organoalu-
minate anions, AICl4_Et,. The authors proposed that these chloroaluminate coun-
teranions displace tightly bound chelates such as diiminophosphoranes from the
active metal center.

A.8. Hydrophobicity-Aided Catalysis

The effect of hydrophobicity of some ionic liquids was explored (/19) in a recent
example of a condensation synthesis involving a quaternary ammonium amide. The
water produced was continuously removed from the reaction mixture, producing a
much higher yield than had previously been possible for this reaction in other
media.

A.9. Enhanced Reaction Rate Due to Increased Substrate Solubility

There are many reports of benefits resulting from high solubilities of substrates.
One example is the biphasic Trost Tsuji coupling (Scheme 16) involving [BMIM]CI
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and methylcyclohexane (/97). PdCl, was readily dissolved in the ionic liquid phase,
providing a precursor for zerovalent palladium for the subsequent formation of the
Pd/TPPTS complex catalyst (TPPTS = triphenylphosphinetrisulphonate, sodium
salt). A10-fold increase in catalytic activity was observed relative to that of a
butyronitrile/water system because of the higher solubility of the substrates in the
ionic liquid. Enhanced selectivity was also in part the result of the suppression of
the formation of cinnamyl alcohol and phosphonium salts.

A similar example is the monophasic reaction of 3-acetoxy-1,3- diphenylpropene
with dimethyl malonate in [BMIM]BF, (/92). The product was obtained in 91%
yield after 5h at room temperature with a Pd(OAc),/PPh; catalyst and K,COs as
the base.

A unique opportunity was created for the carbonylation of alkylamines or ar-
omatic amines with CO, in CsOH-treated [BMIM]CI, as both reactants have suf-
ficient solubility in the ionic liquid. The products are symmetric urea derivatives.
Yields >90% were obtained from the carbonylation of alkylamines, but lower
yields were obtained with aromatic amines. The products precipitated when water
was added (193).

A.10. Solubility-Aided Product Selectivity

The reduced product solubility in ionic liquids provides a convenient control of
the reaction equilibrium favoring high product selectivity by limiting consumption
of the product in consecutive reactions. The properties of ionic liquids can be
specifically tailored to achieve this goal.

Control of the molecular weight of products of polycondensation reactions by the
use of ionic liquids as solvents has been reported (/94), exemplified by the poly-
condensation of diethyloctane-1,8-dicarboxylate and 1,4-butanediol with the celite-
supported lipase Pseudomonas cepacia (PS-C) in [BMIM]PFq. In a search for an
alternative solvent for the enzymatic polycondensation (which has been investigated
extensively in conventional organic solvents (/95)), [BMIM]PF¢ was found to be an
excellent medium for the reaction. The polymer product (after precipitation with
methanol) had an average molecular weight of 2230. Even after a prolonged in-
cubation time, the average molecular weight of the polymer obtained at room
temperature was limited to about 2270, but reaction at 60°C gave a molecular
weight of about 5400. In control experiments carried out under identical conditions
in the ionic liquid, no reaction was observed in the absence of the enzyme.
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An interesting feature of this enzymatic polymerization in [BMIM]PF is that
the polymeric material exhibited remarkably narrow polydispersity values,
My /M, = 1.04-1.03, a value that was maintained in the seven-day test. The
authors related this value to the insolubility of the polymer formed in the ionic
liquid after it exceeds a certain molecular weight limit. This observation opens the
possibility of tailoring ionic liquids with varying solvating abilities for structural
manipulation of desired polymeric material.

Similar indications of narrow polydispersities were reported for the polymeriza-
tion of ethylene, propylene, butylenes, pentene, hexene, and octene with TiCl, in
[BMIM]AICI; having a small excess of AlCl; (/96). The oligomers were formed in
up to 98% total yield after 4 h at 60°C. The products were easily decanted from the
reaction mixture. Interestingly, oligomers with similar molar mass were obtained
independent of the monomer used. Furthermore, the oligomerizations were unex-
pectedly selective and yielded narrow, monomodal polydispersity (D = 1.4-2.5).
Depending on the reaction temperature, values of M, = 1290-1620 g/mol and
M, =530-970 g/mol were determined for polyethylene, and values of
M,, = 6501340 g/mol and M,, = 440-890 g/mol were determined for polymers of
higher 1-alkenes. In contrast, propylene polymerization in toluene under similar
conditions yielded a broad trimodal polydispersity (D = 95), and a higher value of
My, = 97 900 g/mol (M, = 1030 g/mol). The polymer obtained from the ionic liquid
had a higher degree of branching than that from toluene. A possible rationalization
of the results is that growing non-polar hydrocarbon chain started to float on the
reaction medium whenever a certain chain length was reached, so that no further
coordination to the active catalyst in the ionic liquid could occur.

When self-condensation of one of the reactants competes with the desired inter-
molecular reaction, such as, 2A —C and A + B—E, where E is the desired product,
it is obvious that the rate of the second reaction is improved by increasing the
availability (or solubility) of B in a solvent. The principle has been demonstrated
with a cross aldol condensation reaction, as shown in Scheme 17 (109).

Aqueous base (e.g., NaOH or basic ion-exchange resin) has been used for Aldol
reactions. In this case, the performance of the ionic liquids containing 1mol%
NaOH was compared with that of water with the same NaOH content. In the Aldol
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II reaction under similar conditions at temperatures between 80 and 100°C and with
a four-fold excess of 2-methylpentanal (to compensate for the low solubility), the
selectivity for the Aldol II product (80%) was 20% higher in [BMIM]BF,/NaOH
than in the water/NaOH system, both at 100% propanal conversion. The
increased selectivity was attributed to the higher solubility of the reactant
2-methylpentanal in the ionic liquid phase than in the water phase. The higher
solubility of 2-methylpentanal effectively suppressed the self-aldol condensation in
the ionic liquid.

A.11. Effect of Co-Solvents

Catalysis in ionic liquids also offers flexibility in the control of the reaction
kinetics and selectivity that is otherwise difficult to achieve in heterogeneous sys-
tems. Co-solvents markedly affect product selectivity. An example is the dime-
rization of ethylene to give butenes in a two-phase system involving Ni(II)
complexes as catalysts that are soluble in [BMIM]CI/AICI; (in the presence of
AIEtCl,). With [Ni(MeCN)g][BF ], as the catalyst, the use of toluene as a co-solvent
was essential for the ethylene dimerization activity and selectivity. The main prod-
uct was but-1-ene. When heptane was used as the organic solvent (or none was
used), a mixture of higher ethylene oligomers formed (/97). Aromatics generally
have higher solubilities in ionic liquids than alkanes. In all cases, the products are
easily removed by decantation. The nickel complex remains almost quantitatively in
the ionic liquid phase, allowing for multiple uses of the catalyst without changes in
selectivity or turnover frequency (TOF).

A.12. Structural Effects of Cations

Although ionic liquids have been considered weakly coordinating for most or-
ganometallic catalysts that are isolated in the liquids, it has been noted that neg-
atively charged metal complexes can be rendered inactive as a result of the exchange
of counter ions of the complexes with the cations of the ionic liquids. For example,
K3Co(CN)s is a catalyst that selectively hydrogenates conjugated dienes. Hydro-
genation of butadiene with this catalyst in [BMIM]BF, at 25°C gave a 100% yield
of but-1-ene (/98). However, the catalyst turned completely inactive after the re-
action; [BMIM];Co(CN)s had formed as an inactive complex. This complex forms
at room temperature in the absence of hydrogen and butadiene. The interaction of
[BMIM] " with Co(CN)3~ was strong and prevented coordination of the dienes to
the metal center.

In another example, RuCl,(PPhs); in [BMIM]CI was shown to be a much less
active catalyst than this complex in the ionic liquids [R4N]CI or [R4N]OH for the
aerobic oxidation of alcohol (/99). The weaker association of the bulky tetraalkyl-
ammonium cation than the planar [BMIM] cation with the anion appears to be the
principal reason for the difference.
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A.13. Reactivity of Proton at C2 Position in Imidazolium Ion

The strong acidity of the proton at the C2 position of a [AMIM]" ion has been
well recognized (/83). This cation can react with palladium complexes to form
inactive 1,3-dialkylimidazol-2-ylidene palladium complexes (200), as confirmed in a
study of the conventional Pd(OAc),/PPhs/base catalyst in ionic liquids for the
telomerization of butadiene with methanol at 85°C (201).

Although such catalyst systems are known to have rather high productivities for
the reaction, the addition of several equivalents of 1,3-dialkylimidazolium salts per
equivalent of palladium leads to complete deactivation of the catalyst, which was
attributed to the formation of highly stable palladium imidazolylidene complexes
(Scheme 18).

The detrimental effect of the reactive proton-donor group in the [AMIM]" ion
was further confirmed by the use of an ionic liquid with the proton at the C2
position replaced by a methyl group. The palladium catalyst in [BDMIM]PF
showed high activity and selectivity in a biphasic system that allowed reaction with
multiple recycles and little loss of activity.

A.14. Phase Transfer Effect

A biphasic system consisting of the ionic liquid [BMIM]PF¢ and water was used
for the epoxidation reactions of a,B-unsaturated carbonyl compounds with hydro-
gen peroxide as an oxidant at room temperature (202). This biphasic catalytic
system compared favorably with the traditional phase transfer catalysts. For ex-
ample, under similar conditions (15°C and a substrate/NaOH ratio of five), the
[BMIM]PF4/H,O biphasic system showed a mesityl oxide conversion of 100% with
98% selectivity to a,B-epoxyketone, whereas the phase-transfer catalyst with tet-
rabutylammonium bromide in a CH,Cl,/H,O biphasic system gave a conversion of
only 5% with 85% selectivity.

The new ionic liquid/H,O system has also been shown to be highly effective for
the epoxidation of various o,B-unsaturated carbonyl compounds. [BMIM]PF¢ re-
tained almost all of its original activity for the epoxidation of mesityl oxide, even
after eight repeated uses.

A mass-transfer model was proposed to account for the function of the
[BMIM]PF¢/water biphasic system in the reaction (Scheme 19). According to this
model, a small quantity of [BMIM]PFy dissolved in water exchanged its anion
with H,0, to form Q "OOH ™, which was transferred into the [BMIM]PF phase to
initiate the epoxidation reaction. In this reaction system, the ring-opening
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hydrolysis of a,B-epoxyketones was suppressed, resulting in the high selectivity to
a,B-epoxyketones.

In this system, although the pH was optimized to minimize the decomposition of
H,0,, a four-fold excess H>,O, had to be used to allow a high conversion of the
reactants.

A chiral phase transfer catalyst was dissolved in ionic liquid media for the
enantioselective Michael reaction of dimethyl malonate with 1,3-diphenylprop-2-
en-1-one with K>,CO;3; (203). The phase-transfer catalyst was a chiral quininium
bromide (Scheme 20). The reaction proceeded rapidly with good yield and good
enantioselectivity at room temperature in all three ionic liquids investigated,
[BMIM]PFg, [BMIM]BF, and [BPy]BF,. In the asymmetric Michael addition, the
enantioselectivity or the reaction in [BPy]BF, was the same as in conventional
organic solvents.

B. CataLyTIiC REACTIONS

The applications of ionic liquids in catalysis have expanded widely to include
reactions with an extremely broad diversity. Ionic liquids have been evaluated for
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many types of organic reactions typically carried out in organic solvents with
soluble catalysts, including, for example, the Sakurai reaction, which is a Lewis
acid-mediated addition of allyltrimethylsilane with o,3-unsaturated ketones to form
9, e-unsaturated ketones (204), and the 1-pentyl-3-methylimidazolium bromide-
catalyzed Michael addition of thiols and diethyl dithiophosphate to a variety of
conjugated alkenes (205). In this review, only a limited number of common reac-
tions are covered.

B.1. Olefin Metathesis

There are many examples showing the possibilities for designing catalysts spe-
cifically for sustained recyclability in ionic liquids. A recent example is the synthesis
of an alkene ring-closing metathesis (RCM) catalyst for the RCM of dienes
(Scheme 21) (188).

In this case, the ruthenium complex was synthesized with an ionic tag moiety that
is fully compatible with the [BMIM]PF4. A minimum amount of this ionic liquid
was used for the reaction in a mixture containing 90 vol% CH,Cl,. The catalyst
(5mol%) was selectively retained in the ionic liquid after 10 repeated uses, without
significant loss of activity in tests at 50°C that lasted 3 h each (Table VI).

A Grubbs-type ruthenium complex and a Hoveyda ruthenium complex were
compared under similar conditions for recycled activity. Both the reference catalysts
showed a large drop in metathesis activity in the subsequent tests. For example, a
Grubbs-type ruthenium alkylidene catalyst showed a drop of nearly 50% conver-
sion in the second run.

Ts
Ts N
Ru Catalyst (5 mol %)
N
ZTEREN T BmimPR/CH,Cl, @
(1:9 viv, 0.05 M)

cl ¢l
\/
O —Ru-Py,
H
0
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TABLE VI
Reuse of Catalysts in Ring-Closure Metathesis with an Ionic Tagged Ruthenium Carbene Complex (188)

Cycle 1 2 3 4 5 6 7 8 9 10

Conversion (%) >98 >98 97 96 95 94 92 92 91 90
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B.2. Dimerization of Dienes

An active catalyst can sometimes be made simply in situ for the target reaction,
avoiding a pre-synthesis step. [Fe(NO),Cl], in [BMIM]BF, or [BMIM]|PF¢ was in
situ treated with a reducing agent, Zn(0), (Et),AlCl, or n-butyllithium for the 1,3-
butadiene cyclodimerization reaction (Scheme 22),(206).

The resulting complex remained dissolved in the biphasic catalytic system. The
4-vinyl-1-cyclohexene product, obtained with 100% selectivity in [BMIM]PF,, was
continuously separated from the reaction mixture by decantation, allowing the
reuse of the remaining catalyst solution. The 1,3-butadiene conversion in the
biphasic system was higher than that observed in homogeneous systems. Because
the unconjugated product has a lower solubility in the ionic liquids than the con-
jugated butadiene feed, continuous separation of product contributes to the in-
creased reaction rate in the ionic liquid.

The presence of PPh; reduced the TOF from about 1400 to about 210 h~!, which
is of the same order of magnitude as that obtained under homogeneous conditions
(207). The weak nucleophilic nature of the ionic liquid was again found to be
essential, as it does not compete with the butadiene reactant for the coordination
site at the metal complex.

B.3. Olefin Dimerization

Some nickel(IT) complexes catalyze the dimerization of lower alkenes. Several
investigators have explored the role of ionic liquids in promoting the performance
of Ni(IT) complex catalysts (208). For example, in the oligomerization of butenes in
[BMIM]CI/AICI; (209), more than the stoichiometric ratio of AICl; to [BMIM]CI
was used, with an additional about 10% of ethylaluminumdichloride (EADC). The
EADC induced the formation of a cationic nickel hydride complex in the ionic
liquid. The complexes [Ni(MeCN)¢](BF4), and NiCl,(PBus), were both active cat-
alysts for the reaction. Only a small amount of ionic liquids (6%) was used with
respect to liquid butene. The catalyst was modified in the ionic liquid by adding a
promotional ligand directly to the system without involving a pre-synthesis step; the
addition of PCy;CS, led to the formation of a mixed Ni—-CS,—PCy; complex that
gave a much-improved TOF and higher dimer selectivity than when a PR3 ligand
was used.

The complex [(methallyl)NiPh,PCH,PPh,(O)][SbF¢] was found to be stable and
active for ethylene oligomerization in PFg-containing ionic liquids. The high elect-
rophilicity of an unaltered Ni center in the liquid was suggested to be responsible
for the activity of the catalyst (210).

[Fe(NO),Cl], / Zn or AIEtCI, or nBuLi N
[BMIM]BF, or [BMIM]PF

SCHEME 22.
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B.4. Suzuki Coupling

[BMIM]BF, was applied to a Suzuki reaction. The active catalyst was a trico-
ordinated [Pd(PPh;),(Ar)][X] complex that formed after oxidative addition of aryl
halide to [Pd(0)(PPhjs),] (211). The hydrophobic ionic liquid does not compete with
the unsaturated organic substrate for the electrophilic active metal center.

Robust air-stable systems for Suzuki coupling reactions of a bromobenzene with
tolylboronic acid at 110°C in the presence of Na,COj; were obtained by adding a
substituted imidazole and (CH3;CN),PdCl, as a palladium(II) source to ionic liquids
(212). Initiation by heating the palladium source and the imidazole in ionic liquids
was required to generate a completely colorless catalytic solution prior to the re-
action. Without the initiation, the yields were low. The catalytic activity and sta-
bility in the ionic liquids were strongly dependent on the nature of the imidazole
ligands and on the natures of the ionic liquid. Extensive catalyst decomposition
occurred in the catalytic system including [BMPyY][N(SO,CF3),], [BMIM]BF,, and
molecular solvents. The reactivities of various stable solutions depend both on the
cation and the anion of the ionic liquid, with the most active ones being
[BMIM][PF¢] and [BMIM][OSO,CF;]. The use of I-phenylimidazole and 1-
methylbenzimidazole further improved the reactivity, yielding the most active
catalysts in [BMIM]BF,.

B.5. Hydrogenation

The rate of hydrogenation of aromatics and unsaturated hydrocarbons with a
catalyst in ionic liquids is often controlled by hydrogen solubility in the liquids.
Satisfactory activities can be achieved under high pressures of H,. In a rhodium-
catalyzed hydrogenation of 1-pentene, the ionic liquid [BMIM]SbF¢ gave hydro-
genation rates nearly five times higher than those of comparable homogeneous
reactions in acetone. The TOF in [BMIM]SbF is considerably higher than that in
[BMIM]PFg4 and [BMIM]BF, (112).

Enantioselective hydrogenation in ionic liquids is worthy of attention because of
the prospects for efficient reuse of metal complexes with expensive chiral ligands.
The opportunities and challenges involved in the application of ionic liquids for
chiral synthesis have been assessed recently (2173).

With a rhodium complex catalyst containing a chiral ligand dispersed
in [BMIM]SbF¢, the enantioselective hydrogenation of a-acetamidocinnamic
acid to (S)-phenylalanine was achieved with 64% enantiomeric excess (/12).
[RuCl,(S)-BINAP],eNEt; in [BMIM]BF, for (S)-naproxen synthesis gave 80% ee
from 2-(6-methoxy-2-naphthyl) acrylic acid and isopropyl alcohol (274).

Remarkable activity and enantioselectivity in asymmetric hydrogenation of
aromatic ketones were reported when ionic liquids were used as solvents for a
rhodacarborane catalyst precursor having an alkene ligand, [closo-1,3{p-(n>-3-
CH, = CHCH,CH;)}-3-H-3-PPh;-3,1,2-RhC,B9H o] (215). In ionic liquids
((OMIM]BF4, [BMIM]PF4, and a new ionic liquid consisting of 1-carbadodecabo-
rate ions and N-n-butylpyridinium (BPy) cation, [BPy][CB;H,]) in the presence of
the optically active ®-BINAP ligand, the rhodium complex catalyst (0.1 mol%)
gave 97-99.5% ee for the asymmetric hydrogenation of acetophenone and ethyl
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benzoformate. In contrast, the TOF observed with the same catalyst in THF was
less than half of that obtained in the ionic liquids, and the ee was much lower. The
catalyst in ionic liquids allowed multiple reuse without degradation or loss.

Hydrogen solubility in the ionic liquids limits catalyst performance, as was dem-
onstrated in the asymmetric hydrogenation of (Z)-a-acetamidocinnamic acid by
Rh(I)-complex catalysts in [BMIM]PF4 and [BMIM]BF, (82). The conversion in-
creased with the solubility of molecular hydrogen. At a low H, pressures, the
conversions andenantioselectivity were both low. At 50 atm, hydrogen is more
solubile in iso-propanol (IPA) than in [BMIM]BF,, and the solubility in
[BMIM]BF, is less than one-third of that in [BMIM]PFg4. The solubility limita-
tions clearly affected the conversion of the substrate, which was 99, 73, and 26%,
respectively, in IPA, [BMIM]PF,, and [BMIM]BF, after the same time. The en-
antioselectivity followed a similar trend. Recycle of the catalyst—ionic liquid systems
was possible, but catalyst leaching became obvious over four cycles.

Biphasic systems containing an ionic liquid and supercritical CO, have been used
effectively for catalytic hydrogenation of alkenes. The ionic liquid phase containing
the catalyst could be reused (216).

A number of positively charged organometallic clusters that were originally devel-
oped for the biphasic aqueous-organic arene hydrogenation are also effective for this
reaction in ionic liquids, but with improved results because of the higher solubility of
the arenes and hydrogen in the liquids (e.g., [BMIM]BF,) than in the aqueous system.
However, the chloride impurity in [BMIM]BF, was found to have a detrimental effect
on the activity of the catalyst formed from Ru(u®-C10H14)(pta)CI2 (pta = 1,3,5-
triaza-7-hosphaadamantane), (88,170).

Many low-oxidation-state transition metal cluster carbonyls, such as
[Hfe(CO)11]~, [HWOs3(CO)14]~, [H3054(CO)15]~, and [RucC(CO) 6>, are highly
soluble in ionic liquids. Some of these clusters in ionic liquids are active for the
hydrogenation of alkenes (2/7). In [BMIM]BF,, the rates of hydrogenation cat-
alyzed by some cluster catalysts (notably [HWOs3(CO) 4]~ and (H30s4(CO)15]7)
were more than three times those observed with the clusters in organic solvents; the
improved activity was attributed to the increased stability of the cluster species in
the ionic liquids. The ionic liquids also give rise to higher regioselectivity in the
hydrogenation of cyclic dienes to monoenes relative to what has been observed for
the reactions in organic solvents. For example, benzene was not hydrogenated by
[RugC(CO),6J*~ in the ionic liquid at 100°C and 50.7 atm of H,. However, 1,4-
cyclohexadiene and 1,5-cyclooctadiene were hydrogenated to the corresponding
monoenes with about 90% selectivity.

The formation of nanoparticles of noble metal (e.g., Rh, Ir, and Pt) in ionic
liquids has been demonstrated by the reduction in hydrogen of soluble precursors at
mild temperatures (/2,74,218). Particles with a narrow distribution of diameters
formed (about 2.0-2.5nm). The nanoparticles were dispersed in [BMIM]PFg. They
were recovered in solventless state and used for liquid-liquid biphasic, homoge-
neous, or heterogencous hydrogenation of alkenes and arenes with high activity
under mild conditions (75°C and 4 atm). The recovered noble metal nanoparticles
could be redispersed several times in the ionic liquid and were claimed to have
undergone no significant loss in catalytic activity. The flexibility in making and
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recovering the noble metal nanoparticles from the ionic liquid appears to be a
potential advantage. It was shown that for solventless hydrogenation of
cyclohexene and of benzene that the metal nanoparticle catalysts exhibited signif-
icantly higher activity than PtO, at 75°C.

B.6. Oxidation

The use of gaseous oxygen as an oxidant in ionic liquids also appears to be
limited by its low solubility, for example, in [BMIM]PF4 for the oxidation of ar-
omatic aldehydes to give carboxylic acids (2/9). Hydrogen peroxide and organo-
peroxide, with their higher solubilities, have been used efficiently for enzymatic
oxidation (220).

To overcome some solubility limitations, some organic solvents can be mixed
with ionic liquids to achieve a more nearly homogeneous systems. Product sepa-
ration could then be realized by extraction or by distillation of organic solvent from
the mixed solvent containing the ionic liquids. This strategy was demonstrated in
the epoxidation of alkenes with PhI(OAc), as an oxidant with a manganese(I1I)
porphyrin catalyst, [meso-tetrakis(pentafluorophenyl) porphinatolmanganese(I1I)
chloride, for which a [BMIM]PF4/CH,Cl, mixture was used as the solvent at room
temperature (221,222). The ionic liquid [BMIM]PF4 was selected for the model
system because it is stable in the presence of both oxygen and water. To dissolve the
reactants fully in the ionic liquid, a small amount of CH,Cl, was added to the ionic
liquid. In such a system, CH,Cl, improves the solubility of the substrates.

For several alkene substrates, the yield of the epoxide product was lower when
the reactions were carried out in pure CH,Cl, than in a mixed solvent system
consisting of [BMIM]PF¢/CH,Cl, (3:1, v/v). The catalyst was also highly active for
the epoxidation of aromatic alkenes. Although PhIO is an oxidant commonly used
in organic solvents, it was found that the use of PhI(OAc), under the same con-
ditions in the mixed solvent led to higher yields of the epoxides.

The unconsumed reactants and products were both easily removed from the
reaction mixture by extraction with n-hexane, which is not miscible with
[BMIM]PF¢. The brown—red ionic liquid phase containing the catalyst was reused
five times with PhI(OAc), as the oxidant. The recovered catalyst gave catalytic
activity comparable to that of the original. In epoxidation of styrene and of
cyclohexene, both catalytic activity and selectivity fell slightly after five reuses. In
the conversion of hept-1-ene, the reused catalyst showed the same activity and
selectivity as the fresh catalyst, and the catalyst was shown to be unchanged after
the reaction.

In the aerobic oxidation of the non-activated aliphatic primary and secondary
alcohols to the corresponding aldehydes and ketones, co-catalysts or other additives
are normally required (223-226). The catalytic aerobic oxidation of aromatic al-
dehydes to the corresponding carboxylic acids with Ni(acac), in ionic liquids was
the first example of an acrobic oxidation in ionic liquids (227).

The effect of cations and anions of several ionic liquids was investigated for the
performance of several catalyst precursors, including RuCl; and RuCl,(PPh;),, for
aerobic oxidation of alcohols (/99).The catalysts in the neutral ionic liquids
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[BMIM]BF, and [BMIM]PFg, and in KOH-treated [BMIM]PF,, were essentially
inactive. Among the ionic liquids investigated, only those containing tetraalkylam-
monium ions showed a large positive effect on the catalyst activity. The reaction was
fast and selective at 80°C with 1 mol% catalyst. As expected, the reactivity of aliphatic
alcohols was lower than that of aromatic alcohols. The reaction proceeded without
any over-oxidation of the aldehyde product to the corresponding acid. No co-catalyst
was necessary. The product could be easily isolated and the catalyst reused.

In basic tetraalkylammonium chloride ionic liquids, the active catalyst was sug-
gested to form from the dissociation of the chloride ligand of RuCl,(PPh;); in the
base. The effect of the cation became evident as the catalyst in tetraalkylammonium
chloride was much more active than that in [BMIM]CI. It is known that the bulky
tetraalkylammonium cation is weaker in its association with the chloride anion than
a planar [BMIM] cation. Therefore, it was concluded that the ionic liquids giving
the best catalytic activity appeared to be tetraalkylammonium hydroxide, which
melts at approximately room temperature.

The low solubility of oxygen in most ionic liquids limits its application in ox-
idation catalysis in these liquids. However, oxidation by H,O, or organoperoxide
is not subject to this limitation when the ionic liquids are properly chosen. An
example of catalytic oxidation is the methyltrioxorhenium (MTO)-catalyzed epox-
idation of alkenes with the urea-H,0, adduct in [EMIM]BF, (228). High conver-
sions and yields were obtained.

A study of electro-assisted biomimetic activation of molecular oxygen by a chiral
Mn(salen) complex in [BMIM]PFg showed that a highly reactive oxomanganese(V)
intermediate could transfer its oxygen to an alkene (229).

An electron-deficient manganese(I11) porphyrin complex was reported to catalyze
the oxidation of alkanes by PhI(OAc), in mixed [BMIM]PF4/CH,Cl, at room
temperature (230). Cyclic alkanes were oxidized to secondary alcohols and ketone.
A highly active and short-lived intermediate, Mn" = O, was observed in the ionic
liquid, whereas in CH,Cl, the same reaction gave only a less-active intermediate,
Mn'Y = 0.

Metalloporphyrins have been widely investigated as biomimetic catalysts for
various oxidation reactions using hydrogen peroxide in homogeneous organic and
aqueous reaction media (237). A means for stabilization and reuse of the expensive
catalysts is essential for the practical application of the metalloporphyrins. A
charged anionic water-soluble Fe(I1l) porphyrin catalyst, tetrakis(2A,6A-dichloro-
3A-sulfonatophenyl) porphyrinato iron(III), was reported to be formed in the ionic
liquid [BMIM]Br for the oxidation of selected alkenes with H,O, (232). In the
biphasic system, the catalyst showed higher activity in the ionic liquid for the
epoxidation of alkenes than that in conventional solvents. The feasibility of recy-
cling the expensive metalloporphyrin catalyst from the reaction mixture was con-
firmed.

B.7. Dihydroxylation

Osmium-catalyzed oxidation is one of the most useful routes to dihydroxylation
of alkenes to give the corresponding diols. This oxidation proceeds in the presence
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of catalytic amounts of OsO4 with a cooxidant (233). To prevent product contam-
ination by the toxic osmium oxide catalyst, a ligand design has been applied for the
immobilization of OsQy in the ionic liquid [BMIM]PFg, so that 0.1% of the catalyst
could be stabilized in the ionic liquid for multiple hydroxylations (1/79). The OsOy,
catalyst itself can be isolated directly in the [BMIM]BF,4, but a much higher OsO,4
loading is required (5%) (234). It was reported that the ionic liquid effectively
suppressed the volatility and toxicity of OsO4 in dihydroxylation of several alkenes.
The catalyst together with the ionic liquid [EMIM]BF, was used five times with
little loss of the performance of the catalyst ; results showed a consistent yield of
dihydroxylated product in the range of 93-96%. The OsO, isolated in the ionic
liquid was applied to several substrates, including mono-, di-, and tri-substituted
aliphatic alkenes and aromatic alkenes. In all cases, the desired diols were obtained
in high yields (179).

B.8. Olefin Dimerization

Significant interest has developed recently in the dimerization of alkenes in ionic
liquid media. IFP’s Dimersol®™ process produces isooctenes from n-butenes, which
are used as a starting material for isononanol production. The Difasol process,
based on a continuous biphasic system involving ionic liquids, has been under
commercial development recently. A key to the process is the lower solubility of the
dimer products than of the monomer feed in the ionic liquid, resulting in minimized
formation of trimers and oligomers. Significant activities in research have also led
to a broadening in the range of alkenes that can be used and in the control of
product selectivity.

An excellent demonstration of the tunability of ionic liquids for catalysis is pro-
vided by an investigation of the dimerization of 1-butene (235). A Ni(cod)(hfacac)
catalyst (Scheme 23) was evaluated for the selective dimerization of 1-butene after it
was dissolved in various chloroaluminate ionic liquids. Earlier work on this reaction
with the same catalyst in toluene led to the observations of low activity and difficult
catalyst separation. In ionic liquids of varying acidity, little catalytic activity was
found. However, a remarkable activity was achieved by adding a weak buffer base
to an acidic ionic liquid. The reaction took place in a biphasic reaction mode with
facile catalyst separation and catalyst recycling. A high selectivity to the dimer
product was obtained because of a fast extraction of the Cg product from the ionic
liquid phase, with the minimization of consecutive reaction to give trimers. Among
a number of weak base buffers, a chinoline was chosen. The catalyst performance
was compared with that in toluene. The catalyitc TOF at 90°C in toluene was

SCHEME 23.
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500 h~' with a dimer selectivity of 85% and a linearity of 75%; in contrast, the TOF
in the buffered ionic liquid at 25°C was 1240 h™' with a dimer selectivity of 98%
and a linearity of 64%. In a continuous loop reactor, an ionic liquid catalyst after
3h of reaction still showed a TOF of 2700 h™' and a dimer selectivity of 98%.
Unsubstituted pyridine gave poorer activity than a sterically hindered pyridine,
because the former can coordinate to the active metal center better than the latter.
The function of the buffering base was to neutralize excess acid through the reaction
Al,Cl7 +base - AlCl;-base+ AlCl; .

Another investigation of 1-butene dimerization involved the use of cationic nickel
complexes, Ni(MeCN)][BF4]», [Ni(MeCN)][AICL],, [Ni(MeCN)g][ZnCly], and
[Ni(PhCN)g][BF4), in a slightly acidic mixture [BMIM]CI/AICI; (the mol fraction
of AICIl; was 0.57) with 10% EtAICl, (236). The activity was dependent on the
nature of the catalyst precursor. The [Ni(MeCN)¢][AICl4], and [Ni(MeCN)g][ZnCly]
catalysts were most active. The lower activity of the nickel-BF; complex was
attributed to the reactive interaction of the BF; ligand with alkylaluminum di-
chloride, resulting in less active species. A TOF of up to 2.2 s~! was observed under
mild reaction conditions (1.08 atm and 8 °C); between 93 and 96% octenes were
produced with a branching index of 1.2-1.3. A cationic nickel hydride complex was
proposed to be the catalytically active species. The products were easily separated
from the reaction mixture by decantation, and the recovered ionic catalyst solution
showed little loss in performance.

In an investigation of the dimerization of 1-butene, the addition of PCy;-CS, to
the [Ni(MeCN)g][BF,], catalyst in an ionic liquid was found to give a much-
improved TOF and higher dimer selectivity than PCy;. A mixed Ni—CS,-PR;
complex was suggested to have formed. The catalyst was reusable (209).

Olefin dimerization is a highly exothermic reaction. The reaction temperature of
the two-phase system needs to be controlled to minimize the formation of higher
oligomers. The activity of NiCl,(PCys3), in [BMIM]CI/AICI; (the AlCl; mol fraction
was 0.55) was so high that the reaction temperature could not be controlled, leading
to reduced selectivity to butanes. [Ni(MeCN)x][BF4], showed improved selectivity,
but with compromised activity. Conducting the reaction at a lower temperature
(—10°C) afforded exclusively dimeric products, and higher oligomers were formed
at 25°C (197).

B.9. Dimerization of Dienes

Chloroaluminate-free ionic liquids have been used for dimerization of dienes, as
these ionic liquids are more stable and easier to handle than the moisture-sensitive
ionic liquid chloroaluminate(III). In one example, a mixture of [BMIM]BF,/water
(1:1 v/v) was used as the medium in the hydrodimerization of 1,3-butadiene cat-
alyzed by [BMIM],[PdCly] (237). In addition to the dimer, 1,3,6-octatriene and 2,7-
octadienol were produced. However, by using PdCl,/PPh; as a catalyst in
[BMIM][X] (X = BF4, PF4, CF5SO3), the dimer, 1,3,6-octatriene, was obtained
exclusively (238).

The cyclodimerization of 1,3-butadiene and isoprene by zinc reduction of an iron
nitrosyl complex dispersed in [BMIM]BF, (and alternatively [BMIM]PFy) showed
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much a improved butadiene conversion and TOF (1404 h™' ) relative to those
obtained under homogeneous conditions (TOF of 213 h™") (206). In the presence of
diethylaluminum chloride, some linear oligomers of 1,3-butadiene were formed.
The nature of the ionic liquid affected the reactivity. At 10°C, higher values of TOF
were observed for reaction in [BMIM]BF, than for reaction in [BMIM]PFs. At
50°C, the trend was reversed. The presence of PPhjs led to lower catalytic activities.
This observation was attributed to the formation of iron phosphine species that are
less active in the cyclodimerization reaction, as in single-phase butadiene
cyclodimerization (207).

B.10. Oligomerization and Polymerization

The replacement of diiminophosphorane ligand in a nickel(II)-diiminophospho-
rane catalyst by an alkylchloroaluminate anion was observed in a biphasic system
(190), when the catalyst was used for the oligomerization of ethylene in a
[BMIM]CI/AICI; ionic liquid with alkylaluminum as co-catalyst in the presence of
cyclohexane as a separate organic solvent phase). After repeated reuse of the ionic
liquid-catalyst system, a three-fold enhancement in the catalytic activity was ob-
served, and the selectivity approached a constant value. The authors suggested that
organoaluminate anions replaced the diiminophosphorane ligands in the coordi-
nation sphere of the active nickel species, leading to a unique active species. The
chloroaluminate anions were proposed to be (AlICl4_Et,), arising from the equi-
librium between AICl; and AIEt,Cl. The a-diiminophosphorane ligands were
progressively displaced by the organoaluminate species, giving rise to more active
but less selective nickel complexes containing organoaluminate anions as ligands.

Reports of alkene oligomerization reactions from several groups suggest that the
ionic liquids have a significant influence on the product molecular weight and po-
lydispersity. In one case, (nbd)Rh(acac) was used as a catalyst for the polymerization
of phenylacetylene in the ionic liquids [BMIM]BF, and [BuPy|BF, at 25°C (239).
Quantitative yields of poly(phenylacetylene) (PPA) with high yields of the cis product
(95-100%) were obtained within Smin with this catalyst in either [BMIM]BF, or
[BuPy]|BF,. A large excess of co-catalyst, tricthylamine, was needed to activate the
catalyst. The molecular weight of the poly(phenylacetylene) obtained in the reaction
with the (nbd)Rh(acac) catalyst depends on the ionic liquid in which the r x n takes
place. The polymer formed in [BMIM]BF, had a molecular weight of about 196 000
Da, whereas that formed in [BuPy]BF,4 had a molecular weight of about 100 000 Da.
Similar observations were made with the catalyst [(nbd)RhCl],. In contrast, when the
catalyst was (cod)Rh(acac), the product molecular weight was much lower (<60 000
Da) in either ionic liquid. Excellent polydispersities (3.5-10.5) were observed for all
the polymers, as was observed for alkene polymerization in ionic liquids (/96). The
catalysts in the ionic liquids were reused without significant losses in the activity after
the PPA separation by toluene extraction.

The production of l-alkenes from ethylene oligomerization was carried out
with high selectivity in ionic liquids in the presence of a cationic nickel complex
catalyst (n’-methallyl)-[bis(diphenylphosphino)methane-monoxide-i*-P,O]nickel(II)
hexafluoroantimonate, [(mall)-Ni(dppmo)]SbFg (240). The overall reaction rate of
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[(mall)Ni(dppmO)]SbF¢ in [AMIM]PF, was found to decrease with increasing alkyl
chain length in the cation of the ionic liquid, an observation that was attributed to
the higher solubility of internal alkene products in ionic liquids with longer alkyl
chains. The increased product solubility in the ionic liquid with respect to that in the
organic extraction solvent led to a reduced rate of product extraction from the ionic
liquid phase. The increased product concentration in the ionic liquid phase further
inhibits the solubility of ethylene. With short alkyl chain, such as in [BMIM][PF],
the fast extraction of products and side products from the ionic liquid phase, due to
their higher distribution coefficient in the organic extraction phase, accounted for
the high rate of the reaction. The oligomers were also found to be much shorter in
the biphasic system as a consequence of restricted ethylene availability at the nickel
center of the catalyst in the ionic liquid. In summary, the observed results are
affected by a combination of fast oligomerization kinetics, relatively low ethylene
solubility in the ionic liquid, and limited mass transfer of ethylene into the ionic
catalyst solution.

Radical polymerization in ionic liquids was investigated with the goal of
learning how to prepare electrically conducting blends of polymers (241). Ionic
liquids were investigated for atom transfer radical polymerization (ATRP) (242).
Catalysts for the ATRP process are typically copper salts with amine ligands. In-
terest in ionic liquids for the polymerization chemistry is related to the low
solubility of the catalyst in the organic medium and the need to separate cata-
lyst residue from the resulting polymer. In the initial work with CuBr/N-
propyl-2-pyridylmethanimine as a catalyst for methyl methacrylate ATRP, the
reaction was relatively fast. The resulting polymer was essentially free of catalyst
residue.

The use of organic amine ligands was shown to be unnecessary when proper
ionic liquids were applied for the ATRP (243). In this case, FeBr, in the ionic liquid,
1-butyl-3-methylimidazolium dibutylphosphonate ((BMIM][BDP]), formed an ef-
ficient catalytic system for the ATRP of methyl methacrylate (MMA). The
iron-catalyzed reaction was carried out in the absence of an added organic com-
plexing ligand. Similarly, the presence of a ligand was not necessary in copper-
catalyzed polymerization of MMA when the ionic liquid was [BMIM][BDP], al-
though it was necessary when the anion was chloride or carbonate. The catalyst
dispersed in the ionic liquids was recovered and reused for subsequent polymer-
izations.

Related work was done with variously substituted acrylates in an ionic liquid
(87). It was found that the solubility of both monomers and polymers depends on
the chain length of the alkyl group linked to the ester. Methyl acrylate and its
polymer are soluble in [BMIM]PF4. However, butyl acrylate (BA) is only partially
soluble, and the corresponding polymer is insoluble in the ionic liquid. The ATRP
of BA in the ionic liquid proceeded under biphasic conditions with the catalyst,
CuBr/pentamethyldiethylenetriamine, dissolved in the ionic liquid phase. Relatively
low-molecular-weight polymer was formed. In this case, as the polymer was insol-
uble in the ionic liquid, it was spontaneously separated from the ionic liquid phase
free of copper contamination. Furthermore, an undesirable side-reaction was sig-
nificantly reduced in the ionic-liquid-phase ATRP (8§7).
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In an extension of the work to chiral chemistry (244), the imidazolium cation of
the ionic liquid was modified to carry a chiral substituent. The high cost of the
chiral cation could be justified as the chiral ionic liquid, [MBMIM*]PF¢, can be
reused. In the ATRP of soluble methyl acrylate, a small effect of the chiral
ionic liquid on the polymer tacticity was observed. The use of a chiral ionic liquid
as a solvent could lead to applications in other areas of catalysis. The sy-
nthesis of imidazolium-containing ionic liquids functionalized with chiral natural
amino acids has already been reported (245), as have less expensive chiral ionic
liquids(246).

The broad applicability of ATRP in the ionic liquid [BMIM]PF4 was shown by
extending it to the polymerization of N-substituted maleimides with styrene. The
ATRP was initiated with dendritic polyaryl ether 2-bromoisobutyrate as the ini-
tiator at room temperature. The dendritic-linear block copolymers formed in the
ionic liquid were characterized by low polydispersity (1.05< M,,/M,<1.32) and
were used as macroinitiators for chain-extension polymerization, suggesting the
living nature of the polymerization (247).

A success was reported in the use of sterically unhindered imidazolium cation-
containing ionic liquids as metal-free precatalysts for living polymerization. A lead
came from investigations of a wide range of in-situ-generated N-heterocyclic carbenes
as nucleophilic catalysts for the ring-opening polymerization (ROP) of lactides and
lactones. Among the catalysts, the less sterically demanding carbenes were found to
be more active for ROP than their sterically encumbered analogs for lactone po-
lymerization. The short-chain alkyl imidazolium ion-containing ionic liquids are
good candidate pre-catalysts for the ROP reactions (248). The dialkylimidazolium
ions are also known to be carbene precursors after losing the C2 proton.

Therefore, it is not surprising that [BMIM]BF, proved to be a good pre-catalyst
for the ROP. The reaction was conducted in neat ionic liquid or in a biphasic system
including THF. In the biphasic system (Scheme 24), the polymerization proceeded
in an immiscible mixture of [BMIM]BF,4 and THF. The activation of [BMIM]BF,
in situ with potassium tert-butoxide generated the carbene catalyst, which was then
extracted into the organic phase to begin the ROP catalysis. High-molecular-weight
polylactides (M, > 24 000 g/mol) with relatively narrow polydispersities (PDI = 1.4)
were routinely achieved in >95% yield within 10 min.This reaction constituted a
phase-transfer catalytic ROP whereby the reactive carbene was generated in situ in
the ionic liquid, migrated to the organic phase, and induced the ROP. The polym-
erization was readily terminated by the addition of [R;NH]BF,, which regenerated
the imidazolium precursor. The polymer was readily separated from the ionic
liquid, allowing the reuse of the ionic liquid.

The suitability of ionic liquids (e.g., [EMIM]BF,, [BMIM]PF4, or [OMIM]T{,N)
for free-radical polymerization was explored (249). The homopolymerization of 1-
vinyl-2-pyrrolidinone in [BMIM]PF¢ or that of 4-vinylpyridine in [OMIM]T{,N
resulted in polymers with M., of 162 500 and 71 500 g/mol, respectively. However,
detectable ionic liquid residues were retained in the isolated polymers, even after
repeated precipitations from methanol, which is known to dissolve the ionic liquid.
The residue may limit the usefulness of ionic liquids as the media for free-radical
polymerizations.
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B.11. Carbonylation/Hydroformylation

The platinum-catalyzed hydroformylation of ethylene in [Et;N]SnCl; (m.p. 78°C)
was first conducted in 1972 (250). Recently, (PPhs),PtCl, in slightly Lewis-acidic
chlorostannate ionic liquids showed remarkably high n/i selectivity and good ac-
tivity at 120°C and 90 atm of CO/H, for the hydroformylation of 1-octene, but the
activity for methyl-3-pentenoate hydroformylation was much lower (257). The
platinum catalyst dissolved in the ionic liquids was found to be more stable than for
the same reaction in conventional organic solvents. No leaching of platinum from
the ionic liquid was observed. The low solubility of CO in the ionic liquid appeared
to limit the reaction rate; therefore, the use of a higher pressure was suggested.

The NMR spectroscopy of PtCl, with a diphosphine ligand, [bdpp, 2,4-bis
(diphenylphosphino)pentane], was used to follow the formation of platinum com-
plexes in the presence of triphenylphosphine (PPhz) and SnCl, in the ionic liquid
[BMIM]PF¢ (73). The spectra showed that the addition of PPh; to PtCl,(bdpp)
resulted in the formation of [Pt(bdpp)(PPh;)Cl] " as a minor component in the ionic
liquid. This component turned into the major component in the presence of tin(II)
chloride with the formation of the trichlorostannate counterion. The tin(II) halide
insertion was shown to depend on the size of the platinum ligand chelate. In the
absence of PPhs, SnCl, insertion led to the formation of PtCl(SnCls)(bdpp) and
further to Pt(SnCls),(bdpp). However, in the presence of PPhs, [Pt(bdpp)(PPhs)CI] "
became a major component. The oxidative stability of the catalyst/ionic liquid system
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was confirmed. No phosphine dioxides or hemioxides were obtained, even after ex-
posure of the samples to air for a week. What was of concern was the partial
decomposition of the PFg ion by a small amount of water in the presence of SnCl,.

To prevent leaching of catalysts with phosphine ligands from the ionic liquid, a
number of imidazolium phosphine ligands were tailor-made to favor retention of
the catalyst. One of the ligands (Scheme 25) was used for biphasic hydroformylation
of 1-octene at 100°C and 30 atm. It was made by in situ mixing of Rh(CO),(acac)
with two equivalents of the ligand in [BMIM]PF4 A TOF of 552 was observed
(252). The close proximity of the positive charge to the phosphorus atom is inferred
to have led to a large enhancement in the catalytic activity.

B.12. Heck Cross-Coupling

Palladium-catalyzed Heck reactions are important in synthetic organic chemistry
(253,254). Under conventional reaction conditions, a palladium black deposit was
formed from the deterioration of the homogeneous palladium complex catalyst
after the reaction. Recovery and recycle of the palladium catalyst are usually not
realistic.

In contrast, ionic liquids have been reported to be suitable solvents for Heck
reactions because the products can be readily separated from the ionic liquids
containing the homogeneous palladium catalysts. An early test with a palladium
complex in ionic liquids showed remarkably improved recyclability of the catalyst
(255), but palladium black still formed after several runs with recycled catalyst.

The choice of an ionic liquid was shown to be critical in experiments with
[NBuy]Br (TBAB, m.p. 110°C) as a catalyst carrier to isolate a cyclometallated
complex homogeneous catalyst, trans-di(n-acetato)-bis[o-(di-o-tolylphosphino)
benzyl] dipalladium (IT) (Scheme 26), which was used for the Heck reaction of
styrene with aryl bromides and electron-deficient aryl chlorides. The [NBuy]Br dis-
played excellent stability for the reaction. The recycling of 1 mol% of palladium in
[NBuy]Br after the reaction of bromobenzene with styrene was achieved by distil-
lation of the reactants and products from the solvent and catalyst in vacuo. Sodium
bromide, a stoichiometric salt byproduct, was left in the solvent—catalyst system.
High catalytic activity was maintained even after the formation of visible palladium
black after a fourth run and after the catalyst phase had turned more viscous after
the sixth run. The decomposition of the catalyst and the formation of palladium
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black could have been caused by prolonged use, intrinsic catalyst instability, or
NaBr byproduct-promoted catalyst destabilization. Palladium nanoparticles allow
the regio- and stereospecific Heck reactions with very high values of TON and
TOF. Furthermore, TBAB enhances, by solvation, the formation and reactivity of
carbanions (256).

When another palladium complex, diiodobis(1,3-dimethylimidazolium-2-
ylidene)palladium(II), was used as a catalyst (257), it resulted in a large improve-
ment in catalyst stability in the same ionic liquid. The Heck reaction performed
better in the ionic liquid than in organic solvents such as dimethylfuran (DMF). In
the reaction of bromobenzene with styrene, the yield of stilbene was increased from
20% in DMF to 99% in [NBuy][Br]. The ionic liquid showed excellent solubility for
all the reacting molecules.

Other Pd(IT) complexes with imidazole-like ligands were also specifically syn-
thesized for improved solubility in ionic liquids (258). The catalysts were applied for
the Heck Coupling of iodobenzene with n-butyl acrylate in [BMIM]PF¢ in the
presence of EtzN at 120°C. One catalyst (Scheme 27) was especially well retained
without any loss of activity even at fairly low catalyst loading (0.2 mol%) for more
than five repeated uses. In all cases, >99% yield was achieved within 1 h.

In experiments with a supported palladium catalyst, Pd/C, satisfactory yields
were obtained without the use of phosphine ligands for the Heck reactions of aryl
iodide with acrylonitrile, styrene, and methyl methacrylate in the ionic liquid
[BMIM]PFg (259). The addition of triethylamine improved the yields. The Pd/C
remained in the ionic liquid only. The ionic liquid containing Pd/C can be reused as
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a catalyst. The accumulation of triethylammonium iodide caused partial loss of
catalytic activity, but it could be recovered to the same degree as in a fresh system
by washing the ionic liquid layer with water.

Okubo et al. (260) reported that Pd(I1)/SiO, was a more effective catalyst than
Pd/C when two equivalents of tricthylamine base were added to the same ionic
liquid; one equivalent was not sufficient. The reaction was carried out without
phosphine ligands. The unreduced Pd(I1)/SiO, catalyst with two equivalents of base
in [BMIM]PF4 was more active than the supported palladium catalysts in DMF.
Furthermore, the stability of [BMIM]PF¢ also improved with the addition of
triethylamine.

The salt Pd(OAc), was dispersed in a toluene-[BusN|BF, biphasic system as a lig-
and-free catalyst for the Heck coupling of arylhalides with butyl acrylate in the pres-
ence of Et;N or K,COj5 at 90°C. The results were comparable to those observed with
systems including phosphine ligands. Although the reaction medium can be separated
from the products, the formation of palladium black after the first run led to reduced
activity in subsequent tests. It appears that the ligand-free catalyst can be effective in
the biphasic systems, but the loss of the palladium catalyst is a problem (60).

B.13. Alkoxycarbonylation

A butoxylcarbonylation reaction was conducted in a liquid-liquid biphasic
system under process conditions, but the removal of the product was conducted
in a liquid-solid biphasic system at a lower temperature (84). lodobenzene or
4-bromoacetophenone reacted with CO at a pressure of 1-8 atm in the presence of a
palladium—benzothiazole complex catalyst in the ionic liquid [TBA]Br (m.p. = 110°C)
in the presence of Et;N base. The catalyst/ionic liquid system was recycled by ex-
tractive removal of the butyl ester product with diethyl ether. The solid residue,
containing the catalyst, [TBA]Br, and Et;N.HBr, remained effective in subsequent
carbonylation tests. After each cycle, the yields were still close to the initial value. A
slight decrease in yield was attributed to a loss of catalyst during handling.

B.14. Cyclodehydration Reaction

An ionic liquid was used to simplify an otherwise complicated multiple-step
cyclodehydration process. POCl; was used as a dehydrating reagent in the
Bischler—Napieralski) reaction for the synthesis of isoquinolines (Scheme 28) (261).
In the traditional synthesis, B-phenylethanamides is cyclodehydrated to give 3.,4-
dihydroisoquinolines with any of a wide range of dehydrating agents, and the

R1 POC13 R1
_—
R2 HNYO 1h,90-100°C g2 2N
R3 R®

SCHEME 28.
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process involves toxic chlorinated and high-boiling-point solvents (e.g., 1,2-
dichloroethane, 1,1°,2,2’-tetrachloroethane, chlorobenzene, or dioxane) at elevated
temperatures (262). With phosphorus oxychloride as a dehydrating reagent, black
gummy products are typically obtained, which require extensive purification and
several recrystallization steps with decolorizing charcoal to reach an acceptable
product purity. In the ionic liquid, [BMIM]PFg, the cyclodehydration proceeded
well at 90—100°C for 1h, giving a much higher yield than when the other solvents
were used. Steps usually needed for purification were eliminated, and the product,
recovered by extraction, was of excellent purity. The reaction also worked well for
the cyclization of other amides.

C. ELEcTROCATALYSIS IN IoNIC LiQuiDs

Ionic liquids were originally developed for applications as low-temperature elec-
trolytes because of their excellent electrical conductivity. Although they are likely to
be suitable media for electrocatalysis of organic reactions, so far only few elect-
rochemical reactions have been carried out in ionic liquids.

A recent report suggested the viability of electrochemical catalysis for organic
synthesis (263). Several ionic liquids were applied for the preparative electrocat-
alytic homocouplings of PhBr and PhCH,Br, yielding biphenyl and 1,2-diphenyl-
ethane (Scheme 29). All the liquids chosen showed similar ranges of accessible
cathodic potentials (E<-2.1—2.9V) vs. a silver quasi-reference electrode. Various
anions were tested (BF;, PFg, Tf,N™, and CH3SO53), and the ionic liquid that was
preferred was [BMIM]Tf,N, because of its hydrophobicity (water can interfere in
the chemistry).

The complexes Ni(BF,4),(bipy); and NiCl,(bipy), the reduction of which occurs at
potentials in the range of —1.1to —1.8 V, were used as catalysts in the ionic liquid
medium.

In the presence of PhBr and PhCH,Br, both Ni(BF,),(bipy); and NiCly(bipy)
showed classical catalytic behavior. A peak for the product of the first oxidative
addition of the reduced nickel complex appeared at E, = —1.4 to —1.5V when the
reactant was Ar(Ni)Br. In this case, the electrochemical catalysis was carried out by

maintaining the potential of the working electrode at £ = —1.4V vs. silver.
2 F/mol
Ni(Cl,)bipy
[BMIM] NTf, 350,
Br 2 F/mol
2 —_—
Ni(Cl,)bipy
[BMIM] NTf,
75%

SCHEME 29.
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The product of the electrochemical reaction was extracted with cyclohexane. The
yields observed in the reactions of PhBr and PhCH,Br were 35 and 75%, respec-
tively. In the reaction of PhCH,Br, no toluene was formed, indicating that the
process was highly selective and that the reduction of the halogenated substrate was
avoided. It was further verified that, at the end of the electrolysis, the catalytic
system completely regained its reversibility. The nickel(II) catalyst remained totally
in the ionic liquid after the extraction of products, and the catalyst system was
reusable.

The formation of conducting polymers upon the oxidation of benzene and pyr-
role in ionic liquids has also been reported.(264).

VI. Supported lonic Liquid Catalysis

Supporting ionic liquids in the pores of solid materials offers the advantage of high
surface areas between the reactant phase and that containing the supported liquid
catalyst. This approach is particularly useful for reactants with less than desired
solubility in the bulk liquid phase. Another incentive for using such catalysts is that
they can be used in continuous processes with fixed-bed reactors (265). The use of
an ionic liquid in the supported phase in addition to an active catalyst can help to
improve product selectivity, with the benefit being similar to what was shown for
biphasic systems. However, care has to be taken to avoid leaching the supported
liquids, particularly when the reactants are concentrated in a liquid phase.

The ionic liquid [BMIM][A],Cl;] on various porous supports (Al,O3, SiO,, TiO,,
ZrO,, or zeolites) was evaluated for the alkylation of aromatics (including benzene,
toluene, naphthalene, and phenol) with dodecene (266). Only the SiO,-supported
ionic liquid was active for the alkylation of benzene. The benzene—-dodecene al-
kylation was carried out at 80°C with SiO, (from two sources) containing 6 wt.%
ionic liquid. Dodecene conversions as high as almost 100% were achieved with a
selectivity of more than 99% for monoalkylated products within the first 30 min of
the reaction. In this reaction, benzene itself was used as the solvent (the molar ratio
of benzene to dodecene was 10:1).

Leaching of the ionic liquid from the support was negligible. However, deactiva-
tion was observed, caused by moisture present during product separation (which can
be minimized with proper care) and by oligomerization of dodecene on the catalyst
surface. Unfortunately, both factors cause irreversible loss of catalytic activity.

A supported ionic liquid containing a rhodium complex was used for a hydro-
genation reaction (267). A catalyst was dissolved in a 6-A layer of [BMIM]PF4
(25%), which was confined within the pores of a silica gel. The catalyst was
[Rh(nbd)(PPh;),]JPFs (nbd = norborandiene, PPh; = triphenylphosphine). Al-
though the supported material could be handled as a solid, the active species
was dissolved in the ionic liquid in the pores, and the catalysis was homogeneous
(Fig. 14). The supported ionic liquid catalyst was used in a batch reactor and
displayed high activity for the hydrogenation of hexene-1, cyclohexene, and 2,3-
dimethyl-2-butene. The initial rate constant was 11.2min~" when supported ionic
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Fic. 14. Confined ionic liquid phase containing rhodium complex on the surface of a silica gel support
material. Reproduced with permission from Mehnert (267).

liquid catalyst operated at 30°C. This activity compares favorably to the value of
0.4min~" observed for the catalyst in acetone operated at 50°C. The rate of the
reaction with the supported catalyst was 110 times that observed with the unsup-
ported biphasic ionic liquid system under similar conditions. The superior per-
formance of the supported catalyst over the unsupported one was attributed to a
concentration effect: most of the reaction occurs near the interface between the
ionic liquid layer and the organic phase, and the concentration of the active rho-
dium species is significantly enriched at the interface of a high-surface area support
in comparison to the biphasic system.

It is also remarkable that the rhodium complex catalyst in the supported ionic
liquid showed long-term stability, being used for 18 batches without any significant
loss of activity. It was confirmed that no rhodium metal clusters were formed.
However, acetone could be used to remove the ionic layer and its presence led to a
total loss of activity.

The first fixed-bed application of a supported ionic liquid-phase catalyst was
hydroformylation of propylene, with the reactants concentrated in the gas phase
(265). The catalyst was a rhodium—sulfoxantphos complex in two ionic liquids on a
silica support. The supported ionic liquid phase catalysts were conveniently pre-
pared by impregnation of a silica gel with Rh(acac)(CO) and ligands in a mixture of
methanol and ionic liquids, [BMIM]PF4 and [BMIM][n-CgH;;0S0s5], under an
argon atmosphere.

With this preparation method, a high ligand/Rh ratio (10 or 20) was shown to be
essential for catalyst activity and for high #/i ratios in the product aldehyde. In the
presence of ionic liquid, the n/i ratio was as much as 23.7, compared to a value of
16.9 observed in the absence of ionic liquids. Surprisingly, an L/Rh ratio of 2.5
resulted in an inactive catalyst. The catalytic activity and selectivity decreased steadily
during the 5-h test, independent of the type of ionic liquid and the L/Rh ratio.
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An ionic liquid was fully immobilized, rather than merely supported, on the
surface of silica through a multiple-step synthesis as shown in Fig. 15 (97). A ligand
tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-methyl-imidazolium) salt (tppti)
was prepared so that the catalyst, formed from dicarbonylacetylacetonate rhodium
and the ligand (P/Rh = 10), could be soluble in both [BMIM]BF,4 and [BMIM]PF.
The supported ionic liquid-catalyst systems showed nearly three times higher rate of
reaction (rate constant = 65min ") that a biphasic system for the hydroformylation
of 1-hexene at 100°C and 1500 psi in a batch reactor, but the n/i selectivity was
nearly constant the same for the two (72.4). Unfortunately, both the supported and
the biphasic ionic liquid systems exhibited similar metal leaching behavior.

Work with supported ionic liquids was extended to a cationic polymer, poly
(diallyldimethylammonium chloride), which has quaternary ammonium functional
groups (Fig. 16) (268). The extra-structural counter anion is C1™. The polymer was
applied to simultaneously incorporate an ionic liquid and a transition-metal catalyst
via a simple mixing of the components. Wilkinson’s catalyst and [BMIM]PF¢ were
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impregnated onto the polymer and applied for hydrogenation of 2-cyclohen-1-one
and 1,3-cyclooctadiene. The value of the TOF observed with this supported catalyst
was comparable to that observed with a homogeneous system but higher than that
observed with the biphasic ionic liquid systems. The catalyst system could be re-
used. However, the ionic liquid and the catalyst were leached out through a solvent
that was miscibile with the ionic liquid.

A similar strategy was followed with a catalyst that was made by direct polym-
erization of imidazolium ionic liquid monomers, followed by a subsequent anion
exchange (269). It was used for the synthesis of 1-vinyl-3-alkyl-imidazolium halides
(e.g., [ViEIM]Br (Vi = vinyl)). After the polymerization in chloroform at 60°C,
poly(ViEIM)Br and poly(ViBIM)Br were obtained. Other anions were introduced
via ligand exchange, replacing Br~. The solubility measurement of the cationic
polymers containing various anions showed that, among the anions investigated
(except Br~ and CI7), the polymers with BFy, PFg, TfO™, Tf,N ™, and a few other
anions are generally hydrophobic.

VII. Biocatalysis in lonic Liquid Media

Tonic liquids have drawn increasing interest as biotransformation media (2/,270). In
contrast to polar organic solvents, ionic liquids of higher polarity do not deactivate
enzymes. Instead, in a number of investigations, high polarity in ionic liquids ap-
peared to even lead to improved enzymatic performance (271). Furthermore, good
solubility of polar substrates in ionic liquids can create a favorable situation for the
biotransformations.

In general, hydrophobic ionic liquids, [BMIM]|Tf,N, [BMIM]PF4 and
[OMIM]PFg, provide environments that are less disruptive of the structures of
biocatalysts than molecular solvents of similar polarity, methanol or DMSO (220).

An ionic liquid can be used as a pure solvent or as a co-solvent. An enzyme-ionic
liquid system can be operated in a single phase or in multiple phases. Although
most research has focused on enzymatic catalysis in ionic liquids, application to
whole cell systems has also been reported (272). Besides searches for an alternative
non-volatile and polar media with reduced water and organic solvents for bioca-
talysis, significant attention has been paid to the dispersion of enzymes and mi-
croorganisms in ionic liquids so that repeated use of the expensive biocatalysts can
be realized. Another incentive for biocatalysis in ionic liquid media is to take ad-
vantage of the tunability of the solvent properties of the ionic liquids to achieve
improved catalytic performance. Because biocatalysts are applied predominantly at
lower temperatures (occasionally exceeding 100°C), thermal stability limitations of
ionic liquids are typically not a concern. Instead, the solvent properties are most
critical to the performance of biocatalysts.

Some general trends have started to appear correlating the properties of some ionic
liquids to performance in biocatalysis (273), but conflicting observations have also
been reported. The inconsistency of the performance of some systems could arise
from the presence of impurities in the ionic liquids (or possibly in the substrates).
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In a recent review, some positive attributes of ionic liquids in biocatalysis were
discussed (273). An example was given, which compares the enzymatic performance
of Pseudomonas cepacia lipase (PCL)-catalyzed reactions as a function of the sol-
vent polarity in both organic and ionic solvents, as shown in Fig. 17. The PCL
shows no activity in organic solvents in the polarity range of the ionic liquids, but it
is active in the ionic liquids.

It has often been found that enzymes retain their activity when suspended in ionic
liquids of low hydrogen bond basicity, but they are inactive in those with high
hydrogen bond basicity (e.g., CI~, NO3, and acetate-containing ionic liquids) (274).
Some recent biocatalytic reactions are discussed below, with an emphasis on the
function of the ionic liquids in enzyme catalysis.

A. TRANSESTERIFICATION

Biphasic systems consisting of ionic liquids and supercritical CO, showed
dramatic enhancement in the operational stability of both free and immobilized
Candida antarctica lipase B (CALB) in the catalyzed kinetic resolution of rac-1-
phenylethanol with vinyl propionate at 10 MPa and temperatures between 120 and
150°C (Scheme 30) (275). Hydrophobic ionic liquids, [EMIM]|Tf,N or
[BMIM]Tf,N, were shown to be essential for the stability of the enzyme in the
biotransformation. Notwithstanding the extreme conditions, both the free and iso-
lated enzymes were able specifically to catalyze the synthesis of (R)-1-phenylethyl
propionate. The maximum enantiomeric excess needed for satisfactory product
purity (ee >99.9%) was maintained. The (S)-1-phenylethanol reactant was not
esterified. The authors suggested that the ionic liquids provide protection against
enzyme denaturation by CO, and heat. When the free enzyme was used,
[EMIM]Tf,N appeared to be the best ionic liquid to protect the enzyme, which



VII] CATALYSIS IN IONIC LIQUIDS 225

OH

OOCCH,CH,
CH,CHO O)\ ©/\
CH,CH,CO0-CH=CH, _L, [PrO-En] ;\b—> +

CALB OH
H,0 \l @/'\
CH,;CH,COOH
ScHEME 30.

was characterized by a half-life corresponding to 15 cycles. The observed effects of
ionic liquids were attributed to the dual functions of the ionic liquids. First, they act
as solvents, providing adequate microenvironments for the catalytic action of the
enzyme (active catalytic conformation). Second, ionic liquids function as liquid
supports, providing favorable multipoint enzyme-ionic liquids interactions (ionic,
hydrogen, van der Waals, etc.) in a flexible supramolecular net able to maintain the
active protein conformation in these highly denaturative conditions (276). The re-
moval of residual water from the ionic liquids by CO, purging was found to im-
prove the product selectivity by preventing the hydrolysis of enzyme-propionate
intermediate to propionic acid.

The hydrophobic ionic liquid [BMIM]PF¢ has been consistently shown to pro-
vide the desired conformational flexibility to enzymes without drastically altering
their catalytically active conformations. Therefore, this ionic liquid has been widely
studied as a suitable medium for enzymatic transformations.

The hydrophobicity of ionic liquids was found to be particularly beneficial for
lipase PS-C-catalyzed transesterification of 2-hydroxymethyl-1,4-benzodioxane in
the presence of vinyl acetate (277). The hydrophobic [BMIM]PF¢ functioned as a
better promotional medium than methylene chloride and hydrophilic [BMIM]BF,,
with either supported or unsupported enzyme for the catalytic transesterifications.
The ionic liquid not only acted as a medium but also as a permanent host for the
enzymes, so that the enzyme-ionic liquid system could be recycled several times
without substantial diminution in lipase activity.

The beneficial effect of the hydrophobicity of [BMIM]PF¢ was shown to extend
to other enzymes; a remarkably enhanced enantioselectivity was observed for lip-
ases AK and Pseudomonas fluorescens for the kinetic resolution of racemic P-
chiral hydroxymethanephosphinates (Scheme 31) (278). The ee values of the re-
covered alcohols and the acetates were about 80% when the enzymatic reactions
were conducted in the hydrophobic [BMIM]PFg. In contrast, there was little en-
antioselectivity (<5%) observed with the enzymes in hydrophilic [ BMIM]BF,. The
lack of stereoselectivity in [BMIM]BF,4 was attributed to the high miscibility of
[BMIM]BF,4 with water. The relatively hydrophilic ionic liquid is capable of strip-
ping off the essential water from the enzyme surface, leading to insufficient hydra-
tion of the enzyme and a consequently strong influence on its performance (279).
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[BMIM]BF,, which is fully miscible with water, may undergo such undesirable
interactions with various kinds of enzymes.

In a similar investigation, transesterification reactions of vinyl acetate with al-
cohols in [BMIM]BF, and [BMIM]PFy in the presence of immobilized lipases
CALB and PS-C were found to proceed with higher enantioselectivities than in
THF or toluene, with the best result again being observed with [BMIM]PF (280).

In a recent study of protease a-chymotrypsin transesterification reactions, several
ionic liquids ([EMIM]BF,, [EMIM]|T{,N, [BMIM]|BF,;, [BMIM]PFs, and
[MTOA]T,N) were used as the isolation media for the enzyme. Among these
ionic liquids, [EMIM]BF, showed the least activity, and [BMIM]PF offered the
best stabilization of the enzyme (281).

Although [BMIM]BF, has been evaluated as an isolation medium for lipase-
catalyzed biotransformations, the general experience with it has not been favorable,
relative to that with other ionic liquids, such as [BMIM]PFs. However, excellent
performance was recently reported for [BDMIM]|BF, when it was used to host
Candida antarctica (Novozym 435) for the enantioselective transesterification of 5-
phenyl-1-penten-3-ol (+ and -) with vinyl acetate. The working hypothesis was that
the oligomerization of acetaldehyde may be caused by the C2 proton of the
[BMIM] " ion because of the unfavorable acidity of this group (226). In contrast,
the cation in [BDMIM]BF, lacks this acidity.

The rate of the reaction in [BDMIM]BF, was superior to that in [BMIM]BF,. It
is significant that no drop in the reaction rate was observed in the [BDMIM]BF,
system after 10 repeated uses of the enzyme, whereas the reaction rate was signif-
icantly reduced when the reaction was conducted in [BMIM]BF, or in [BMIM]PF
(282). [BDMIM]BF, was found to be the best solvent for the recycled use of the
enzyme under normal pressure conditions when vinyl acetate was used as the acyl
donor. No reaction took place when [BDMIM]PF4 was used as the solvent in the
lipase-catalyzed reaction. (The [BDMIM]PF¢ was purified with particular care to
rule out the possibility of contamination.) The replacement of the C2 proton of
[BMIM]PF¢ by a methyl group was therefore concluded to have a large influence on
its biocatalytic compatibility.

The polarity of an ionic liquid has been inferred to affect the activity of enzymes
in it. Lozano et al. (276) attributed the differences in CALB activity in various ionic
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liquids to the effect of solvent polarity; higher ionic liquid polarity led to greater
transesterification rates. However, the importance of ionic liquid polarity was
questioned in a recent study (220). It was argued that the differences in polarity of
the ionic liquids were small, and—indeed contradictory values have been reported
(75,226). Therefore, correlations of enzyme activity with the polarities of ionic
liquids were suggested to be inappropriate for lipases and proteases (220). Instead,
the authors pointed to the relationship between the enzyme’s activity in water and
the type of ionic liquid (283).

The presence of small amounts of water was found to be essential even for
hydrophobic ionic liquids (284). When a-chymotrypsin (in the form of salt-free
lyophilized powder) was applied for the transesterification of N-acetyl-L-phenyl-
alanine ethyl ester with 1-propanol in the dry ionic liquids [BMIM]PF¢ and
[OMIM]PFg, little enzymatic activity was observed. The maximum activity was
observed when 0.5 vol% water was added to the ionic liquids. Supercritical CO,
was also sufficient to activate the enzyme in dry ionic liquids. The addition of water
to the supercritical CO,-ionic liquid system further enhanced the enzymatic activity.

B. OxipaTiON

Fe(III) protoporphyrin chloride (hemin), microperoxidase-11 (MP-11), and cyto-
chrome ¢ (cyt-c¢) demonstrated substantial peroxidase activity for the oxidation of 2-
methoxyphenol with H,O, and tert-BuOOH as the oxidant in ionic liquids
[OMIM]PF¢ < [BMIM]PF¢ <[BMIM]Tf,N] (220). The non-coordinating, weak nu-
cleophilic nature of the ionic liquids may have accelerate the peroxidase reaction by
stabilizing the highly charged iron-peroxo or -oxo intermediates generated in the rate-
limiting step of the reaction, thereby resulting in a substantial rate enhancement.

Although solvent polarity may influence the site of radical localization within the
porphyrin ring, which can potentially alter the reactivity (285,286), the solvent
coordinating ability and nucleophilicity and specific ligand effects are particularly
important in determining peroxidase activity.

The hemin activity increased in the order [OMIM]PF4<[BMIM]PF4<
[BMIM][Tf,N]. This order was correlated with the viscosities of the ionic liquids
(682, 450, and 69 cP) rather than their polarity. The peroxidase activities of cyt-c,
MP-11, and hemin were found not to be influenced by water.

[BMIM]PF¢ was applied to a bi-enzymatic system for the chemo- and stereo-
selective oxidation of organosulfide (ee = 92%), as shown in Scheme 32 (287). In
this system, the peroxidase was used to catalyze the oxidation of the sulfides. Be-
cause the peroxidases could be deactivated by an excess of hydrogen peroxide,
glucose oxidase (GOD) was used to generate in situ a continuous flux of hydrogen
peroxide from glucose by the use of oxygen from the air. The reaction proceeded
well with the addition of 5-10% water. The bi-enzyme/[BMIM]PF¢/H-,O system
offered high operational stability. In such a system, all substrates including glucose,
gluconic acid, and sulfides are dissolved in the ionic liquids. After extraction of the
products, the system remained active; however, product inhibition was observed.
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C. ArLpoL REACTIONS

On the basis of encouraging work in the development of L-proline-DMSO and
L-proline-ionic liquid systems for practical asymmetric aldol reactions, an aldolase
antibody 38C2 was evaluated in the ionic liquid [BMIM]PFg as a reusable aldolase-
ionic liquid catalytic system for the aldol synthesis of a-chloro-f-hydroxy com-
pounds (288). The biocatalytic process was followed by chemical catalysis using
Et;N in the ionic liquid [BMIM]TfO at room temperature, which transformed the
a-chloro-B-hydroxy compounds to the optically active (70% ee) a,-epoxy carbonyl
compounds. The aldolase antibody 38C2-ionic liquid system was also shown to be
reusable for Michael additions and the reaction of fluoromethylated imines.

D. GALACTOSYLATION REACTIONS

In the synthesis of N-acetyllactosamin from lactose and N-acetylglucosamine
with B-galactosidase (289,290), the addition of 25 vol% of the water-miscible ionic
liquid [MMIM][MeSQy] to an aqueous system was found to effectively suppress the
side reaction of secondary hydrolysis of the desired product. As a result, the prod-
uct yield was increased from 30 to 60%. Product separation was improved, and the
reuse of the enzymatic catalyst became possible. A kinetics investigation showed
that the enzyme activity was not influenced by the presence of the ionic liquids. The
enzyme was stable under the conditions employed, allowing its repeated use after
filtration with a commercially available ultrafiltration membrane.

When the water-miscible ionic liquid [MMIM][MeSO,4] was used as a neat medium
for the enzymatic transformations, however, poorer performance was observed. For
the kinetic resolution of rac-1-phenylethanol by transesterification with vinyl acetate
with a set of different lipases dispersed in the pure ionic liquid, it was found that
[MMIM]MeSO,4] was among the poorest media for the enzymes (291). It has been
recognized that some water-miscible ionic liquids in the pure form are denaturants
(21), but, when they are used in the presence of excess water, their tendency to



VIII] CATALYSIS IN IONIC LIQUIDS 229

denature the enzymes disappeared. Similar results have been observed for other sys-
tems as well (284,292).

VIIl. Conclusions and Perspective

The catalytic applications of ionic liquids have grown rapidly in the preceding
decade as the number of new ionic liquids has continued to expand. From an
environmental point of view, the lack of vapor pressure has made ionic liquids
highly attractive as replacements for conventional solvents for homogeneous ca-
talysis. Although no other liquid material could be greener than water as a reaction
medium, the inertness of many ionic liquids toward the most-known catalysts has
made possible applications that are otherwise not feasible in water. Other unique
properties of ionic liquids, including the high thermal stability, broad liquid range,
the tunable acidity, and the excellent retention of polar or charged catalysts, have
made ionic liquids suitable media for a broad range of catalytic applications. The
tunability of a wide spectrum of properties of ionic liquids has allowed for task-
specific applications. Reusable catalyst—ionic liquid systems made possible by facile
catalyst—product separation have provided economic incentives for the develop-
ment of such systems for new processes and as replacements for existing ones. Most
reported investigations have been carried out in batch operations, but it has also
been possible to use continuous processes that allow for product separation and
reuse of catalyst—ionic liquid combinations (235).

On the basis of the desirable liquid properties, ionic liquids have been reported
for a broad range of catalytic applications. The applications include the use of ionic
liquids as active catalysts and as carrier phases for organometallic catalysts and for
solid catalysts. The reaction system can be controlled so that reaction occurs in a
single phase, or in a biphasic or triphasic system. Improved selectivity has often
been observed in such systems relative to what is attained in conventional organic
solvents, and activity improvements over those attainable in aqueous biphasic sys-
tems have also often been observed. In general, the solubility of a less-soluble
reactant in the ionic liquids tends to limit the rate of the desired reaction. The
partitioning of products in biphasic systems aids selectivity to desired products by
limiting consecutive reactions. The tunable solubility of organic molecules in ionic
liquids, either by the modification of the structure of the ionic liquid or by the
addition of a co-solvent, (293-295) could in prospect be used to achieve desired
reaction rates and selectivities.

The replacement of conventional catalytic processes for purification of mixtures
by processes involving extraction with ionic liquids has also been envisioned. For
example, the extractive removal of sulfur compounds from fuels has shown prom-
ising leads for high selectivity for aromatic sulfur compounds, and removal of such
compounds has been a major challenge in conventional heterogeneous hydro-
desulfurization catalysis (27,296).
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The use of chiral ionic liquids for the synthesis of enantioselective compounds
could allow important applications, although research activity in this area has been
relatively low. The possibility of reusing the ionic liquids is particularly attractive.
Recyclable ionic liquids containing expensive catalysts are expected to enable cat-
alytic processes that are otherwise cost prohibitive.

Promising developments of ionic liquids for biocatalysis reflect their enhanced
thermal and operational stabilities, sometimes combined with high regio- or
enantioselectivities. lonic liquids are particularly attractive media for certain bio-
transformations of highly polar substrates, which cannot be performed in water
owing to equilibrium limitations (297).

It must be recognized that the understanding and the full characterization of
some ionic liquids are still limited, and there are a number of limitations that must
be kept in mind. Some ionic liquids are moisture sensitive, particularly a number of
metal halide-containing ionic liquids, such as chloroaluminates. Those containing
BF; and PFg are prone to hydrolysis, generating HF in the presence of water at
elevated temperatures and particularly in the presence of metal catalysts (47,294).
The presence of impurities can have a detrimental effect on the catalyst perform-
ance. A small loss of ionic liquid into the products may necessitate costly puri-
fication steps. The cost of ionic liquids has also limited the commercial development
of catalytic processes for commodity chemicals.

Most important, there is significant uncertainty regarding the toxicity and po-
tential environmental impact of some ionic liquids. Structural similarities between
some ionic liquids and either herbicides or plant growth regulators have been
pointed out (298). The anti-microbial activities of ionic liquids have been correlated
with the alkyl chain length in the imidazolium ion; the longer chain length resulted
in greater anti-microbial activity (299,300). Therefore, a full assessment of the tox-
icity of ionic liquids still falls behind the application tests. In view of possible
product contamination and the issues of disposal of ionic liquids after repeated use,
it is prudent to design processes using ionic liquids that have well-established
toxicity profiles.
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This review is a summary of the work done and potential opportunities for inexpensive and
easily accessible base catalysts, such as alkaline earth metal oxides and hydroxides, as well as
alkali metals and oxides supported on alkaline earth metal oxides. Preparation methods of these
materials, as well as characterization of basic sites are reported. An extensive review of their
catalytic applications for a variety of organic transformations including isomerization, car-
bon—carbon and carbon—oxygen bond formation, and hydrogen transfer reactions is presented.

Abbreviations: ap-, activity of the base; AV, anion vacancy; CS, Claisen—Schmidt; DMSO, dimethyl
sulfoxide; DNB, 1; 2-dinitrobenzene; DTA, differential thermal analysis; DTG, differential thermal
gravimetric; EBH, 5-ethylidenebicyclo-[2.2.1]-hept-2-ene; EPR, Electron paramagnetic resonance; F,
neutral bulk F center consisting of two electrons trapped in anion vacancy in oxides; F", positively
charged bulk F center consisting of one electron trapped in anion vacancy in oxides; IMO, Isomesityl
oxide; IP, isophorone; IR, infrared; MBOH, 2-methyl-3-butyn-2-ol; MEG, 3-ethylidene-3-methylglutaric
acid di-methyl ester; MO, mesityl oxide; MPVO, Meerwein—Pondorff—Verley and Oppenauer; OCM,
oxidative coupling of methane; TBMPHE, 2, 6-di-t-butyl-4-methylphenol; TEMPO, 2, 2, 6, 6-
tetramethyl-1-piperidinyloxyl; 7'G, thermal gravimetric; TPD, temperature-programed desorption;
VBH, 5-vinylbicyclo-[2.2.1]-hept-2-ene; W- H, Wittig-Horner; w25, weight percentage; XANES, X-ray
absorption near-edge structure; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction.

l. Introduction

It is rewarding to see that researchers in catalysis are increasingly paying attention
to solid base catalysts (/—4). Their work is leading to the discovery and, especially,
to the improvement of such catalysts, many of which perform better than conven-
tional homogeneous catalysts, such as hydroxides of alkali metals typified by
NaOH. Although the recent research is increasing our fundamental knowledge of
base catalysis, its reflection on industrial catalysis is still limited. No doubt it is
difficult to compete economically with NaOH; many existing processes are well
suited to operation with this catalyst, with appropriate treatment of the effluents.
Thus, the practitioners of many of today’s processes perceive no economic incentive
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for replacement of NaOH by solid catalysts, which besides being relatively expen-
sive, suffer from deactivation and the required regeneration.

It appears to us that the way forward to further industrial application of solid
base catalysts may emerge from the discovery of unusual selectivity effects or new
reactions that require well-balanced base and acid—base pair sites with relatively
inexpensive solid catalysts that last long enough to process large quantities of re-
actants per unit mass of catalyst.

Thus, we focus in this review on a series of relatively inexpensive and easily
accessible base catalysts, such as alkaline earth metal oxides and hydroxides, as well
as alkali metals and oxides supported on alkaline earth metal oxides. We believe that
the possibilities offered by solid base catalysts can be markedly enhanced if more
researchers working in materials synthesis were to take these as the starting point
and develop new synthesis methods to prepare well structured, high-surface-area
alkaline earth materials. Building from this foundation, the present review is in-
tended as a summary of what has been done and potential opportunities. Our hope
is that this review will serve as a starting point for experts in catalyst synthesis, who,
after seeing the many potential catalytic applications of these materials, will become
interested in expanding their possibilities by developing the materials further.

Il. Surface Basicity and Base Strength of Alkaline Earth
Metal Oxides

The surface basicity of a solid catalyst can be defined in a way analogous to that
applied to conventional bases. Thus, a surface Lewis base site is one that is able to
donate an electron pair to an adsorbed molecule. If we take the definition of surface
basicity in a more general way, it could be said that the active surface corresponds
to sites with relatively high local electron densities. This general definition will
include not only Lewis basicity but also single electron donor sites. We emphasize
that the literature of heterogeneous catalysis often reports that both single-electron
and electron-pair donor sites exist on basic catalysts.

Concerning the nature of Lewis basic sites, little work has been done to establish
general rules and models, except for alkaline earth metal oxides and zeolites. With
respect to the former, i.e., the nature of oxygen Lewis basic sites on alkaline earth
metal oxide catalysts, a charge-density model predicts that the strength of the sites
decreases in the order: O~ >0OH~ >H,0>H;0".

In the case of oxide catalysts or alkali metal-doped oxide catalysts, basic surface
sites can be generated by decarboxylation of a surface metal carbonate; exchange of
hydroxyl hydrogen ions by electropositive cations; thermal dehydroxylation of the
catalyst surface; condensation of alkali metal particles on the surface; and reaction
of an alkali metal with an anion vacancy (AV) to give F* centers (e.g., Na +
AV - Na’ + e).

Coluccia et al. (5) proposed a model of the MgO surface that shows Mg—O ion
pairs of various coordination numbers (Fig. 1). MgO has a highly defective surface
structure showing steps, edges, corners, kinks, etc., which provide O sites of low
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Fic. 1. Model of MgO surface (3).

coordination numbers. These low-coordinated O sites (Ofs., on faces, O, on
edges, and O(2§c) on corners) are expected to be responsible for the presence of basic
sites with different strengths. Base strength of surface O sites increases as the
coordination number becomes lower. Thus, Mg(23t)0(23’c) sites are the most reactive,
adsorb CO, most strongly, and should be able to dissociate molecules with pK,
values higher than 30, such as ammonia, ethene, and benzene (6).

In the case of oxides of alkali metals, the basic sites able to abstract protons from
a reactant molecule are those associated with O M>* ion pairs and OH groups,
whereas the adjacent metal ion acts to stabilize the resultant anionic intermediate.
However, the surfaces of these materials, when they are in contact with the at-
mosphere, are covered with CO,, water, and in some cases oxygen. Because the
surface basic sites become exposed when the oxide is pre-treated at high temper-
ature, an important catalyst preparation variable in the case of alkaline earth metal
oxides is the treatment temperature. The influence of temperature on the generation
of basic sites is related to the progressively lower surface coordination number that
results from increasing the treatment temperature. This temperature certainly in-
fluences not only the total number of such sites, but also the base site strength (7).
Thus, as the treatment temperature increases, the molecules adsorbed on the surface
are successively desorbed according to the strength of the interaction with the basic
sites. The basic sites that appear on the surfaces by treatment at high temperatures
have to be stronger than those created at lower temperatures.

According to Hattori (7), evacuation of MgO at high temperature (6731273 K)
leads to the appearance of three different types of basic sites exposing O® ions with
different coordination numbers. The existence of sites with different structures, and
therefore with different base strengths, is reflected in the variation of the catalytic
activities for various reactions (8) as a function of the catalyst treatment temper-
ature. The catalytic activity increases with increasing treatment temperature to give
maximum activities at different temperatures, depending on the type of reaction (2).
In a classical investigation, Tanabe (4) presented the effect of treatment temperature
on the total basicity and reactivity of CaO (Fig. 2).

It is notable that the presence of basic sites with H_<26.5 have been claimed
when calcining CaCOj3 at 1173 K and Sr(OH), at 1123 K (9).



242 A. CORMA and S. IBORRA [111

0.8 T T T T T T T T T

0.6 — 1015

Basicity (mmol/g)
o
N
\

0.2 1014

\
Number of reducing site (spins/g)

573 773 973 1173
Pretreatment Temperature (K)

FiG. 2. Dependence of basicity and catalytic activity on calcination temperature of CaO: (O) Basic
sites with H_ > 15; ([O) relative activity for Tishchenko reaction of benzaldehyde; (®) number of reducing
sites; (M) activity for styrene polymerization; and (A) relative propene hydrogenation activity (4).

According to the model presented above, different types of basic sites of different
nature and base strength exist on the surfaces of alkaline earth metal oxides.
Therefore, these materials show heterogeneity with respect to the basic sites and
with respect to catalysis. This statement implies that if several reactions compete
that require basic sites of different strength, two MgO samples with different rel-
ative populations of sites Ogs), Ofic), and Ofse) should give different selectivities. It
becomes apparent that the population of basic sites and consequently the activity
and selectivity of the catalyst can also be changed by control of the size and shape of
the MgO crystals through the preparation procedure, because this controls the
relative number of atoms located at corners, terraces or faces, i.e., 0(23_0), 0(24_0), and
Os0)-

If a correlation between the nature of the various sites and their catalytic ac-
tivities and/or selectivities has to be established, methods for characterizing the
different basicities will be required. Therefore, in the following sections, we discuss
the methods for preparation of alkaline earth metal oxides as well as the principal
characterization techniques used to evaluate their basicities.

lll. Synthesis of High-Surface-Area Alkaline Earth Metal Oxides

Alkaline earth metal oxides are generally prepared by thermal decomposition of
alkaline earth compounds, such as hydroxides, chlorides, sulfates, and carbonates.

The most general methodology followed to prepare alkaline earth metal oxides as
basic catalysts consists of the thermal decomposition of the corresponding hy-
droxides or carbonates in air or under vacuum. Decomposition of hydroxides is
frequently used to prepare MgO and CaO, whereas BaO and SrO are prepared from
the corresponding carbonates as precursor salts. Preparation of alkaline earth metal
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oxides with high surface areas is especially important when the oxide has to be used
as basic catalyst, because the catalytic activity will depend on the number and
strength of the basic sites accessible to the reactant molecules, which is dependent
on the accessible surface area.

From the available data, only MgO has been synthesized with high surface areas
(usually between 130 and 300 m?/g) whereas for CaO, SrO, and BaO only very low
surface areas have been achieved (around 60, 10, and 2 m?/g, respectively) (10-12).
For the preparation of high-surface-area MgO, the decomposition of magnesium
salts such as oxalates, hydroxycarbonates, sulfates, etc. has been selected frequently,
with the thermal decomposition of Mg(OH), being the most common method.
Magnesium hydroxide precursors are obtained by treating commercial MgO (which
usually has a low surface area, 10-40 m?/g) with water for several hours (/3-15). In
other cases, Mg(OH), is prepared by precipitation starting from aqueous solutions
of magnesium salts (MgNO;, MgSO,) and alkaline aqueous solutions (KOH or
NH,4OH) as precipitating agents (16-20).

A variety of variables influence the final surface area of the resultant MgO. Thus,
the surface area is strongly dependent on the nature of the precursor salt (20-22),
(e.g., magnesium hydroxide, carbonate, hydroxycarbonate, oxalate, etc.). Matsuda
et al. (23) investigated the preparation of MgO starting from three different pre-
cursors, namely, magnesium hydroxycarbonate (MgCO3;—Mg(OH),), magnesium
oxalate, and magnesium hydroxide, each of which was decomposed at 823K for
20h in air. The authors reported surface areas of 59, 140, and 85.7m?/g for the
MgO obtained from the hydroxycarbonate, oxalate, and Mg(OH),, respectively. On
the other hand, MgO prepared under identical conditions from different samples of
magnesium hydroxide showed different properties (24-27). For instance, Bancquart
et al. (28) reported that MgO prepared by decomposition of Mg(OH), synthesized
by precipitation from Mg(INO;3), with NH4OH and calcined in air at 723K for
12h, had a surface area of 150 m?/g, whereas when the Mg(OH), was prepared
by hydration of a commercial MgO, the surface area was lower (102m?/g).
Matsuda et al. (23) prepared Mg(OH), by the alkaline precipitation method sta
rting from various magnesium salts, such as nitrate, sulfate, chloride, and
acetate. They found that the final surface area of the MgO depended on the nature
of the starting salt used to prepare the Mg(OH),. Table I shows that Mg(OH),
prepared from the acetate decomposes to give the MgO with the highest surface
area, followed by nitrate and sulfate, whereas MgCl, gives samples with very low
surface areas.

TABLE 1
Influence of the Salt Used to Prepare Mg(OH ), Precursor on the Surface Area of the Resultant MgO (23)
Magnesium salt precursor Surface area of MgO (m?/g)
Mg(NOs), 85.7
MgSO, 86.3
MgCl, 19.0

Mg(CH;CO0), 117
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In the preparation of MgO from chloride salt precursors, it was observed that the
presence of any residual chloride had a detrimental effect on the surface area of the
resultant MgO (29). This effect has been related to the ability of chloride to aid
sintering and grain growth in the oxide (30).

The higher surface areas of the MgO samples obtained by the decomposition of
oxalate and of the Mg(OH), prepared from magnesium acetate (Table I) are at-
tributed to the evolution of gases during the decomposition of organic groups in
magnesium salts. It was later reported (37) that the decomposition of the oxalate at
873 K for 5h under vacuum gives MgO with a surface area of 474 m?/g. Conditions
of the thermal decomposition such as pre-treatment time of the sample, temper-
ature, gas environment, and outgassing procedures strongly affect the sample mor-
phology and surface uniformity of MgO (25).

Potential parameters influencing the preparation of MgO by thermal decompo-
sition of magnesium hydroxide prepared from various magnesium salts have been
thoroughly investigated by Choudhary et al. (18). These authors also found that the
surface area and basicity of MgO obtained from magnesium hydroxide strongly
depend on the magnesium salt precursor, precipitating agent, precipitation condi-
tions (concentration of magnesium salt, pH, temperature), mode of mixing, aging
period, and calcination temperature (873-1173 K). Analysis of the magnesium hy-
droxide decomposition process, using TG, DTG, and DTA techniques showed that
the conditions of preparation of magnesium hydroxide strongly influence the ther-
mal decomposition in the preparation of active MgO (79).

Several researchers have examined the possibility of synthesizing MgO powders
from liquid precursors by a sol-gel route involving the hydrolysis and condensation
of magnesium ethoxide (32-35). Interesting results were reported by Klabunde ez al.
(36-38) using a method involving the formation of Mg(OH), gel (from Mg(OCHs),
in a methanol-toluene solvent mixture), which was submitted to a supercritical
drying process in an autoclave giving a Mg(OH), aerogel. This material had a
surface area of 1000m?/g and a crystallite size of 3.5nm. Heat treatment of this
precursor at 773 K under vacuum yielded the dehydrated MgO with a 500 m?/g
surface area and 4.5 nm crystallite size.

IV. Characterization of the Number and Strength of Basic Sites

The surface acidity of solids has been investigated in much detail by a large number
of physicochemical techniques, but determination of basicity in solids is a more
difficult task and has been investigated much less. Methods for characterizing basic
surfaces were reviewed by Tanabe (39), Forni (40), and, more recently, Hattori (2),
and Barthomeuf (47). In broad terms, the main techniques that are used frequently
are the following: titration, spectroscopic investigations, and test reactions. These
methods, in conjunction with adsorption and temperature-programed desorption
(TPD) of probe molecules, give information about the nature, number, strength,
and reactivity of basic sites on solid catalysts.
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A. TITRATION METHODS

The number of basic sites of different strengths can be evaluated by titration
using organic acids (benzoic acid, acrylic acid, phenol, etc.) in water or organic
solvents (42,43). The general methodology involves suspension of the solid in a
solvent such as benzene or cyclohexane in the presence of a Hammett indicator
(BH). The indicator is adsorbed on the catalyst in its conjugated base form (B™),
which is then titrated with the organic acid. The amount of organic acid required is
a measure of the number of sites that have a base strength corresponding to the pK,
value of the indicator.

The strength of the basic sites can be expressed on a scale given by the H_
function defined by the equation

H_ = pK, + log[B~]/[BH],

where pK, is the pK, value of the indicator BH, and [BH] and [B7] are the con-
centration of the indicator and its conjugated base, respectively. This method has
been widely applied to assess the basicities of a variety of oxides and hydroxides.
For instance, Take et al. (9) reported that MgO and CaO have basic sites stronger
than H_ = 26, whereas SrO is less basic (H_ < 18). Matsuda et al. (23) measured the
basicity of various MgO samples prepared from six different kinds of magnesium
salts, finding that MgO samples prepared from magnesium chloride, sulfate, or
carbonate have base strengths lower than H_ = 22, whereas MgO samples prepared
from nitrate, oxalate, or acetate have basic sites characterized by values of H_
exceeding 27.

However, although this method has been applied widely, the use of Hammett
indicators is highly controversial, especially when they are used to give quantitative
results. For instance, one has to take into account the fact that an indicator can
change color by reactions different from acid—base reactions. Moreover, in some
cases the titration solution may dissolve the surface of the solid catalyst. In both
cases, the number of basic sites will be overestimated. To summarize, although the
Hammett indicators are still used for evaluating the basicity of solids, researchers
must be aware that this technique is intrinsically inappropriate. Indeed, although
the use of the H_ function is adequate for homogeneous solutions of bases, neither
ag- nor the surface basicity function H_ has an explicit physical meaning for solids.
Therefore, the application of Hammett indicators to characterize the catalytic
properties of solid bases can be misleading.

B. SpEcTROSCOPIC METHODS

Techniques such as X-ray photoelectron spectroscopy (XPS) and electron par-
amagnetic resonance (EPR) spectroscopy, have been applied to determine the basic
properties of solids (2). The usefulness of XPS is based on the fact that the electron-
pair donating ability of a solid base may be directly related to the O binding
energy. A good correlation between effective oxygen charge and the O, binding
energy was found for single metal oxides (44). EPR, combined with the adsorption
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of probe molecules such as tetracyanoethylene and perylene, has been used to
measure electron-donor sites on MgO and Al,O;, respectively (45,46). Two types of
electron-donor sites were observed on MgO, depending on the treatment temper-
ature. After treatment at lower temperatures, the basic sites are hydroxyl groups,
whereas after treatment at higher temperatures, the basic sites are the Lewis basic
sites O?~. This result is important and is taken into account below in the assessment
of catalytic results when a goal is to determine the nature of the basic active sites.

Among the spectroscopic techniques, one of the most widely used to characterize
the basic properties of alkaline earth metal oxides is infrared (IR) spectroscopy of
adsorbed probe molecules (41,47—49); this is described below.

B.1. Infrared Spectroscopy of Adsorbed Probe Molecules

Adsorption of a specific probe molecule on a catalyst induces changes in the
vibrational spectra of surface groups and the adsorbed molecules used to charac-
terize the nature and strength of the basic sites. The analysis of IR spectra of surface
species formed by adsorption of probe molecules (e.g., CO, CO,, SO,, pyrrole,
chloroform, acetonitrile, alcohols, thiols, boric acid trimethyl ether, acetylenes,
ammonia, and pyridine) was reviewed critically by Lavalley (50), who concluded
that there is no universally suitable probe molecule for the characterization of basic
sites. This limitation results because most of the probe molecules interact with
surface sites to form strongly bound complexes, which can cause irreversible
changes of the surface. In this section, we review work with some of the probe
molecules that are commonly used for characterizing alkaline earth metal oxides.

CO, ammonia, and pyridine are suitable probe molecules for characterizing
structural defects on metal oxides that are strongly basic. CO acts as a Lewis acid,
interacting at low temperature with basic O® sites to lead to the formation of
(CO,)*~ species on the surface. Such an interaction has been observed on alkaline
earth-metal oxides evacuated at high temperature (51,52). Moreover, results char-
acterizing adsorption of CO on lanthana (53) indicate that the strongest basic sites
responsible for CO adsorption may correspond to structural defects, such as edges
and steps, where the oxygen ions have low coordination numbers.

Ammonia and pyridine are frequently used as probe molecules for the charac-
terization of acidic surfaces, but they also adsorb on strongly basic sites.
Tsyganenko et al. (54) proposed various species resulting from NH; adsorption
on basic solids (Scheme 1). The formation of species 1 corresponds to hydrogen
bonding to a basic surface oxygen, and species II, formed by dissociation to give
NH,_ and hydroxyl species, involves an acid—base site. Such adsorption requires
sites of the greatest coordinative unsaturation, such as M(Z;)O(zi,), which are those
located at the edges of the crystals.

I II

SCHEME 1.
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CsHsN + M*0>  —>  CsH,N"M**OH

SCHEME 2.

Species I were observed on MgO and CaO, and species II were observed on MgO,
CaO, and SrO as well as on hydroxylated MgO (55). They were monitored by the
NH; absorption band in the region near 1550 ecm™! (55-57). Dissociative
chemisorption has also been reported for pyridine on M?*" Q> pairs in low co-
ordination on alkaline earth metal oxides (Scheme 2).

It was found that proceeding in the series from MgO to CaO to SrO, the ease of
formation of CsH4N™ ions increased, in agreement with the increasing basicity of
the oxides (58).

Acetonitrile has been shown to be a particularly useful probe molecule, being
capable of co-coordinating to Lewis or Brensted acid and base sites. On acid sites,
CH;CN forms N-bonded o complexes, and the v(CN) wavenumber increases. On
the other hand, the hydrogen atoms of the methyl group present a proton-donor
character, so that the interaction with basic sites leads to the formation of carb-
anion species - CH,CN that occur on Lewis sites and evidence the strong basicity of
the O®~ sites. Acetonitrile can also interact with Brensted basic sites, forming
anionic acetamide species, as a result of the nucleophilic attack of a surface OH™
group on a coordinated acetonitrile molecule (59). However, one must be aware
that the participation of basic O~ sites in the formation of acetamide species
cannot be ruled out (50). Accordingly, acetonitrile has been very useful for char-
acterization of various metal oxides (58).

Monofluoro-, trifluoro-, and trichloromethane, as well as acetylene and methyl-
acetylene, also undergo hydrogen-bonding interactions with Lewis basic sites. The
experimental frequency shifts of the C—H stretching modes of these CH acids can be
correlated with the hydrogen-bond acceptor strength of the O~ and hence regarded
as a measure of the strength of the basic sites. A detailed investigation carried out
by Huber and Knoézinger (60) of the adsorption of these types of molecules on MgO
showed that the adsorption of CHCl; and CDCl; results in the formation of a type I
complex, with the CH (CD) mode being shifted to lower wave numbers. A red shift
of 36cm ™" was observed for the hydrogen-bonded O*"H—CCl; complex. However,
the stronger CH acid trifluoromethane forms an adsorption complex (type II) in
which hydrogen interacts with the basic oxygen sites, and simultaneously one of the
fluorine atoms is associated with an Mg?* site. Adsorbed CH5F on MgO retains the
Cs, symmetry, and therefore the most likely adsorption complex is Mg> " F-CHj,
(type III) (Scheme 3).

The spectral behavior of CO bonded to metal atoms (metal carbonyls) has been
used to characterize the surface of solids (67). For instance, it is known that metal
carbonyl interacts with surface site of metal oxides and zeolites to form a Lewis-
type adduct where a CO ligand of the metal carbonyl interacts (via the oxygen
atom) with surface OH groups or with co-ordinatively unsaturated metal ions
(surface Lewis acid sites) (62,63). On the other hand, thermal treatment of the metal
carbonyl support adducts lead to loss of CO with formation of subcarbonyls, which
are anchored to the support (64,65). Papile et al. (66) reported the characterization
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of rhenium subcarbonyls on MgO powder by IR spectroscopy, which were pre-
pared by adsorption and decomposition of Re,(CO);o. The presence of different
surface ligands bonded to the rhenium as O®~ (via the vco frequencies) were iden-
tified in highly dehydroxylated MgO samples, whereas on MgO hydroxylated sam-
ples, surface ligands corresponding to HO- groups were detected. Surface
subcarbonyl species of the type Re(CO);{OMg};, Re(CO);{HOMg};, Re(CO);
{HOMg}, {OMg} (where the braces denote groups terminating the bulk MgO) were
identified on the different MgO samples.

CO, is one of the probe molecules that have been used extensively to characterize
the basic centers of the surfaces of alkali oxides and mixed oxides. CO, is adsorbed
in various forms, and IR spectroscopy becomes a highly informative technique to
probe the nature of surface sites involved in the adsorption (48,67). Thus, formation
of hydrogen carbonate species (Scheme 4) is characteristic of the presence of basic
hydroxyl groups, but CO, adsorption on Lewis sites leads to the formation of
unidentate and bidentate carbonate species. In the adsorption state of unidentate
carbonate, only the surface oxygen atoms participate, whereas in the adsorption
state involving the bidentate species, the participation of a metal ion is required.
Bidentate and unidentate carbonates have been assigned to CO, adsorbed on sites
with intermediate and high base strengths, respectively (68).

B.2. Thermal Methods of Adsorbed Probe Molecules

In general, spectroscopic techniques and, in particular IR spectroscopy of ad-
sorbed probe molecules such as the ones mentioned above, provide information
about the nature of the basic sites on oxide surfaces. However, they do not give
information about the number and strength distribution of the basic sites on a solid
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base catalyst. To determine the number and strength distribution of the basic sites,
the spectroscopic techniques must be coupled with TPD, gravimetric (20,69),
volumetric (67), and/or microcalorimetric measurements of adsorbed probe mol-
ecules. For example, calorimetric measurements accompanying adsorption of
CO, have been applied extensively to investigate the basicities of solid surfaces. In
these measurements, CO, adsorption is usually tracked by calorimetry and by
CO, uptake. The heat of adsorption of CO, can be taken as a measure of the
base strength of the adsorption sites, and a strength distribution of basic sites is
obtained by using the differential heat of adsorption as a function of coverage.
Except when chemisorption of CO, leads to the formation of bulk carbonates, the
amount of CO, chemisorbed is considered to be a good measure of the density of
basic sites.

Temperature-programed desorption of the probe molecules is frequently used to
measure the number and strength of basic sites, and the most commonly used probe
molecule is CO,. According to this method, the strength of the basic sites is rep-
resented by the desorption temperature, and the peak area in the TPD plot de-
termines the number of basic sites (/3,39,48,70-72). However, although this method
accounts successfully for the relative strength and number of basic sites of various
catalysts for which the TPD has been measured under the same conditions, it is
difficult to express the measurements of basicity in a definite scale and to determine
the number of basic sites quantitatively. Thus, TPD measurements of alkaline earth
metal oxides carried out under the same conditions showed that the strength of
basic sites increases in the order MgO <CaO < SrO <BaO, whereas the number of
basic sites per gram of catalyst increases in the order BaO <SrO <MgO < CaO (73).

Data representing the number of basic sites on MgO have been reported by
various authors on the basis of gravimetric, volumetric, and CO,-TPD techniques.
Relying on volumetric techniques based on the measurement of the irreversible
adsorption of CO, at room temperature using the double-isotherm method (/4), Di
Cosimo et al. (74) reported that the number of basic sites on MgO was 1.83 pmol/m?.
This value is close to that reported by Auroux and Gervasini (67), 1.45 yumol/m?,
whereas Philipp and Fujimoto (75) found a value of 4.31 pmol/m” using a similar
gaseous volumetric technique. By the method of CO, TPD, the number of basic sites
measured for MgO is higher than that obtained by the double-isotherm method
because of the different evacuation procedures used in the latter method. Thus,
Mackenzie et al. (76) reported a value of 4.4 pmol/m?; Kurokawa et al. (77) reported
2.4 umol/m?; and Diez et al. (74) 2.33 pmol/m?. In summary, the values reported are
generally in good agreement, although differences in sample preparation procedures
and the characterization techniques can give different numbers of basic sites.

C. CatALyTIiC TEST REACTIONS

Several catalytic test reactions have been used for indirect characterization of acid
and base properties of solids (78). Among them, decomposition of alcohols such as
2-propanol (79,80), 2-methyl-3-butyn-2-ol (81,82), 2-methyl-2-butanol (83), cyclo-
hexanol (84), phenyl ethanol (85), and #-butyl alcohol (86) have been investigated. In
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particular, the decomposition of 2-propanol is a reaction that has been employed
extensively to investigate the acid—base properties of catalysts containing alkaline
earth metals (74,87-90). This alcohol undergoes three types of competitive reactions
when contacted with an acidic or basic solid: (i) intramolecular dehydration yielding
propene and water, (ii) intermolecular dehydration giving isopropyl ether and wa-
ter, and (iii) dehydrogenation to give acetone and hydrogen. Ai (9/) claimed that the
dehydration of 2-propanol takes place exclusively on acid sites, whereas its dehy-
drogenation involves both acidic and basic sites. Dehydration and dehydrogenation
can proceed through different mechanisms, depending on the acid—base nature of
the catalysts. All the proposed mechanisms for the decomposition of 2-propanol
rely on the same assumption, namely, that the interaction is between the alcohol and
the acid-base pair of the catalyst (74,86,90,92). When the catalyst has a larger
number of acidic sites, decomposition of 2-propanol leads predominantly to dehy-
dration through an E1 mechanism, whereas dehydrogenation takes place to a lim-
ited extent only via an E1cB mechanism. In solids with a large number of basic sites,
it was suggested that both dehydrogenation and dehydration take place via an EIcB
mechanism (77,90,93), whereby the former reaction predominates over the latter.
The interaction between a basic site and an alcohol molecule causes the abstraction
of a proton from the OH group, forming a surface alkoxide intermediate. The
subsequent abstraction of H, or Hy from the 2-propoxide anion intermediate leads
to ketone or alkene formation, respectively (Scheme 5). Predominant formation of
either ketone or alkene will therefore depend on the relative acidities of the groups
incorporating H, and Hy protons and on the acid-base properties of the solid.

Although the specific role of each type of center (acid or base) in each process
(dehydration—dehydrogenation) is still only incompletely elucidated, many authors
have correlated the initial rates of dehydration and dehydrogenation with the
acidity and basicity, respectively, of the solid. Thus, the number of basic sites has
been correlated with the rate constants for dehydrogenation or with the ratio of the
rate constants for dehydrogenation and dehydration (74,80,89,90,94).

However, because the dehydrogenation to acetone can also occur on redox sites
and the dehydration reaction can also take place on strongly basic catalysts through
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an ElcB mechanism (93), researchers have sought other more suitable test reactions
for the characterization of basic sites, such as the decomposition of 2-methyl-3-
butyn-2-ol (MBOH) (/7,82). Indeed, in the presence of basic sites (Lewis or
Bronsted), MBOH decomposes into acetone and acetylene. This decomposition
reaction is catalyzed only by basic sites, whereas acidic or amphoteric surfaces lead
to completely different reaction products (Scheme 6).

Aramendia et al. (22) investigated three separate organic test reactions such as, 1-
phenyl ethanol, 2-propanol, and 2-methyl-3-butyn-2-ol (MBOH) on acid—base ox-
ide catalysts. They reached the same conclusions about the acid—base characteristics
of the samples with each of the three reactions. However, they concluded that
notwithstanding the greater complexity in the reactivity of MBOH, the fact that the
different products could be unequivocally related to a given type of active site
makes MBOH a preferred test reactant. Unfortunately, an important drawback of
the decomposition of this alcohol is that these reactions suffer from a strong de-
activation caused by the formation of heavy products by aldolization of the ketone
(22) and polymerization of acetylene (95). The occurrence of this reaction can
certainly complicate the comparison of basic catalysts that have different intrinsic
rates of the test reaction and the reaction causing catalyst decay.

C.1. Knoevenagel Condensation

Because a base-catalyzed reaction involves the abstraction of a proton by the
catalyst, one approach to measurement of the total number of basic sites and also
the base strength distribution is to use the reactions of molecules with various pK,
values (96-100). For instance, the basic site distribution in calcined MgAl hy-
drotalcites was determined by Corma et al. (99), who used the Knoevenagel con-
densation (Scheme 7) between benzaldehyde and methylene active compounds with
various pK, values, i.e., ethyl cyanoacetate (pK,=19), diethyl malonate
(pK, = 13.3), and ethyl bromoacetate (pK, = 16.5). The authors found that this
material has basic sites with pK, values up to 16.5, although most of the basic sites
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were characterized by values in the range 10.7<pK, <13.3. Moreover, it was found
that by increasing the Mg/Al ratio in the hydrotalcite, the number of basic sites with
pK, values between 9.0 and 13.3 increased, whereas the number of basic sites in the
range 13.3-16.5 decreased.

C.2. Acetonylacetone Cyclation

Acetonylacetone is a 1,4-diketone compound that can undergo both acid- and
base-catalyzed intramolecular cyclization leading to very different products: furan
by acid catalysis (/07) and cyclopentenone by base catalysis (/02) (Scheme 8). It
was reported that in the presence of the acidic zeolite HZSM-5 at 623K,
acetonylacetone gives 2,5-dimethyl furan in yields exceeding 97%. However, in the
presence of NaZSM-5, a yield of 92.6% of 3-methyl-2-cyclopentenone was obtained
(103,104). This monomolecular reaction requires a relatively high basicity, and it
has been used as test reaction to confirm the basic properties of calcined hydrotal-
cites. Guida et al. (105) showed that on calcined MgAl hydrotalcites, acetonylac-
etone gives 3-methyl-2-cyclopentenone as the only product in 65% yield after 14h
in a batch reactor at 573 K. The authors thus confirmed that for condensation
reactions the condensation step is catalyzed only by the basic sites of the calcination
product of the hydrotalcites.
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FiG. 3. Relationship between the rate constant (K) for isophorone isomerization and the number of
sites for CO, adsorption on calcined hydrotalcites with various compositions (107).

C.3. Isophorone Isomerization

Isomerization of f-isophorone to a-isophorone has been represented as a model
reaction for the characterization of solid bases (106,107). The reaction involves the
loss of a hydrogen atom from the position o to the carbonyl group, giving an allylic
carbanion stabilized by conjugation, which can isomerize to a species corresponding
to the carbanion of a-isophorone (Scheme 9). In this reaction, zero-order kinetics
has been observed at 308 K for many bases, and consequently the initial rate of the
reaction is equal to the rate constant. The rate of isomerization has been used to
measure the total number of active sites on a series of solid bases. Figueras et al.
(106,107) showed that the number of basic sites determined by CO, adsorption on
various calcined double-layered hydroxides was proportional to the rate constants
for f-isophorone isomerization (Fig. 3), confirming that the reaction can be used as
a useful tool for the determination of acid-base characteristics of oxide catalysts.

V. Stability of Anionic Intermediates

It is believed that base-catalyzed reactions occur through carbanionic intermediates.
Thus, from a mechanistic viewpoint, which may also help to design better catalysts,
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it is important to discuss thermodynamic (stability) and kinetic (persistence) prop-
erties of carbanionic intermediates. It is obvious that we want the carbanionic
intermediate to be stable and persistent to allow the reaction to occur, but not so
persistent that its average life time on the surface is so long that undesired reactions
occur (including catalyst poisoning). We can influence the properties of the anionic
intermediates by the choice of substituents and structural effects, solvent effects,
and the catalyst.

The stabilizing influence of substituents attached directly to the carbanionic cen-
ter is attributed to the polarizability of the second- or lower-row element. First-row
substituents generally stabilize carbanions in aprotic media. Alkyl groups, as a rule,
destabilize carbanions in protic solvents. On the other hand, substituents located far
from the reactive site can stabilize an anion by inductive, polarization, and res-
onance effects. Conjugation may provide the strongest driving force for the stab-
ilization of carbanions. This effect can work strongly to render a carbon acid more
acidic, even in water. Structural factors such as planarity and hybridization strongly
influence the stability of the carbanions. In general, the greater the s-character of
the C—H bond to be broken, the more acidic the C—H group will be. For example,
cyclopropane is more strongly acidic than methane, because its bonding results in
each carbon atom effectively having sp>2® hybridization (108). Anions that meet the
Hiickel (4n+2 m-electrons, where n is a whole number) rule for ground-state
aromaticity are particularly acidic (/09).

The ability of a solvent to stabilize a carbanion depends on its ability to disperse
the negative charge through hydrogen bonding and charge transfer. Thus, depend-
ing on the effect desired, one should find the appropriate solvent for the reaction.

Furthermore, a catalyst can stabilize a carbanion not only through a stronger or
weaker basicity of the site but by means of its coordination with the conjugated
surface Lewis acid. It is apparent that the interplay between the acid and base pair
can markedly help in the control of selectivity.

VI. Catalytic Activity of Alkaline Earth Metal Oxides

Alkaline earth metal oxides have been used as solid base catalysts for a variety of
organic transformations. Excellent reviews by Tanabe (4) and Hattori (2,3,7) pro-
vide detailed information about the catalytic behavior of alkaline earth metal oxides
for several organic reactions of importance for industrial organic synthesis. In this
section, we describe in detail reactions that have been reported recently to be cat-
alyzed by alkaline earth metal oxides.

A. ISOMERIZATION REACTIONS

Alkaline earth metal oxides are active catalysts for double bond isomerization.
For example, SrO exhibits high activity and selectivity for the isomerization of -
pinene to f-pinene (/10). MgO and CaO have excellent activities for isomerization of
1-butene and 1,4-pentadiene and, particularly, for isomerization of compounds
containing heteroatoms, such as allylamine or 2-propenyl ethers (//7-115). Recently
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it has been reported that alkaline earth metal oxides exhibit activities for double
bond isomerization of 5-vinylbicyclo-[2.2.1]-hept-2-ene (VBH) (/0). Isomerization of
VBH leads to S-ethylidenebicyclo-[2.2.1]-hept-2-ene (EBH) (Scheme 10), which is
used as a co-monomer of ethene-propene synthetic rubber and is produced in in-
dustry by double bond isomerization of VBH using superbases, such as alumina
promoted by sodium hydroxide and sodium (Na-NaOH/Al,Os) (116).

As in the case of double bond isomerization of butenes, the double bond iso-
merization of VBH is considered to be initiated by abstraction of an allylic proton
from a tertiary carbon atom to give an allylic anion that may be stabilized by metal
ions, yielding the E- and Z-EBH isomers.

Baba and Endou (/17) reported that CaO is an active catalyst for isomerization
of VBH to EBH when it is evacuated at temperatures above 800 K, whereas MgO
did not show any activity for this process. However, some discrepancies have been
reported by Kabashima et al. (10), who found that MgO, CaO, SrO, and BaO
catalyze the isomerization of VBH to EBH, with the order of activity being
CaO>MgO > SrO > BaO. This order in activity is attributed to the trends in base
strength of oxides (BaO > SrO > CaO >MgO) and the surface area, the latter de-
creasing in the order MgO > CaO > SrO > BaO (Table II). The activity of the CaO
was the highest among these alkaline earth metal oxides, and the activity of the
MgO varied with the pre-treatment temperature, reaching a maximum it was 873 K;

Base catalyst +
e
- CHs 8
H CH,
VBH E-EBH Z-EBH
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TABLE 11

Results Characterizing Isomerization of VBH to EBH on Alkaline Earth Metal Oxide Catalysts in a
batch reactor (10)

Catalyst Pre- Surface area Reaction Time (min)  Conversion  E/Z" ratio
treatment m%/g) temp (K) (%)
temp (K)
MgO 873 235 323 120 99.7 82/18
MgO 873 235 273 10 59.4 88/12
MgO 1073 223 273 60 14.7 —
CaO 1023 57 323 120 99.7 82/18
CaO 1023 57 273 10 99.7 87/13
SrO 1073 10 323 120 99.7 81/19
SrO 1073 10 273 10 23.5 —
BaO 1273 2 323 120 16.4 —

& E- and Z-ethylidene bicycle-[2.2.1]-hept-2-ene (EBH) isomers.
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then a 99.7% conversion of VBH was observed after 2h of reaction in a batch
reactor at 323 K.

The pre-treatment temperature of MgO to give the maximum activity is higher by
about 100K for the double bond isomerization of VBH than for but-1-ene isomer-
ization. Taking into account that the allylic hydrogen bonded to a tertiary carbon
atom in VBH is more difficult to abstract than a secondary allylic hydrogen in but-1-
ene, we infer that the results suggest that stronger basic sites are required for double
bond isomerizaton of VBH than for double bond isomerization of but-1-ene.

On the other hand, the E/Z ratio was independent of the type of catalyst and the
conversion and determined only by the reaction temperature, indicating that the
interconversion of E and Z isomers is fast and that both conformers are in equi-
librium during the reaction.

B. CarBoN—CARBON BoND FORMATION REACTIONS

B.1. Aldo!l Condensations

One of the most thoroughly investigated aldol condensations is the self-
condensation of acetone. This is an important industrial reaction for the produc-
tion of diacetone alcohol (DA) (Scheme 11), which is valuable as a chloride-free
solvent and an intermediate in the synthesis of industrially important products such
as mesityl oxide (MO), isophorone, methyl isobutyl ketone, and 3,5-xylenol. The
reaction is exothermic, with the yield of DA decreasing with increasing reaction
temperature; it is usually performed with NaOH or KOH as a basic catalyst (/18).

It has been found that alkaline earth metal oxides are active for this process at
273 K, the order of activity being BaO > SrO > CaO > MgO (73), which is in good
agreement with the order of basicity of the oxides. It was reported that the rate-
determining step for this condensation is the formation of a new C—C bond between
two molecules of acetone rather than the abstraction of a proton from the methyl
group of the acetone. Moreover, when the catalyst was MgO, addition of CO, and
water did not inhibit the aldol condensation. However, addition of small amounts
of water or ammonia led to marked increases in activity and selectivity to diacetone
alcohol, although pyridine had little effect on the catalytic behavior. It was sug-
gested that the active sites for the aldol condensation are the basic OH groups
retained on the surface of MgO or formed by dissociation of water resulting from
the condensation process itself (/79).

Recently, Di Cosimo et al. (14) investigated the self-condensation of acetone in
the gas-phase at 573 K, with the catalysts being MgO or MgO promoted with alkali
metal ions. On pure MgO, the acetone conversion was initially 17%, and this
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decreased to about 8% after 10h of reaction with a selectivity to mesityl oxide
(MO) of 67%. The decrease in the conversion was caused by a slow, progressive
deactivation by coke. It is proposed that highly unsaturated compounds, such as
phorone, which is produced by aldol condensation of mesityl oxide with acetone,
remain strongly adsorbed on the catalyst surface, yielding heavier oligomeric com-
pounds that block the basic active sites (/20). Initial rates of conversion of acetone
increased when MgO was promoted with alkali metals, but changes in selectivity
were not observed. However, the addition of such promoters increased the rate of
deactivation.

Condensation of butanol has been carried out on alkaline earth metal oxides at
273K (13,121). This condensation reaction yields 2-ethyl-3-hydroxy-hexanal as a
main product; other products, such as 2-ethyl-2-hexenal (arising from the dehy-
dration of 2-ethyl-3-hydroxy-hexanal), n-butyl-n-butyrate (arising from the
Tishchenko reaction of butyraldehyde), and 2-ethyl-3-hydroxy-n-hexyl butyrate
(arising from the Tishchenko reaction of 2-ethyl-3-hydroxy-hexanal), are also
formed (Scheme 12).

The order of activity per unit surface area was equal to that in the case of self-
condensation of acetone and in agreement with the order of basicity of the solids,
namely, SrO > CaO >MgO. However, the authors found that the rate-determining
step for aldol condensation of n-butyraldehyde is the a-hydrogen abstraction by the
active sites, which are the surface O>~ ions. The differences in rate-determining step
and active sites in the condensation of butyraldehyde and aldol condensation of the
acetone were attributed to differences in acidity of the a-hydrogen in the two mol-
ecules. CaO was slightly more active than MgO at 273 K; after a reaction time of
1 h, maximum conversions of 41% were observed with selectivities to 2-ethyl-3-
hydroxy-hexanal and to the corresponding Tishchenko reaction product (2-ethyl-3-
hydroxy-n-hexyl butyrate) of 39.8 and 56.9%, respectively.

Several cross-aldol condensations have been performed with alkaline earth metal
oxides, including MgO, as a base catalyst. A general limitation of the cross-aldol
condensation reactions is the formation of byproducts via the self-condensation of
the carbonyl compounds, resulting in low selectivities for the cross-aldol conden-
sation product. For example, the cross-condensation of heptanal with benzalde-
hyde, which leads to jasminaldehyde (a¢-n-amylcinnamaldehyde), with a violet scent

CH;CH,CHyCH,~0-COCH,CH,CH;
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(Scheme 13), is carried out in the presence of sodium hydroxide or potassium
hydroxide. In this process, heptanal is added slowly to the reaction mixture at
moderate temperatures (/22). In the synthesis of jasminaldehyde the most abundant
undesired product results from the self-condensation of heptanal to form 2-n-pent-
yl-2-n-nonenal. Therefore, the general methodology for producing jasminaldehyde
with high selectivity requires a low concentration of heptanal relative to benzal-
dehyde in the reaction mixture. This can be achieved by use of a high benzaldehyde/
heptanal ratio or/and by slow addition of the heptanal to the reaction mixture. The
reaction has been performed with various solid base catalysts (123,124), particularly
M¢gO, which gave excellent conversions of heptanal (97%) at 398 K in the absence
of a solvent (but the selectivity to jasminaldehyde was only 43%). A low selectivity
was also reported (40%) for the cross-aldol condensation of acetaldehyde and
heptanal catalyzed by MgO (125).

Another important example is the cross-aldol condensation of citral and acetone,
which yields pseudoionone (Scheme 14), an intermediate in the commercial pro-
duction of vitamin A. Numerous commercial routes to the preparation of pseu-
doionones are based on the aldol condensation using conventional homogeneous
catalysts, such as aqueous alkali metal hydroxide solutions, alcoholates in alcohol
or benzene solvents (/26—129). The yields of the cross-condensation product vary
between 50% and 80%, depending on the type of catalyst and conditions such as
catalyst concentration, ratio of reagents, and temperature.

Noda et al. (130) evaluated the catalytic performance of solids such as CaO, MgO,
and MgAl mixed oxide for the formation of pseudoionone. Working with a 1:1 mo-
lar ratio of reagents and 2wt% of catalyst, the authors obtained the best results
when the reactions were performed at 398 K and 3 bar with CaO and the mixed
oxide; high conversions (98%) were observed with selectivities to pseudoionone close
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to 70%. These pseudoionone yields are greater than those reported for the homo-
geneous reaction. MgO exhibited poor activity, and under these conditions only
20% citral conversion was obtained after 4h in a batch reactor. However, Climent
et al. (131), working at 336 K with a molar ratio of acetone to citral close to 3 and
16 wt% of catalyst (MgO), achieved 99% conversion and 68% selectivity to
pseudoionone after 1h.

B.2. Claisen— Schmidt Condensation

The Claisen—Schmidt condensation between acetophenone and benzaldehyde
derivatives is a valuable C—C bond-forming reaction that produces «,f-unsaturated
ketones (chalcones). Traditionally, this condensation is carried out at 323 K using
10-60 wt% of alkali hydroxides or sodium ethoxide over a period of 12-15h
(132,133). When the acetophenone derivative is a 2’-hydroxyacetophenone, the
Claisen—Schmidt condensation yields a 2’-hydroxychalcone that can subsequently
isomerize to flavanone, depending on the reaction conditions and the substituents
on the aromatic rings (Scheme 15). Chalcones and flavanones belong to the
flavonoid family, having found numerous applications as pesticides, photoprotec-
tors in plastics, sun protection creams, food additives, and a plethora of interesting
biological activities (antimalarial, anti-inflammatory, anticancer, diuretic, cholere-
tic, etc.) (132,134-137).

2'-Hydroxy chalcones and flavanones have been successfully synthesized with
MgO as a solid base catalyst in a batch reactor at moderate temperatures (Scheme
15). Climent et al. (138) performed the Claisen—Schmidt reaction between 2'-
hydroxyacetophenone and benzaldehyde in the absence of a solvent at 423 K; they
reported a conversion of 40% after 1 h with 67% selectivity into chalcone. Drexler
and Amiridis (/39) measured kinetics of this reaction on MgO using DMSO as a
solvent. The two reactions involved in this process (i.e., Claisen—Schmidt and the
subsequent isomerization of the 2’-hydroxychalcone to flavanone) were investigated
separately. The authors concluded that the condensation reaction is characterized
by first-order kinetics in 2-hydroxyacetophenone and half-order kinetics in
benzaldehyde, whereas hydroxychalcone cyclization is characterized by first-order
kinetics. Activation energies of 40 and 24 kJ/mol were calculated for the two re-
actions, respectively. Influence of the solvent and the effects of substituent on the
aromatic ring were investigated as the reaction was carried out on MgO at 433K
(140). When the reaction was performed with various para-substituted benzalde-
hydes, initial reaction rates increased with increasing Hammett constant, indicating
that the reaction is favored by the presence of electron-accepting groups. When
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nitrobenzene, benzonitrile, and tetralin were used as solvents, MgO exhibited poor
activity, which may be attributed to competitive adsorption effects on the catalyst.
However, dimethyl sulfoxide (DMSO) showed a strong promoting effect on the
reaction, which was attributed to the ability of this dipolar aprotic solvent to weakly
solvate anions and stabilize cations so that both become available for reaction. In
this case, a conversion of 2-hydroxyacetophenone of 47% with a selectivity into
flavanone of 78% was achieved after 30 min in a batch reactor. Further investi-
gations (/41) showed that DMSO significantly increases the rate of the subsequent
isomerization of the 2’-hydroxychalcone intermediate to flavanone. Even the pres-
ence of small amounts of DMSO in other solvents such as benzonitrile and
nitrobenzene, results in strong promotion of the flavanone synthesis. IR spec-
troscopic data indicated that the interaction of MgO with DMSO results in the
formation of stable surface sulfate species, which affect the adsorption behavior of
benzaldehyde and 2-hydroxyacetophenone.

B.3. Nitroaldol Condensation

2-Nitroalkanols are intermediate compounds that are used extensively in many
important syntheses (/42). They can be converted by hydrogenation into f-
aminoalcohols, which are intermediates for pharmacologically important chemicals
such as chloroamphenicol and ephedrine. They are obtained by Henry’s reaction by
the condensation of nitroalkanes with aldehydes. The classical method for this
transformation involves the use of bases such as alkali metal hydroxides, alkoxides,
Ba(OH),, amines, etc. (/42—144). However, these catalysts give predominantly de-
hydrated products—nitroalkenes—which are susceptible to polymerization
(Scheme 16). The reaction proceeds by the nucleophilic addition of the carbanion
formed by the abstraction of a proton from the nitro compound to the carbon atom
of the carbonyl group, finally forming the nitroaldol by abstraction of a proton
from the catalyst.

Various nitro compounds have been condensed with carbonyl compounds in
reactions catalyzed by alkaline earth metal oxides and hydroxides (/45). It was
found that the reactivities of the nitro compounds were in the order nitro-
ethane > nitromethane > 2-nitropropane, and those of carbonyl compounds
were propionaldehyde > isobutyraldehyde > pivalaldehyde > acetone > benz-
aldehyde > methyl propionate. Among the catalysts examined, MgO, CaO,
Ba(OH),, and Sr(OH),, exhibited high activity for nitroaldol reaction of nitro-
methane with propionaldehyde. In reactions with these catalysts, the yields were
between 60% (for MgO) and 26% (for Sr(OH),) at 313K after 1h in a batch
reactor. On Mg(OH),, Ca(OH),, and BaO, the yields were in the range of 3.8% (for
BaO) and 17.5% (for Mg(OH),). Investigation of the influence of the pre-treatment

OH _H,0
RCHO  + R,CH;NO, ——> RCH.CHNO, ——=  RCH=GNO,
CH-NO,

R, R,

SCHEME 16.
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temperature of the solid showed that for MgO and CaO a considerable fraction of
activity remained even after pre-treatment at low temperature (473 K), for which
the transformation of Mg(OH), into MgO is not complete and a large portion of
the material is still in the form of Mg(OH),. This result indicates that for the
nitroaldol reaction the removal of the surface OH groups is not a pre-requisite to
preparation of active catalysts. The nitroaldol reaction of nitromethane with pro-
pionaldehyde on MgO was barely poisoned by CO, and water. Nitromethane is so
strongly acidic that it is able to compete for adsorption sites with CO, or water.

B.4. Knoevenagel Condensation

The Knoevenagel condensation is a cross-aldol condensation of a carbonyl com-
pound with an active methylene compound leading to C—-C bond formation
(Scheme 7). This reaction has wide application in the synthesis of fine chemicals and
is classically catalyzed by bases in solution (146,147).

An example of commercial interest is the synthesis of citronitrile (Scheme 17), a
compound with a citrus-like odor, which is used in the cosmetics and fragrance
industries. The first step in the synthesis of citronitrile is the Knoevenagel conden-
sation of benzyl acetone and ethyl cyanoacetate. This condensation has been carried
out with MgO and Al-Mg calcined hydrotalcites as catalysts (/48). Similar results
were obtained with the two solid catalysts, with yields of 75% of the Knoevenagel
adduct.

Sulfones are important intermediates in organic synthesis because they are useful
as temporary activating groups for a variety of transformations, such as alkylation,
acylation, and addition reactions. The method of choice for the synthesis of un-
saturated arylsulfones is the Knoevenagel condensation of arylsulfonylalkanes with
aldehydes. The condensation between aldehydes and phenylsulfonyl acetonitrile
(Scheme 18) has been performed in the presence of various solid base catalysts
(MgO, Cs-exchanged X zeolite, Al-Mg mixed oxide, and aluminophosphate oxi-
nitride) at 373 K in the absence of solvents (/49). The most active catalyst for this
transformation was the aluminophosphate oxinitride, but MgO and the Al-Mg
mixed oxide also were found to have excellent activity, yielding the Knoevenagel
adduct in yields of 86% and 71%, respectively, after 2h in a batch reactor.
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PhCH,CH,-C-CH; + NC-CH,-COOEt ——> Ph-CH,CH,-C=C +H0
COOEt

CH; CN

I/ Hydrolysis (lef‘
Ph-CH,CHy-C=C - Ph-CH,CH,-C=CH—-CN

COOEt -CO,

citronitrile

ScHEME 17.



262 A. CORMA and S. IBORRA [VI

COH
L /CN
CN CH=C
Base catalyst \
+ < — SO,Ph
SO,-Ph

ScHEME 18.

-+

- * - R,CHO
R=CH,—pph, X B3¢ |R,—CH-PPh; <> R—CH=PPh| > . R,CH=CHR, +OPPh;

—

ScHEME 19.

ﬁ Base Catalyst R,

-p—CH—R
(Ro)zlﬁ $ 2 4+ CH ————>

N\
C=CH—R;3; + (RO),-PO,
R, R3 R;

phosphonate

ScHEME 20.

B.5. Wittig and Wittig— Horner Reactions

The Wittig reaction is one of the most important reactions in organic chemistry
for synthesizing alkenes with unambiguous positioning of the double bond. The
process involves a reaction between a phosphonium ylide and an aldehyde or
ketone (150). The reacting ylide is formed from a phosphonium salt in a solution of
a base such as NaH, ~-BuOK, or NaOH (/57) (Scheme 19).

A variant of the Wittig reaction is the Wittig—Horner reaction, occasionally called
the Wadsworth—Emmons reaction, which involves the condensation of an aldehyde
or a ketone with a phosphonate (/52) in the presence of a strong base such as
NaOEt (/53) or KOH (154) to give an alkene (Scheme 20). The main drawbacks
associated with these transformations are the need to use equimolar amounts of
base and reactant, leading to the formation of large amounts of undesired products.
Moreover, other competitive reactions such as the Knoevenagel reactions or al-
dolization can take place, lowering the yield of the desired product.

MgO has been reported to be an efficient basic catalyst for Knoevenagel, Wittig,
and Wittig—-Horner reactions for the preparation of alkenes at temperatures between
293 and 333 K (155). It has been observed that for the Wittig reaction the addition of
a limited amount of water is necessary to increase the reaction yield; however, for the
Knoevenagel condensation the addition of small amounts of water to MgO de-
creased the yield of alkene. The investigation of the Wittig—Horner reaction of
diethylcyanomethylphosphonate with benzaldehyde showed that the competition
between the Wittig—-Horner reaction and the Knoevenagel reaction was dependent
on the nature of the catalyst and on the presence of protic or dipolar aprotic solvents
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or metal salts. Recently, competitive Wittig—Horner and Knoevenagel reactions of
benzaldehyde with di-ethyl cyanomethylphosphonate and tetra-ethyl methylene-
diphosphonate on different solid base catalysts (CsCO;, BaO, Ca(OH),, CaO, MgO,
MgCl,, BaF,, KF,, CaF,, and CsF) in the absence of a solvent have been reported
(156). Tetra-ethyl methylenediphosphonate reacting with benzaldehyde at similar
conditions gave only the product of Horner’s reaction. The basicity of the solid and
the nature of the cation (mono or divalent) of the base strongly influence the ratio of
products formed in the Horner/Knoevenagel reactions.

B.6. Michael Addition

Another important reaction in synthetic chemistry leading to C—C bond forma-
tion is the Michael addition. The reaction typically involves a conjugate or nu-
cleophilic 1,4-addition of carbanions to o,f-unsaturated aldehydes, ketones, esters,
nitriles, or sulfones (/57) (Scheme 21). A base is used to form the carbanion by
abstracting a proton from an activated methylene precursor (donor), which attacks
the alkene (acceptor). Strong bases are usually used in this reaction, leading to the
formation of byproducts arising from side reactions such as condensations, dime-
rizations, or rearrangements.

Dimerization of methyl crotonate has been carried out with alkaline earth metal
oxides as basic catalysts (/5). The reaction proceeds by Michael addition, which is
initiated by abstraction of an allylic hydrogen of methyl crotonate by the basic site
to form the allylic carbanion, which attacks a second methyl crotonate molecule at
the f-position to form a methyl diester of 3-methyl-2-vinylglutaric acid. The diester
undergoes a double bond migration to form the final E- and Z- isomers of 3-
ethylidene-3-methylglutaric acid dimethyl ester (MEG) (Scheme 22).
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The reaction was performed at 323 K on various base catalysts (MgO, CaO, SrO,
BaO, ZrO,, La,03, KF/alumina, KOH/alumina, and KX zeolite). Among these
catalysts, MgO exhibited the highest activity when it was pre-treated at 8§73 K. In
this case, the conversion of methyl crotonate was 36.5% after a 2 h reaction time in
a batch reactor with a selectivity into E,Z-MEG isomers of 93%. When higher pre-
treatment temperatures were used, the catalytic activity of the MgO decreased
sharply. However, MgO pre-treated at 673 K exhibited considerable activity for the
Michael addition. Because at this pre-treatment temperature the catalyst still retains
a large number of OH groups, it was assumed that basic hydroxyl groups can act as
active sites.

The same authors (//) also investigated the Michael addition of nitromethane to
o,f-unsaturated carbonyl compounds such as methyl crotonate, 3-buten-2-one, 2-
cyclohexen-1-one, and crotonaldehyde in the presence of various solid base cat-
alysts (alumina-supported potassium fluoride and hydroxide, alkaline earth metal
oxides, and lanthanum oxide). The reactions were carried out at 273 or 323 K; the
results show that SrO, BaO, and La,Oj3 exhibited practically no activity for any
Michael additions, whereas MgO and CaO exhibited no activity for the reaction of
methyl crotonate and 3-buten-2-one, but low activities for 2-cyclohexen-1-one and
crotonaldehyde. The most active catalysts were KF/alumina and KOH/alumina for
all of the Michael additions tested.

B.7. Condensation of Alcohols

The Guerbet reaction is an important industrial process for increasing the carbon
numbers of alcohols. Thus, a primary or secondary alcohol reacts with itself or
another alcohol to produce a higher alcohol (Scheme 23). Alkaline earth metal
oxides have been used as catalysts for the condensation of alcohols. Ueda et al.
(158,159) reported the condensation of methanol with other primary or secondary
alcohols having a methyl or methylene group at the fS-position; they used MgO,
CaO, and ZnO as catalysts. The reactions were performed with gas-phase reactants
at 635K; only MgO was found to be both active and selective (>80%).

Recently, Ndou et al. (160) reported the dimerization of ethanol to 1-butanol
catalyzed by MgO, CaO, BaO, and modified MgO. The MgO catalyst exhibited the
highest catalytic activity, giving conversions of 56% with 33% selectivity. Other
compounds such as butanol, crotonal, butan-2-ol, and crotanol were also formed. A
thorough investigation of the reaction using a variety of possible intermediates sug-
gested that the dimerization reaction does not proceed primarily through the aldol
condensation reaction, but rather involves a bimolecular condensation reaction via
H abstraction from a f-C atom of ethanol to generate a nucleophilic center which
attacks another ethanol molecule, resulting in OH displacement (i.e., dehydration)
and C-C bond formation, giving butan-1-ol and water (Scheme 24). Activation of a
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fB-H atom appears to be the key step in the mechanism. It was suggested that ethanol
reacts with the MgO surface, generating an ethoxide species and that it is this ion
that presents an activated f-H atom.

C. CARrRBON—OXYGEN BoND FORMATION REACTIONS

C.1. Cyanoethylation of Alcohols

Cyanoethylation of acrylonitrile with monohydric alcohols gives alkoxypropio-
nitriles (Scheme 25). These nitriles can be converted into various types of carboxylic
acids by hydrolysis, and they can be hydrogenated to give amines. Therefore,
cyanoethylation of alcohols is an important reaction for the synthesis of drug in-
termediates and organic compounds of industrial interest.

The reaction is usually performed with homogeneous basic catalysts such as
alkali hydroxides, alkoxides, and tetraalkyl ammonium hydroxide (/61,162). The
mechanism accepted for this transformation starts with the abstraction by the base
catalyst of a proton from the hydroxyl group of the alcohol to generate the alkoxide
anion, which reacts with acrylonitrile to form the 3-alkoxypropanenitrile anion. The
3-alkoxypropanenitrile anion abstracts a proton from the catalyst to yield 3-
alkoxypropane nitrile.

Cyanoethylation of various alcohols with acrylonitrile to form 3-alkoxypropane-
nitriles has been carried out efficiently in the presence of solid base catalysts such as
alkali metal oxides and hydroxides at a temperature of 323K (/63,164). In
cyanoethylation of methanol, conversions of 98% after a 2h in a batch reactor were
obtained with MgO, CaO, and SrO; in contrast, with BaO the conversion was only
68%. Among the alkaline earth metal hydroxides, the most active was Ba(OH),,
which gave a conversion of 68§% under comparable conditions. The investigation of
the influence of alcohol structure on reactivity showed that the order of the re-
activity of alcohols varied with the type of catalyst. With the alkaline earth metal
oxides the reactivity increased in the order methanol < ethanol < propan-2-ol.
However, with magnesium hydroxide and calcium hydroxide, the order of the re-
activity was the opposite. The order of reactivity can be explained by the acid—base
pairs, i.e., the acidity of the alcohol and the basic strength of the catalyst. The
results strongly suggest that the controlling step of the reaction is the abstraction of
the proton from the alcohol when the active site is weakly basic. On the other hand,
when the active sites are strongly basic, then the controlling step is the addition of
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an alkoxy anion to acrylonitrile. The catalytic activities of solid bases were scarcely
affected by exposure of the catalysts to air before use. This result is attributed to the
strong adsorption of the alcohols on the basic sites competing with the adsorption
of CO, and water.

C.2. Conjugate Addition of Methanol to o, f-unsaturated Carbonyl Compounds

Conjugate addition of methanol to «,f-unsaturated carbonyl compounds forms a
new carbon—oxygen bond to yield valuable ethers (Scheme 26). Kabashima et al.
(12) reported the conjugate addition of methanol to 3-buten-2-one on alkaline
oxides, hydroxides, and carbonates at a temperature of 273 K. The activities of the
catalyst follow the order alkaline earth metal oxides > alkaline earth metal hydrox-
ides > alkaline earth metal carbonates. All alkaline earth metal oxides exhibited
high catalytic activities and, as in alcohol condensations and nitroaldol reactions,
their catalytic activities were not much affected by exposure to CO, and air.

The yields obtained after 10 min in a batch reactor with MgO, CaO, or SrO
exceeded 92%, whereas with BaO the yield was lower (72%), probably because of
its low surface area (2m?/g). When alkaline earth hydroxides were used as basic
catalysts, the yields were lower than for the corresponding oxides. The most active
hydroxides were Sr(OH),-8H,O and Ba(OH),-8H,0O, which gave the additional
compound in yields of 75% and 70%, respectively, whereas carbonates were char-
acterized by very poor activity. As observed for other reactions, the catalytic ac-
tivity of MgO strongly depends on the pre-treatment temperature. A maximum in
activity was observed when MgO was pre-treated at 673 K. At this temperature,
decomposition of Mg(OH), to MgO is not complete, and Mg(OH), remains in the
catalyst. It was suggested that the surface OH groups act as active sites, as for the
Michael addition reactions described above.

C.3. Transesterification Reactions

Alcoholysis reactions of esters are important reactions for fine chemicals synthesis,
involving the reaction of an alcohol with an ester. The reaction is catalyzed by both
acids and bases. So far, the catalysts employed for alcoholysis have been mostly
soluble, and solid catalysts have not been extensively investigated (Scheme 27).

Fatty acid methyl and ethyl esters derived from vegetable oils are valuable com-
pounds for the production of fine chemicals for food, pharmaceutical, and cosmetic
products. Moreover, they are considered to be a promising fuel for direct injection
diesel engines. The classical method of fatty acid methyl and ethyl ester (FAME)

base catalyst
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preparation is based on triglyceride transesterification to methyl or ethyl esters.
Sodium hydroxide dissolved in methanol is the usual catalyst; however, an impor-
tant drawback associated with the use of soluble catalysts is that they must be
neutralized and removed from the reaction products.

Peterson and Scarrah (/65) reported the transesterification of rapeseed oil by
methanol in the presence of alkaline earth metal oxides and alkali metal carbonates
at 333-336 K. They found that although MgO was not active for the transesterifi-
cation reaction, CaO showed activity, which was enhanced by the addition of MgO.
In contrast, Leclercq et al. (166) showed that the methanolysis of rapeseed oil could
be carried out with MgO, although its activity depends strongly on the pre-
treatment temperature of this oxide. Thus, with MgO pre-treated at 823K and a
methanol to oil molar ratio of 75 at methanol reflux, a conversion of 37% with 97%
selectivity to methyl esters was achieved after 1h in a batch reactor. The
authors (/66) showed that the order of activity was Ba(OH),>MgO > NaCsX
zeolite > MgAl mixed oxide. With the most active catalyst (Ba(OH),), 81% oil
conversion, with 97% selectivity to methyl esters after 1 h in a batch reactor was
achieved. Gryglewicz (167) also showed that the transesterification of rapeseed oil
with methanol could be catalyzed effectively by basic alkaline earth metal com-
pounds such as calcium oxide, calcium methoxide, and barium hydroxide. Barium
hydroxide was the most active catalyst, giving conversions of 75% after 30 min in a
batch reactor. Calcium methoxide showed an intermediate activity, and CaO was
the least active catalyst; nevertheless, 95% conversion could be achieved after 2.5h
in a batch reactor. MgO and Ca(OH), showed no catalytic activity for rapeseed oil
methanolysis. However, the transesterification reaction rate could be enhanced by
the use of ultrasound as well as by introduction of an appropriate co-solvent such as
THF to increase methanol solubility in the phase containing the rapeseed oil.

As in the transesterification of vegetable oils with methanol, triglycerides react
with glycerol to give fatty acid monoesters and diesters of glycerol (Scheme 28),
which are valuable compounds with wide applications as emulsifiers in the food,
pharmaceutical, and cosmetic industries. Commercial processes are carried out at
temperatures above 473 K with soluble catalysts such as NaOH, KOH, or Ca(OH),
(168). These industrial processes lead to mixtures of mono-, di-, and triesters,
whereby the monoglyceride content is between 40% and 60% and distillation is
necessary to obtain high-purity products and the process requires a neutralization
step with formation of large amounts of salts.

OHO OHO
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Corma et al. (169) evaluated various solid-base catalysts (Cs-exchanged MCM-41,
Cs-exchanged Sepiolite (96), MgO, and calcined hydrotalcites with various
Al/Mg ratios) for the glycerolysis of triolein and rapeseed oil in the absence of a
solvent. The results showed that the most active catalysts were MgO and calcined
hydrotalcites with an Al/(Al+Mg) ratio of 0.20. The catalytic activity was directly
related to the total basicity of the solid, whereas the selectivity to monoglycerides was
found to depend principally on the triglyceride conversion. The authors showed that
by using MgO as a solid base catalyst and optimizing the main process variables, such
as temperature and the glycerol/oil ratio, it is possible to obtain 96% conversion of
rapeseed oil with 68% selectivity to monoglycerides after Sh in a batch reactor by
working at 513K with a glycerol/triglyceride molar ratio of 12. The final mixture
composition, without further purification, meets the quality requirements established
by the European Union for food applications.

Monoglycerides can alternatively be prepared by glycerolysis of fatty acid methyl
esters (Scheme 29). The use of fatty acid methyl esters has several advantages; for
example, they are prepared from fats by fat methanolysis reactions and can be easily
purified. Moreover, owing to the lower hydrophobic character than triglycerides,
fatty methyl esters have high miscibility with glycerol, and the process can be
carried out at lower temperatures (between 393 and 503 K), with the consequent
efficiency advantage in energy use.

Bancquart et al. (28,170) showed that basic solid catalysts such as MgO, ZnO,
CeO,, and La,03, as well as MgO doped with alkali metals (Li/MgO and Na/MgO)
are active catalysts for the transesterification of methyl stearate with glycerol. The
reactions were performed at 493 K in the absence of a solvent, the order of activity
being La,03;>MgO = CeO,>7Zn0O, which correlates with the intrinsic basicity of
these solids. The activity of MgO depends on the preparation method; thus, MgO
prepared by hydration of a commercial MgO followed by calcination was the most
active catalyst, giving conversions of 65% with selectivity to monoglycerides of
50% after 1.5h in a batch reactor with equimolar ratios of reactants. The authors
showed that in this process the nature of the oxide has a small effect on the se-
lectivity to monoesters, with the distribution of the esters being similar to that
obtained with homogeneous base catalysts.

By this approach, esters such as di(2-ethylhexyl) adipate and an oligomeric ester
of neopentyl glycol have been synthesized recently by alcoholysis of dimethyl adi-
pate ester and the corresponding alcohols, with alkaline earth metal compounds as
the catalysts (/71) (Scheme 30). These types of esters find application as lubricants,
and it is suggested that they can be used as environment-friendly substitutes for
petroleum-derived lubricants. The reactions were carried out with isooctane as a
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solvent and refluxing reaction mixtures. The results show that the activity of the
catalyst is related to its basicity. MgO does not show any activity for either
transesterification reaction, whereas CaO gives yields of both diesters near 100%
after 4h in a batch reactor. A similar trend was found when alkaline earth hy-
droxides were used as catalysts. Mg(OH), and Ca(OH), were inactive, and Ba(OH),
exhibited high activity.

Alcoholysis of ester and epoxide with various basic catalysts including alkaline
earth metal oxides and hydroxides was reported recently by Hattori ez al. (172).
Various alcohols were transesterified with ethyl acetate at 273 K. The results show
that in the presence of strongly basic catalysts such as CaO, SrO, and BaO, propan-2-
ol reacted much faster than methanol, whereas in the presence of more weakly basic
catalysts such as MgO, Sr(OH),-8H,0, and Ba(OH),-8H,0O, methanol reacted
faster than propan-2-ol. This behavior agrees with the observations made for the
cyanoethylation of alcohols with alkaline earth metal oxides and hydroxides as cat-
alysts (/63,164). Furthermore, the authors found that 2-methylpropan-2-ol reacted
only on strongly basic catalysts and much more slowly than methanol and propan-2-
ol. The observations can be attributed to the low acidity of this tertiary alcohol along
with steric hindrance of the alkoxide anion for attacking the adsorbed ethyl acetate.
When the alcoholysis was performed with propene oxide, alkaline earth metal oxides
were found to be more reactive than hydroxides; the reactivity of the alcohols was in
the order methanol > ethanol > propan-2-ol > 2-methylpropan-2-ol, regardless of the
type of catalyst. An interesting result of this study was that the catalysts, were active
after air exposure for alcoholysis of ester and epoxide. This result is probably caused
by a strong adsorption of the alcohol, which competes favorably with CO, and water.

D. HYDROGEN TRANSFER REACTIONS

D.1. Tishchenko Reaction

The Tishchenko reaction is a dimerization of aldehydes to the corresponding
esters, which is classically carried out in homogeneous media using aluminum
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alkoxides as catalysts (/73—175). In 1974, Tanabe and Saito (/76) found that al-
kaline earth metal oxides (MgO and CaO) that have both acidic and basic sites can
catalyze the Tishchenko reaction of benzaldehyde. They proposed a mechanism
which involves, as the first step, the adsorption of aldehydes onto the basic (O*7)
and acidic sites (metal ions), resulting in the formation of the adsorbed interme-
diates (A) and (B), respectively (Scheme 31). In the second step, hydride transfer
from (A) to (B) occurs to form the intermediate (C) and the active species (D) for
the ester formation. The active species (D) attacks the electrophilic carbonyl carbon
atom of an aldehyde to form the intermediate (E), which draws another aldehyde
molecule onto metal ion (F), followed by hydride ion transfer to form the ester and
the active species (D) (Scheme 31).

Mixed Tishchenko reactions with various aldehydes (a) benzaldehyde and pival-
aldehyde, (b) pivalaldehyde and cyclopropanecarbaldehyde, and (c) cyclopropane-
carbaldehyde and benzaldehyde have been investigated with various solid base
catalysts including alkaline earth metal oxides (/77). The reactions were performed
at 353K in vacuo without solvent using equimolar mixtures of two kinds of al-
dehydes. Alkaline earth metal oxides were the most active catalysts, and other solid
base catalysts, such as La,O3;, ZrO,, ZnO, y-alumina, hydrotalcite, KF/alumina,
and KOH/alumina, were all inactive for the mixed Tishchenko reaction of
benzaldehyde and pivalaldehyde. Four product esters formed by cross- and self-
esterification were found (Scheme 32 displays the four dimers formed in the
Tishchenko reaction with benzaldehyde and pivalaldehyde). In all the combina-
tions, the activity of the catalysts was found to increase in the order
BaO <MgO < CaO < SrO. This result indicates that strongly basic sites and high
surface areas are indispensable for high activity. Quantum chemical calculations of
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TABLE 111
Yields in the Tishchenko Reaction of Furfural on Alkaline Earth Metal Oxides in a Batch Reactor® (178)
Catalyst Catalyst pre- Surface Reaction Time (h) Yield (%)
treatment area (m?/g) temp (K)

temperature (K)

MgO 873 267 353 4 <1
CaO 873 48 353 4 61
CaO 873 48 353 6 78
SrO 1273 12 353 4 83
SrO 1273 12 353 6 95
SrO 1273 12 323 12 70
BaO 1273 2 353 4 0

# Reaction conditions: amount of furfural, 10 mmol; mass of catalysts, 100 mg.

the positive charges on the carbonyl carbon atoms of aldehydes and the structural
parameters of the active species for the ester formations suggested that selectivities to
the four Tishchenko dimers on MgO and CaO are determined primarily in the step of
the nucleophilic addition of the active species (D) in Scheme 31 to the carbonyl
carbon atoms of the aldehydes. Thus, the nucleophilic addition of the active species
(D), having a less-hindered oxygen atom, over the aldehyde, having a more highly
positively charged and sterically less-hindered carbonyl carbon atom, proceeds faster.

The Tishchenko reaction of furfural (Scheme 33) has been reported to be difficult
when carried out by traditional homogeneous catalysis, but recently Seki et al. (178)
obtained excellent results for the Tishchenko reaction of furfural and 3-furaldehyde
(179) using CaO and SrO as catalysts.

The results obtained with the Tishchenko reaction of furfural using alkaline earth
metal oxides as base catalysts are presented in Table III. Because the strength of
basic sites increases in the order MgO < CaO <SrO<BaO, and the order of their
acid strengths is the reverse (73), it was concluded that CaO and SrO—which have
moderate acid and base sites in comparison with MgO and BaO—are appropriate
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for the Tishchenko reaction of furfural. The use of other solid base catalysts such as
La,03, ZrO,, ZnO, y-alumina, hydrotalcite, and KOH/alumina, was unsuccessful.
Moreover, KF/alumina, which has been successfully applied for the Tishchenko
reaction of pivalaldehyde (/80) and benzaldehyde (/87), was inactive for this
reaction.

An investigation of the influence of the pre-treatment temperature of the MgO
and CaO catalysts showed that MgO exhibited low activity at any pre-treatment
temperature, whereas CaO exhibited excellent activities when pre-treated at 673 and
873 K. However, both catalysts exhibited no activity when pre-treated at temper-
atures below 573 K, which indicates that the active basic sites for this transforma-
tion are not OH groups, but rather O>~ ions on the MgO surface.

The preparation of lactones via intramolecular catalytic esterification can be
carried out by the Tishchenko reaction of dialdehydes. Alkaline earth metal oxides
have been shown to be active not only for the intermolecular Tishchenko reaction,
but also for the intramolecular Tishchenko lactonization. Thus, these solid catalysts
have been applied for the Tishchenko reaction of o-phthalaldehyde to phthalide
(182) (Scheme 34).

Solid base catalysts were tested for this reaction, which was carried out in ben-
zene as a solvent at 313 K. Among them, MgO, CaO, and SrO exhibited good
catalytic properties, affording phthalide exclusively with yields between 86% and
100% after a short time (15min) in a batch reactor, whereas with y-alumina,
phthalide was obtained with excellent yields and seclectivity after 4h. The
Tishchenko reaction of 2,3-naphthalenedicarbaldehyde was also carried out with
CaO and with y-alumina at 333 K; yields of the corresponding five-membered lac-
tone were 94% and 100% after 2 and 20 h, respectively.

D.2. Meerwein— Pondorff— Verley and Oppenauer Reactions

The Meerwein—Pondorff—Verley (MPV) reduction of aldehydes and ketones and
the Oppenauer oxidation of alcohols are hydrogen transfer reactions between car-
bonyl compounds and alcohols that can be applied without the risk of reducing or
oxidizing other functional groups present in the molecules. The hydrogen donors are
secondary alcohols (e.g., propan-2-ol and butan-2-ol), and the oxidants are simple
ketones (e.g., acetone and cyclohexanone). The Meerwein—Pondorff—Verley and
Oppenauer (MPVO) reaction is usually activated by aluminum alkoxides (/83),
aluminum isopropoxide being especially suitable for this process (/84,185). The
homogeneous MPVO reaction proceeds via a cyclic six-membered transition state in
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which both the carbonylic compound and the alcohol are coordinated to the metal
center of the metal alkoxide catalyst. The reactant alcohol is coordinated as an
alkoxide, and the activation of the carbonyl group by coordination to Al(III) in-
itiates the hydride transfer reaction from the alkoxide to the carbonyl (Scheme 35).

However, the reaction requires a large excess of alkoxide (between 100% and
200%) that has to be neutralized with a strong acid. To overcome this drawback,
various solid catalysts have been reported recently (/86—188). Basic catalysts, com-
prising oxides and zeolites, have been used for this transformation (/89); among them,
special attention has been paid to MgO for catalytic transfer hydrogenations with
vapor-phase reactants (/190—193). Ivanov et al. (194) investigated the MPV reaction
between ethanol and acetone on metal oxides having various acid—base pairs. They
proposed a mechanism similar to that proposed for homogeneous catalysis, with the
hydrogen transfer taking place via a concerted process involving a six-member in-
termediate with the alcohol and the carbonyl compound adsorbed on an acid—base
pair. In the proposed mechanism, the alcohol adsorbs on the catalyst through a weak
Lewis acid—strong base pair site, giving a surface-bound alkoxide, which leads to the
transfer of a hydride ion that attacks the carbonyl group (Scheme 36).

The reaction of cyclopentanol in the presence of cyclohexanone at 623 K cat-
alyzed by amorphous metal oxides and Cs-exchanged X zeolite was investigated by
Berkani et al. (195). The reaction leads to alkenes and hydrogen transfer products,
but it was found that the activities of the catalysts for dehydration of cyclopentanol
and for the hydrogen transfer from cyclopentanol to cyclohexanone depend on their
acid—base properties. Thus, MgO exhibited the highest activity for the hydrogen
transfer reaction, followed by potassium impregnated on y-Al,O; and CsNaX
zeolites. The activities of the zeolites for hydrogen transfer increases with the ba-
sicity (i.e., with the Cs content). On the other hand, the acidities of the catalysts and
their activities for dehydration follow the reverse trend. Moreover, addition of CO,
to the carrier gas during the reaction inhibits only the hydrogen transfer reaction,
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whereas the amount of cyclopentene remains constant. It was therefore concluded
that hydrogen transfer occurs only on the basic sites of the catalysts and dehy-
dration only on the acid sites.

The oxidation of 2-ethylhexan-1-ol to 2-ethyl-hexanal by the Oppenauer oxida-
tion with aliphatic aldehydes such as acetaldehyde, propionaldehyde, and isobutyr-
aldehyde has been investigated with gas-phase reactants and MgO as the catalyst
(196). Reaction with propionaldehyde was found to be an effective synthetic route
for 2-ethylhexanal preparation, whereas with acetaldehyde and isobutyraldehyde a
gradual catalyst deactivation in a flow reactor was observed.

The same authors also reported the dehydrogenation of pinocarveol to pino-
carvone and pinocampheol to pinocamphone catalyzed by MgO (/97) (Scheme 37).
Pinocampheol was oxidized to the corresponding ketone with yields in the range of
40%, whereas the yields of pinocarvone from pinocarvenol did not exceed 10%.

Although MgO appears to be an excellent catalyst for hydrogenation of ketones
using secondary alcohols with reactants in the vapor phase, an important drawback
of the reaction is that the MgO gradually deactivates, ultimately leading to a com-
plete loss of activity. Szollosi and Bartok (/98,199) showed that deactivation of
MgO during the catalytic transfer hydrogenation of various ketones with propan-2-
ol could be prevented by pre-treatment with chloromethanes. For instance, MgO
subjected to treatment with chloroform retained its initial catalytic activity for as
long as 65h. It was suggested that modification of the MgO surface with chloro-
form resulted in blocking of the Lewis acid centers responsible for poisoning and
also in the generation of surface OH groups with proper acidity for the reaction
(200).

Alkaline earth metal oxides have also been used as basic catalysts for the MPV
reaction with liquid-phase reactants. The reaction of benzaldehyde with ethanol in
the presence of MgO, Ca0O, and mixed oxides obtained by calcination of double-
layered hydroxides was investigated by Aramendia et al. (201). CaO, with the
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highest density of basic sites, was found to be the most active catalyst for the
process. Moreover, the MPV reaction was accompanied by two other competing
reactions (aldol condensation and the Tishchenko cross-reaction). Data character-
izing the MPV reaction of benzaldehyde with other alcohols showed that the high-
est conversions are obtained with secondary alcohols as hydrogen sources.

The same authors have reported the reduction of citral with alkanols and
cycloalkanols to the Z- and E-alcohol isomers nerol and geraniol when MgO and
CaO were used as catalysts (202) (Scheme 38). When the reactions were performed
by refluxing the mixture with an alcohol/citral molar ratio of 20, excellent yields to
the corresponding alcohol isomers were obtained. Various reducing alcohols were
tested that gave the following sequence of reactivity: cycloalkanols>alkan-
2-ols > alkan-3-ols. Reaction yield and selectivity on MgO and on CaO exceeded
95 and 85%, respectively, in all the experiments. The number and strength distri-
bution of the basic sites on MgO and on CaO were determined by TPD of CO,; the
total number of basic sites on MgO was almost three times greater than that on
CaO. This result is reflected in the activity of MgO for the hydrogen transfer, which
was higher than that of CaO.

Recently, the influence of the preparation method of various MgO samples on
their catalytic activity in the MPV reaction of cyclohexanone with 2-propanol has
been reported (202). The oxides were prepared by various synthetic procedures
including calcination of commercially available magnesium hydroxide and magne-
sium carbonate; calcination of magnesium hydroxides obtained from magnesium
nitrate and magnesium sulfate; sol-gel synthesis; and precipitation by decompo-
sition of urea. It was concluded that the efficiency of the catalytic hydrogen transfer
process was directly related to the number of basic sites in the solid. Thus, the MgO
(MgO-2 sample in Table IV) prepared by hydration and subsequent calcination of a
MgO sample that had been obtained from commercially available Mg(OH), was
the most basic and the most active for the MPV process, and the MgO samples with
similar populations of basic sites exhibited similar activities (Table IV).

VII. Zeolites and Mesoporous Aluminosilicates Modified with
Alkaline Earth Metal Oxides

Because of their well-defined porous structures and spatial limitations, zeolites
and mesoporous aluminosilicates are shape-selective catalysts. The availability of
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TABLE IV
Influence of Preparation Method of MgO on Catalytic Activity for the MPV Reaction of Cyclohexanone
with 2-propanol in a Batch Reactor® (202)

Catalyst MgO catalyst®  BET surface Number of  r¢" (mmol/h/g) Yield of

precursor area (m%/g) basic sites cyclohexanol
(umol CO,/g (%) after 46h

MgO)

Commercial MgO-1 11.5 29 0.002 <5

Mg(OH),

Rehydration MgO-2 110.8 257 0.130 88.9

of MgO-1

Precipitation MgO-3 123.7 201 0.074 61.3

from

Mg(NO3),

Precipitation MgO-4 162.5 161 0.058 44.8

from MgSO,

Sol-gel MgO-5 39.9 115 0.046 33.5

method

Precipitation MgO-6 100.4 108 0.043 30.6

by

decomposition

of urea

Calcination of MgO-7 71.2 173 0.066 69.2

MgCO3

? Reaction conditions: donor/acceptor ratio = 20 under refluxing conditions, 1g of freshly calcined
catalyst.

® MgO samples obtained by calcinations of Mg(OH), in the air at 873 K for 2h. MgO-7 was obtained by
calcination at 873K for 6 h.

¢ ro = initial reaction rate.

shape-selective base catalysts is extremely desirable to enhance “atom utilization”
and minimize the production of pollutants. Therefore, the preparation of strongly
basic microporous and mesoporous aluminosilicates is attracting increasing atten-
tion. The exchange of zeolite protons by alkali and alkaline-earth cations (203,204)
gives basic zeolites (98,205,206); the basic sites are the framework oxygen atoms,
which are rich in electron density induced by the cations located nearby. As a
consequence of the covalent nature of the bonding of the framework oxygen, only
weakly basic sites are generated. Zeolites with stronger basic properties have been
prepared by adding basic guest oxides into zeolites as hosts. Hathaway and Davis
(207-209) and Kim et al. (210) reported that the introduction of excess alkali by
decomposition of their salts and hydroxides in zeolite cavities resulted in the gen-
eration of active basic sites, which are much more active that those in alkali-
exchanged zeolites for base-catalyzed reactions such as dehydrogenation of 2-
propanol and alkylation of toluene with methanol. The authors proposed that the
active basic sites are alkali metal oxides encapsulated in the zeolite cavities. Anal-
ogously, mesoporous molecular sieves (MCM-41) have been converted into basic
materials by alkali cation exchange or by impregnation and subsequent thermal
decomposition of alkali metal salts (2//-214).



VII] OPTIMIZATION OF ALKALINE EARTH METAL OXIDE 277

To prepare alkali- or alkaline earth-modified zeolites or mesoporous molecular
sieves, identical general methodologies are used. Thus, alkaline earth cation-
exchanged zeolites are prepared by exchange of the zeolite in the sodium form in
aqueous solution of alkaline earth metal salts, followed by washing and calcination.
Alkaline earth metal oxides loaded in zeolites are also prepared by impregnation of
alkaline earth metal salts such as nitrates, acetates, or ethoxides followed by cal-
cination (70,215,216).

Recently, Zhu et al. (217-220) reported the application of microwave radiation in
dispersing MgO onto zeolites and mesoporous molecular sieves to generate strongly
basic sites. Following this methodology, MgO was directly dispersed onto zeolites
LTL, ZSM-5, beta, and the mesoporous molecular siecve MCM-48. The resulting
materials were tested for the decomposition of 2-propanol and isomerization of cis-
but-2-ene, with the results showing that the activity of supported MgO was strongly
affected by the structure of the zeolite, with MgO/KLTL zeolite or MgO/NaLTL
zeolite being the most active catalysts. For example, for isomerization of cis-but-2-
ene at 273 K, the activity of a 2% MgO/KLTL zeolite sample exhibited an initial
rate five times higher than a 5% MgO/K-beta zeolite sample, whereas a 5% MgO/
NaZSM-5 was not active. The high basic activity exhibited by LTL zeolites was
attributed to the geometric effect of their structure for absorbing microwaves in the
irradiation process and the formation of special dispersed MgO.

A. CATALYTIC ACTIVITIES OF ALKALINE EARTH-MODIFIED ZEOLITES

Alkali metal ion-exchanged zeolites and occluded alkali metal oxide zeolites have
been investigated extensively and applied as basic catalysts for a variety of organic
transformations (/,41,221,222). Zeolites modified with alkaline earth compounds
have been applied much less frequently as base catalysts for organic reactions.

In this section, we summarize recently reported organic transformations cataly-
zed by zeolites and mesoporous molecular sieves modified by alkaline earth metal
oxides. Pillai (215) reported the alkylation of aniline with 2-propanol in the vapor
phase at atmospheric pressure in the presence of alkali and alkaline earth metal ion
(Li, Na, K, Ca, Sr, and Ba)-exchanged Y zeolites. Both N- and C-alkylated prod-
ucts were obtained, namely, N-isopropylaniline and ortho- and para-isopropylan-
iline isomers. Conversions of aniline were in the range of 7-18% at 623 K, with
alkali earth metal ion-exchanged zeolites being more active than alkali metal ion-
exchanged samples. Among the C-alkylated isomers, the ortho isomer was formed
in higher yield than the para isomer, a result that was attributed to the proximity of
the alkylating group on the catalyst surface to the ortho position of aniline. The
authors found that the activities of the zeolites decrease as the cations become less
electronegative, from Li to K and from Ca to Sr, with the C-alkylation selectivity
decreasing in the same order, whereas the N-alkylation selectivity increases with
increasing basicity of the ions. These results appear to be obvious because in the
case of the alkaline earth-exchanged zeolites, it is well known that water can be
hydrolyzed in association with the metal ions, resulting in the introduction of pro-
tons into the zeolite. Zeolite exchange by alkaline cations in aqueous media also
leads to the exchange of some protons, unless the aqueous solution is basic. It
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appears then that the weak acidity associated with these protons should be re-
sponsible for the C-alkylation.

Dumitriu et al. (223) reported the synthesis of acrolein by condensation of for-
maldehyde and acetaldehyde vapors using oxides (MgO, P,0s, B,O3, ZnO, and
Mo0O3) deposited on HZSM-5, Y-zeolite, Al,O3, and SiO,. The investigation of the
catalytic activity of these oxides supported on HZSM-5 showed that MgO gives the
best performance, achieving 50% conversion at 673 K with an equimolar ratio of
reagents. Moreover, it was observed that the selectivity to acrolein strongly depends
on the nature of the support. MgO/SiO, and MgO/Y zeolite give higher conversions
of acetaldehyde than MgO/ZSM-5; however, because of the formation of poly-
condensation products, crotonaldehyde, CHy, etc., the former are less selective than
MgO/HZSM-5. The higher selectivity to acrolein exhibited by MgO/HZSM-5 was
attributed to the spatial limitations of the zeolitic structure and probably to a
cooperative effect of the basic centers of MgO and the acidic sites of the HZSM-5.
With this zeolite as the support, there was an optimum MgO content (4 wt%) giving
the highest yield (60%); an excess of magnesia hindered access of the reagents to the
pores, with a decreased activity.

Ethylbenzene and styrene are traditionally obtained by the Friedel-Crafts al-
kylation of benzene with ethene. An attractive and novel route to obtain these
compounds takes advantage of low-cost toluene produced from petroleum methane
from natural gas; the reaction is the oxidative methylation of toluene, which pro-
ceeds only in the presence of basic catalysts (224). The basic active sites ensure the
abstraction of hydrogen from toluene and methane, leading to the formation of
methyl and benzyl radicals. Cross coupling of the radicals on the catalyst surfaces
leads to the side-chain methylation of toluene to yield ethylbenzene and styrene
(225). Kovacheva et al. (216,226-229) investigated the application of alkali earth
metal oxides occluded in X zeolite for the oxidative methylation of toluene with
methane. Reactions took place at temperatures between 973 and 1073 K, catalyzed
by NaX zeolite loaded with MgO, CaO, SrO, and BaO. It was found that select-
ivities to styrene and ethylbenzene were similar (between 45 and 55%) for all sam-
ples; however, SrO- and BaO-modified zeolites were better catalysts than the others,
giving higher toluene conversions. For example, at 1073 K, conversions of about
30% were measured with SrO- and BaO-modified zeolites, whereas conversions of
only abouat 12% were measured with the others. TPD of CO, showed that the four
samples exhibited strong basic sites of equal strength but different numbers. The
amount of CO, desorbed increased with increasing the size of the alkali earth metal
ion (i.e., from MgO/NaX zeolite to BaO/NaX zeolite). The higher basicity, as well
as the higher catalytic activity observed in the presence of SrO/NaX zeolite and
BaO/NaX zeolite was attributed to the highly electropositive character of the im-
pregnated oxides relative to those of MgO/NaX zeolite and CaO/NaX zeolite.

Because BaO/NaX zeolite catalysts exhibited the best performance, further in-
vestigations have been carried out recently to characterize the oxidative methylation
of toluene catalyzed by BaO-modified X- and Y-zeolites, mordenite, ZSM-5, sil-
icalite, and ALPOy4-5 (230). The authors found that activity and basicity of BaO-
modified zeolites and zeolite-like catalysts depend on both the structural type and
composition. Thus, for samples of the same structural type (BaO/NaX zeolite,
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BaO/NaY zeolite, BaO/NaZSM-5, and BaO/silicalite), the activity and basicity
depend on the composition, in other words, the lower the Si/Al ratio, the higher the
activity and the higher the basicity. Moreover, it was found that the accessibility of
the reagents to the BaO modifier also plays a decisive role in activity and basicity.
The accessibility of the BaO was related to the structure of the zeolite, which
determines the location of the BaO in the pores. Thus, in the large-pore X- and Y-
zeolites, BaO particles easily migrate and fill the zeolite channels in such a way that
the larger part of BaO remains partially hidden from the reagents, whereas the
smaller pores of mordenite and ZSM-5 impede the migration of the formed BaO,
making the BaO particles more accessible to the reagents. This interpretation is
reflected in the catalytic activity; for example, conversions of 20 and 40% were
achieved for BaO/NaX zeolite and BaO/NaZSM-5, respectively, at 1073 K.

Recently, a combinatorial investigation of alkylation of toluene with methanol
to produce styrene with basic zeolites and alkaline earth catalysts was per-
formed (231). The results of tests involving preparation and testing of more than
200 catalysts were modest, and these results emphasize that fine-tuning of the
acid and base properties necessary to achieve better alkylation catalysts is not an
easy task.

B. CataLYTIC ACTIVITY OF ALKALINE EARTH-MODIFIED MESOPOROUS
MOLECULAR SIEVES

In the last decade, the mesoporous molecular sieve MCM-41 has been developed
(232) and applied as a catalyst to many acid-catalyzed reactions (233). However,
until now, comparatively few investigations of mesoporous molecular sieves as base
catalysts have been reported (169,211-214,234,235). For example, sodium- and
cesium-exchanged mesoporous MCM-41 were shown to be mildly selective, water-
stable, recyclable catalysts for the base-catalyzed Knoevenagel condensation, and
mesoporous MCM-41 containing intraporous cesium oxide particles prepared by
impregnation with aqueous cesium acetate and subsequent calcination was found to
have strong-base activity for the Michael addition (2/7,213) and rearrangement of
w-phenylalkanals to phenyl alkyl ketones (212).

Recently, cross-aldol condensation of benzaldehyde with n-heptaldehyde to
give jasminaldehyde (Scheme 13) has been reported; a mesoporous molecular sieve
Al-MCM-41 with supported MgO was the catalyst. The reactions were carried out
in a stirred autoclave reactor with a molar benzaldehyde/heptanal ratio of 10 at
373448 K (236). The results show that AI-MCM-41 is catalytically active, and
its activity is significantly increased by the deposition of MgO (Table V). Increas-
ing the amount of deposited MgO on AI-MCM-41 decreases the surface area
but enhances the catalyst basicity. The basicity is well correlated with the catalytic
activity, although the selectivity to jasminaldehyde is not; the selectivity is
essentially independent of temperature, pressure, time of the reaction, and
conversion.

In addition to the results presented above, Jaenicke et al. (234) compared the
activities of K,O, BaO, and K,0/La,03 incorporated in MCM-41 for the same
reaction at 433 K with a benzaldehyde/heptanal molar ratio of 1.5. They found
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TABLE V
Cross-aldol Condensation of Benzaldehyde with Heptanal on Basic Catalysts® (236)
Catalyst BET surface area Base amount Conversion (%) Selectivity to
(m*/g) (mmol of CO,/g) after 2h jasminaldehyde

(%)
Al-MCM-41 1032 — 9.4 41.6
5% MgO/Al- 739 0.09 10.5 40.8
MCM-41
15% MgO/Al- 726 0.11 20.5 35.5
MCM-41
20% MgO/Al- 634 0.18 30.7 40.2
MCM-41
MgO 56 0.40 96.7 56.2

% Reaction conditions: Benzaldehyde/heptanal molar ratio = 10; temperature = 423 K; pressure, atmos-
pheric.

that 10% BaO in MCM-41 exhibited very low activity (7.2% conversion after
2h in a batch reactor); the best results were obtained with the most basic
catalyst, the binary inorganic catalyst, K,O/La,O5-MCM-41, which gave a con-
version of 61.9% with 53% selectivity to jasminaldehyde after 2h. The authors
claimed that the presence of the rare earth metal oxide improves the thermal
stability of the material as well as the selectivity. Furthermore, much better
results were obtained for the above reaction when MCM-41 was used as catalyst
in a one-pot reaction in which, in order to minimize the self-condensation of
heptanal, an intermediate heptanal dimethyl acetal was prepared and hydrolyzed
in situ (237).

VIII. Alkali Metal-Doped Alkaline Earth Metal Oxides

Promoter compounds are added to solid catalysts to induce enhancements in ac-
tivity, selectivity, or lifetime. Alkali metals are used as promoters of many kinds of
metal oxide catalysts, as their electron-donating ability leading to the enhancement
of basicity of metal oxides is well known (238). Thus, Haag and Pines (239) ob-
served that sodium metal deposited on alumina (Na/Al,O3) catalyzes isomerization
of but-1-ene and pent-1-ene at room temperature. Researchers at Sumitomo Chem-
icals (116) developed base catalysts consisting of alkali metal hydroxide/alkali metal
on alumina. These catalysts have basic sites with values corresponding to base
strengths stronger that H_ = 37; they are effective catalysts for low-temperature
isomerization reactions such as the conversion of 5-vinylnorbornene to 5-ethyl-
idenenorbonene; 2,3-dimethylbut-1-ene to 2,3-dimethylbut-2-ene; and safrole to
isosafrole.

Kijenski and Malinowski reported that Na/MgO is a highly active catalyst for the
isomerization of alkenes at 293 K and that the basic have base strengths stronger
than those corresponding to H_ = 35 (240,241).
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A. METHODS OF PREPARATION OF ALKALI METAL-DOPED ALKALINE EARTH
METAL OXIDES

The preparation of alkali metal-doped alkaline earth metal oxides can generally
be carried out by two different methods:

(a) Chemical vapor deposition of the alkali metal (particularly Na and K) onto the
alkaline earth hydroxide. This deposition is performed by heating the alkali
metal to temperatures between 573 and 723 K under vacuum (242-245) or by
mixing the alkaline earth oxide with an alkali metal azide salt (NaN3, KNj3, or
LiN3;) followed by decomposition of the azide by heating to about 673 K under
vacuum (246-248). In both cases, the reaction of alkali metal vapor with the
oxide surface gives solid super bases. According to Kijenskii and Malinowski
(240,242) the term super base is used to denote a base strong enough to abstract
a proton from hydrocarbon molecules such as triphenylmethane (pK, of acid
indicator equal to 33) or methane (pK, = 40). The base strength of a super
base should therefore lie in the range of 40> H_>33. Later, Tanabe and
Noyori (249) suggested that materials with base strengths corresponding to
H_ =26 or stronger could be classified as super bases. In general, solid super
bases are obtained when some metal oxides are treated with zero-valent alkali
metals (/16,250).

(b) Impregnation of the alkali earth oxide with aqueous solutions of alkali metal
salts or hydroxides (NaOH, KOH, LiOH, Li,CO3;, or LiNOs) followed by cal-
cination at temperatures in the range of 733—1173 K (242,251,252).

Kijenski and Malinowski (242) reported properties and catalytic activities for
isomerization of pent-1-ene to trans-pent-2-ene of catalysts prepared by doping of
MgO with varying amounts of NaOH and catalysts prepared by evaporating so-
dium metal onto MgO pre-calcined at various temperatures. The numbers of basic
sites of various strengths were determined by titrating the catalysts with benzoic
acid solutions in benzene in the presence of appropriate Hammett indicators, and
the one-electron donating or accepting properties of the catalysts were determined
by adsorbing organic one-electron acceptors or donors, respectively, onto the cat-
alyst and recording the EPR signals of the resulting ion radicals. The authors found
that catalysts prepared by impregnating MgO with an aqueous solution of NaOH
had acid-base properties close to those of pure MgQO; thus, the reaction of the MgO
with sodium ions is inferred not to affect the maximum acid—base strength of the
material, and only the number of centers is modified. The maximum concentration of
both acid and base sites was attained for the catalyst containing 0.35 mmol of Na™
per gram of MgO. Moreover, it was found that the basicity of both pure MgO and
M¢gO doped with NaOH decreased when the calcination temperature was increased,
and for catalysts calcined at 1273 K, the strongest basic sites (27 < H_ = 33)
disappeared and the concentration of basic sites of lower strength decreased sub-
stantially. Furthermore, the one-clectron donating properties of MgO underwent an
insignificant change, and the maximum concentration of these sites that were able to
reduce tetracyanoethene was found for the catalyst containing 0.35 mmol of Na ™ per
gram of MgO. However, the fact that the observed concentration of one-electron
donor sites was much lower than the concentration of basic sites leads to the
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conclusion that there were two different types of sites, one responsible for one-
electron donating properties and the other for the basic properties of the catalyst. On
the other hand, catalysts prepared by evaporation of sodium metal onto MgO ex-
hibited a greater number of basic sites than pure MgO and, moreover, basic sites of
extreme strength (H_ > 35). A high concentration of one-electron donor sites able to
reduce nitrobenzene was detected in these materials.

Comparison of the results for catalytic isomerization of pent-l-ene to trans-
pent-2-ene with the basic and one-electron donating properties of the catalysts led
to the conclusion that two different reaction mechanisms operate in double bond
isomerization reactions: (a) an ionic mechanism which involves proton abstraction
from the alkene molecule by the super base site (pK, = 37 for pentenes) and (b) a
free radical mechanism which involves the abstraction of a hydrogen atom from the
alkene by the one-clectron donor center (Scheme 39).

A.l. Alkaline Earth Metal Oxides Doped with Alkali Metals by Chemical
Vapor Deposition

Investigations of the generation of super base sites on alkaline earth metal oxides
by doping with alkali metals (246,247,253) led to the inference that when zero-
valent alkali metals react with a metal oxide surface, the electron donated by the
alkali metal to the oxide lattice resides in a defect site, such as an oxygen vacancy,
generating a one-electron donor site (F* center) (254,255) (Scheme 40).

The F sites can be observed by EPR spectroscopy. Matsuhashi and Arata (253)
investigated the relationship between the EPR signal intensity of the F center and
the base catalytic activity for double bond migration of 3-methylbut-1-ene catalyzed
by Na-doped MgO. The quantitative relationships indicated that the super base
sites were generated by an induction effect of the electron released from the Na
following its entrapment in the oxygen vacancy. Moreover, the maximum activity
for the double bond migration was attained when two electrons were trapped in a
single anion vacancy (F centers). It was also observed that the electrons trapped in
the single anion vacancy activate several other sites (246). The authors concluded

L]
(one-electron donor center)® + R-CH,-CH=CH, — (one-electron donor center)-H 4 R-CH-CH=CH,

R-CH-CH=CH, <=—> R-CH=CH-CH,
R-CH=CH-CH, + (one-electron donor center)"H —> R-CH=CH-CHj + (one-electron donor center) ®

ScHEME 39.
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that the F* and F centers played the most important role in the formation of super
base sites. Recently, they investigated (247) the concentration of super base sites
generated on MgO, CaO, SrO, and BaO doped with Li, Na, and K by EPR spec-
troscopy with the aim of clarifying the role of the alkali metal ion in the generation
of super base and adsorption sites. The catalytic activities of the solids were tested
for the double bond migration of 4,4-dimethylpent-1-ene and 2,3-dimethylbut-1-ene
at 273 K. A large increase in catalytic activity was observed with Na- and K-doped
samples, whereas the increase in base catalytic activity relative to those of undoped
oxides was very small for the other materials. The spin concentration of the par-
amagnetic NO3~ species generated by selective NO adsorption on strong basic sites
and detected by EPR showed that the increased activity observed for Na- and K-
doped MgO was caused by an increase in the number of sites. However, the pro-
motion effect of electron(s) trapped in oxygen vacancies for the generation of super
basic sites was very small on Li-doped MgO and on Li-, Na-, and K-doped CaO,
SrO, and BaO. Thus, the authors concluded that when the ionic radius of the alkali
metal is smaller than that of the oxide cation, the alkali cation adsorbs on the super
basic sites (which are activated by trapped electron(s)), which consist of an assembly
of three O?~ ions on the {111} microplane of the oxide. The electrical inductive
effect is interfered by the adsorption of the alkali cation. In the case of Na- and K-
doped MgO, the adsorption of the alkali cations on the super base site is unstable,
because of the insufficient area on the three O~ clusters for their adsorption, which
forces the alkali cations to migrate, leading to an increase in the number of sites
generated. On the basis of these results, the authors concluded that the ratio of ionic
radii of the alkali metal and the alkaline earth metal must be 1.46 or greater to allow
generation of super base sites.

As was shown above, the super base materials obtained by doping alkaline earth
metal oxides with zero-valent alkali metals are efficient catalysts for isomerization
reactions as well as alkylation reactions. Sun and Klabunde (244) reported that
nanocrystalline MgO (prepared by the aerogel method) and doped with potassium
metal has strongly basic sites that are active for isomerization of alkenes and al-
kylation of alkenes and toluene. The results show that undoped nanocrystalline
MgO and fine crystalline MgO (prepared by coprecipitation) are not active for
isomerization of pent-1-ene or 2,3-dimethylbut-1-ene at 273 K. However, the ac-
tivity of a K-doped nanocrystalline sample was much higher than that of the K-
doped crystalline MgO. Nearly 100% conversion was obtained for 10, 15, and 20%
loadings of potassium for the doped nanocrystalline sample, whereas only 10%
conversion was attained with the doped crystalline MgO having similar loadings. At
higher temperatures (413-513 K), these catalysts are active for toluene—ethene and
toluene—propene alkylation. Moreover, the catalysts were found to be active for
propene—ethene alkylation at 413 K, giving pentenes and heptenes, with a maximum
conversion at 483 K observed with the K-doped nanocrystalline sample. The
number of basic sites and the base strength distribution of both doped samples were
determined by titration methods. The total number of basic sites was closely cor-
related with the estimated number of ions that exist on edges/corners on the pol-
yhedral crystallites of MgO. Only a fraction of these sites were basic enough to
induce the alkylation reactions, and these sites were formed preferentially on



284 A. CORMA and S. IBORRA [VIII

nanocrystalline MgO. It was observed that the surface concentration of strongly
basic sites correlates well with the observed catalytic activities: K-doped nanocrys-
talline MgO > K-doped crystalline MgO. The authors suggested that trapped elec-
trons near edge/corner sites could cause enhancements in basicity at these sites.

The side chain alkylation of alkyl benzenes is usually performed with alkenes as
alkylating agents in the presence of strong-acid catalysts (256,257). The use of
highly basic catalysts such as alkali metals, their hydrides, and sodium and potas-
sium complexes for alkylation of alkylaromatic hydrocarbons has also been re-
ported (256,257). The reaction mechanism proposed by Pines et al. (258) involves
the addition of a benzylic carboanion to the alkene (Scheme 41).

Recently, alkylation of alkyl aromatic hydrocarbons such as toluene, ethylben-
zene, cumene, and xylenes with ethene, propene, and 1,2-diphenylethene was inves-
tigated by Kijenski et al. (245), who used superbasic K-MgO and K-AlL,O; catalysts
at low temperature at atmospheric and elevated pressures. The reaction kinetics,
EPR measurements of adsorbed intermediates, and the effects of poisoning deter-
mined by the radical trap TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl, free rad-
ical) led the authors to conclude that F™ sites are the catalytically active centers. To
demonstrate the importance of strong one-electron donor sites (F") for the al-
kylation and the inactivity of strong two-electron donor centers, the ethylation of
cumene, ethylbenzene, and toluene was carried out with MgO-10%NaOH. On this
catalyst, strong basic two-electron donor sites (27 < H_> 33) were found, along
with one-electron donor centers, which exhibited lower donor strengths than the F*
centers on the superbasic surface of Na-MgO prepared by impregnation of MgO
with NaOH. None of the investigated alkylbenzenes underwent alkylation. More-
over, the EPR spectra of the adsorbed reactants did not reveal radical or ion-radical
activation of these species. These results indicate the necessity for participation of
strong one-electron donor sites in the reaction and the impossibility of activating
alkylation reactants ionically (i.e., by reactions involving two-electron donor sites).
The authors suggested that alkylbenzenes and alkenes adsorb on independent sur-
face sites in radical and/or ion-radical forms, which determine the reaction pathway.

A.2. Alkaline FEarth Metal Oxides Doped with Alkali Metals Prepared
by Impregnation

As stated above, a second route for the preparation of alkali-doped alkaline earth
metal oxides is impregnation with aqueous solutions of alkali metal salts or
hydroxides. As shown by Kijenski et al. (242), the resultant alkali metal-doped

o® 0®
Ph-CH;+ BNa —> Ph-CH, Na + BH
QO ® © @
Ph-CH,Na + CH,=CH, =—= PhCH,CH,CH, Na
© e 0

PhCH,CH,CH, Na + Ph-CHy; === PhCH,CH,CH; + Ph-CH,Na

SCHEME 41.



VIII] OPTIMIZATION OF ALKALINE EARTH METAL OXIDE 285

alkaline earth metal oxides exhibit lower basicities than those prepared by doping of
the oxide with zero-valent metal. Lithium-doped MgO catalysts, first reported by
Lunsford et al. (251,259), were prepared by impregnation of MgO with lithium salts
(LiOH or LiCO;) followed by calcination. These materials are typical catalysts for
the selective oxidation of alkanes, in particular for oxidative coupling of methane
(OCM) (260). Several reviews of the catalytic oxidative coupling of methane have
been reported since the 1980s (261-263). It is widely accepted that the catalytic
activity for OCM is strongly correlated with the presence of oxygen anion species
(e.g., 07, 037, O* etc.) formed by Li-doping (264,265).

Driscoll et al. (259,266) concluded that the catalytically active species for OCM
are Li"-O centers, which are equilibrated with surface O~ centers via hole trans-
port, because vacant hole sites are formed by Li doping in the surface and bulk.
However, direct observation of the Li*-O~ pairs is difficult, because they are
present at high temperatures and are formed only in an O, atmosphere (267). It has
been reported that O™ species in other alkali-doped MgO catalysts are also active
for OCM (265,268).

On the other hand, MgO contains a small number of various defect sites, in-
cluding vacancies, ionic impurities, and trapped charge carriers. Voskresenkaya
et al. (263) concluded that the formation of active oxygen anions for OCM results
from the activation of oxidants by structural defects. When MgO is doped with Li,
the substitution of Li™ by Mg>" in the MgO lattice causes a loss of the charac-
teristic crystal morphology of the precursor MgO, and the crystals now contain
irregular grain boundary dislocations and dislocations in the bulk of the crystals,
increasing the defect sites on the MgO. It has been found that the proposed mech-
anism for the active center formation (Li"-O~ and vacant holes) (260) correlates
with the formation of defect sites in/on Li-MgO. The characterization of these
active defect sites has been carried out with various structural analytical techniques,
such as EPR,(254,269,270) electron conductivity (271), XPS (272), XRD, and Mg
K-edge XANES (273,274).

Besides oxidative coupling of methane and double bond isomerization reactions
(242), a limited number of organic transformations have been carried out with
alkali-doped alkaline earth metal oxides, including the gas-phase condensation of
acetone on MgO promoted with alkali (Li, Na, K, or Cs) or alkaline earth (Ca, Sr,
or Ba) (14,120). The basic properties of the samples were characterized by
chemisorption of CO, (Table VI).

Promotion of MgO with alkali or alkaline earth metal ions (A) increases the
amount of irreversibly held CO,, indicating that the promoter increases the con-
centration of surface basic sites. Moreover, the parameter M (mol CO,/mol of A)
allows a comparison of the effect of the addition of various promoters on the
basicity of MgO. Thus, it was observed that for each A-MgO series, M increased
when the partial negative charge of oxygen in the pure A,O oxide increased. The
value of the M parameter increases in the order Ca < Sr < Ba and Li < Na <
K < Cs for alkaline earth- and alkali-promoted MgO, respectively. These results
can be explained by taking into account the increase in the partial negative charge
of oxygen ions in MgO resulting from the addition of alkaline earth or alkali metal
ions of lower ionization potential than Mg. The specific increase of the number of
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TABLE VI
Characterization of MgO and A-MgO catalysts (14)

Catalyst Metal A Surface area  Metal A ionic CO, chemisorption
loading (m?/g) radius (A)
(pmol/mz) e iy M¢ (mol of
(umol/ CO,/mol

m? of A)

MgO 0.00 119 0.66 2.16 0.48 0.00

Ca/MgO 1.42 125 0.99 2.52 0.51 0.25

Sr/MgO 1.43 80 1.12 2.89 0.52 0.51

Ba/MgO 0.87 74 1.34 3.33 0.52 1.35

Li/MgO 18.50 81 0.68 4.60 0.71 0.13

Na/MgO 4.13 97 0.97 3.35 0.54 0.28

K/MgO 2.12 106 1.33 2.78 0.48 0.30

Cs/MgO 0.62 102 1.67 2.50 0.49 0.55

% n; = number of moles of irreversibly held CO, per square meter;

® np = total number of moles of CO, adsorbed per square meter from the primary adsorption isotherm
at 20kP;

¢ Values of M represent a measure of the effect that the addition of 1 mol of A has on increasing the CO,
adsorption capacity of the MgO sample.

surface base sites would therefore be related to the electron-donating ability of the
promoter—that is, the greater the electron-donor tendency of the promoter, the
greater the number of generated basic sites. However, the basicity of the promoted
oxide is not only influenced by the electron-donor properties of the alkali or al-
kaline earth metal, but, as reported by several authors (242,275,276), is also in-
fluenced by the loading of the promoter. Hence, the enhancement of the basicity of
MgO observed by the addition of promoters results from a combination of the
electron-donating ability of the A O oxide and the concentration of the promoter in
the sample.

The aldol condensation of acetone in the presence of these catalysts gave con-
versions between 17.9 and 12.6%, with the only products being mesityl oxide (MO),
isomesityl oxide (IMO), and isophorone (IP). The activity of each promoted cat-
alyst was higher than that of unpromoted MgO, and a good correlation was ob-
served between the catalytic activity and the concentration of basic sites. All
catalysts exhibited similar IP/(IMO + MO) selectivity ratios, except the Li-MgO
sample, which gave larger yields of isophorone. Because the formation of isophor-
one requires the presence of strongly basic sites, the higher selectivity for formation
of this compound indicates that the Li-MgO catalyst has stronger basic sites than
the other doped samples.

Hur et al. (252,277,278) reported the use of alkali metal-doped MgO to catalyze
the synthesis of acrylonitrile and propionitrile (278). Acrylonitrile is an important
chemical, especially in the polymer industry; it is generally synthesized by the
ammoxidation of propene catalyzed by multicomponent bismuth molybdates (279).
An alternative method of synthesis of acrylonitrile is the reaction between methanol
and acetonitrile (Scheme 42).
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Base catalyst
CH;-CN + CH;OH ——> CH,=CH-CN +H, + H,0

SCHEME 42.

This is a base-catalyzed reaction, and according to Kurokawa et al. (276) the
conversion consists of three reactions: dehydrogenation of methanol to formalde-
hyde, cross-coupling between acetonitrile and formaldehyde, and dehydration of
the intermediate to form acrylonitrile. This transformation has been performed with
solid base catalysts such as alkali- and or alkaline earth metals supported on silica
(280) and transition metal-promoted MgO (276,281). Hur et al. (278) investigated
the catalytic activity of alkali metal-doped MgO catalysts, such as Li/MgO,
Na/MgO, K/MgO, and Cs/MgO for the synthesis of acrylonitrile from methanol
and acetonitrile in the temperature range 573—773 K. The catalysts were prepared
by impregnation of MgO with aqueous solutions of the corresponding metal hy-
droxides followed by calcination at 873 K. The authors found that the order of
activity was Na/MgO > K/MgO > Cs/MgO > Li/MgO. This order was explained on
the basis of the ionic radius of the doped alkali metal ion. Kurokawa et al. (276)
reported that the base strength of MgO increased when a transition metal ion with a
radius larger than that of Mg?" was incorporated into the MgO lattice, because it
caused the localization of an electron on an oxygen atom. However, transition
metal ions with radii markedly greater than that of Mg®" caused a decrease in this
effect, because the cation could not be effectively incorporated into the lattice. Such
an explanation could also be applied to alkali metal-doped MgO. Thus, although
the ionic radius of Li " is similar to that of Mg®*, the ionic radii of K* and Cs ™ are
far greater than that of Mg?" . Therefore, the base strengths of the catalysts were
considered to decrease in the order Na/MgO >K/MgO > Cs/MgO >Li/MgO, in
agreement with the order in catalytic activity. With the most active catalysts
(Na/MgO) at 773K and working under non-oxidative conditions (the reactions
were carried out in the presence of CO,), the propionitrile yield was 49%, and the
yield of acrylonitrile was only 5%. However, when the reactions were carried out
under oxidative conditions the production of propionitrile (277) was suppressed
and a maximum yield of 30% of acrylonitrile was obtained.

IX. Alkaline Earth Metal Hydroxides

According to the Lewis theory, alkaline earth metal hydroxides are weaker bases
than their oxides, the order of the strength of the basic sites being Ba(OH), >
SrO(OH), > Ca(OH), > Mg(OH),. The hydroxides have been used recently as solid
catalysts for organic transformations, such as the conjugate addition of methanol to
o,f-unsaturated carbonyl compounds (/2), cyanoethylation of alcohols (163,164),
and transesterification reactions (/66,167,171,172) which are described above. The
extensive work of Sinisterra ez al. (282) on the number and nature of sites and on the
catalytic activity of the most basic alkali metal hydroxide, Ba(OH),, is emphasized.
It was found that commercial barium hydroxide octahydrate can be converted into
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FiG. 4. Coordination sphere of Ba’" in Ba(OH), - H,O cell lattice (283).

an active base catalyst by calcination in air at 473K for 3h (282). A complete
investigation by thermal analysis, IR spectroscopy, and X-ray powder diffraction
techniques (283) showed that this activated Ba(OH), was in fact f-Ba(OH), in the
bulk and Ba(OH), - H,O on the surface. In the hydrate form, each Ba>" ion is
coordinated to six OH™ and two water molecules (Fig. 4).

The total basicity was determined by selective poisoning of the basic sites with
benzoic acid (pK, = 4.2), and the number of strong basic sites was determined with
2,6-di-t-butyl-4-methylphenol (TBMPHE, pK, = 11.7), which is a weak and hin-
dered acid. The presence of strong basic sites was associated with unhindered sur-
face OH™ groups, the negative charge of which is not compensated by the Ba®* in
the lattice. Thus, on the surface, the strongly basic sites could be the external OH™
groups hydrogen-bonded to the water. 1,2-Dinitrobenzene (DNB), which has a high
electron affinity, was used to titrate the reducing sites of the catalyst. They may be
negatively charged sites corresponding to O?~ ions formed during the calcination
(176). The former would correspond to one-electron donor sites responsible for the
catalytic activity exhibited by this solid for the Cannizarro reaction (284), and the
0>~ ions would act as basic and reducing sites. The titration results showed that
only basic and reducing sites exist on the catalyst, and neither acid sites (tested for
the adsorption of pyridine or cyclohexylamine) nor sites able to oxidize
phenotiazine were present.

The strong basic sites associated with surface OH™ groups are responsible for the
catalytic activity of the activated Ba(OH), in organic reactions, such as the Michael
addition (285). The authors showed, for example, that the Michael addition of
diethyl malonate to chalcone catalyzed by activated Ba(OH), yielded 95% of the
Michael adduct. When Ba(OH), was selectively poisoned with TBMPHE, a con-
version of only 5% was observed, however when Ba(OH), was poisoned with DNB
a conversion of 58% was obtained. The small poisoning effect of DNB indicates
that only a small number of reducing sites with basic character (e.g., O*7) can act in
the process as basic sites. Thus, it was concluded that the basic sites responsible for
the catalytic activity must be surface OH™ groups on the Ba(OH), - H,O.

A variety of organic reactions were reported to be catalyzed by the activated
Ba(OH), produced by calcination of Ba(OH),-8H,0 at 473 K. Some of the most
important reactions, especially those leading to C—C bond formation, are summa-
rized below.
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A. CATALYTIC REACTIONS ON ALKALINE EARTH METAL HYDROXIDES

A.1. Aldol Condensations

Aldol condensation of acetone is a well-known base-catalyzed reaction, and
barium hydroxide is one of the catalysts for this reaction mentioned in textbooks.
A family of barium hydroxide samples hydrated to various degress determined by
the calcination temperature (473, 573, 873, and 973 K) of the starting commercial
Ba(OH),-8H,O were reported to be active as basic catalysts for acetone aldol
condensation (282,286). The reaction was carried out in a batch reactor equipped
with a Soxhlet extractor, where the catalyst was placed. The results show that
Ba(OH), - 8H,O0 is less active than any of the other activated Ba(HO), samples, and
the Ba(OH), calcined at 473 K was the most active and selective catalyst for for-
mation of diacetone alcohol, achieving nearly 58% acetone conversion after 8 h at
367K in a batch reactor. When the reaction temperature was increased to 385K,
78% acetone conversion with 92% selectivity to diacetone alcohol was obtained
after 8h. The yield of diacetone alcohol was similar to that described in the
literature in applications with commercial barium hydroxide, but this catalyst
required longer reaction times (72—120 h) (287). No deactivation of the catalyst was
observed in the process, and it could be used at least 9 times without loss of
activity.

A.2. Claisen— Schmidt Condensation

The activated Ba(OH), was used as a basic catalyst for the Claisen—Schmidt
(CS) condensation of a variety of ketones and aromatic aldehydes (288). The
reactions were performed in ethanol as solvent at reflux temperature. Excellent
yields of the condensation products were obtained (80—100%) within 1 h in a batch
reactor. Reaction rates and yields were generally higher than those reported for
alkali metal hydroxides as catalysts. Neither the Cannizaro reaction nor self-aldol
condensation of the ketone was observed, a result that was attributed to the
catalyst’s being more nucleophilic than basic. Thus, better selectivity to the con-
densation product was observed than in homogeneous catalysis under similar
conditions. It was found that the reaction takes place on the catalyst surface, and
when the reactants were small ketones, the rate-determining step was found to be
the surface reaction, whereas with sterically hindered ketones the adsorption
process was rate determining.

The condensation of 2-hydroxyacetophenone with benzaldehyde yielded exclu-
sively 2’-hydroxy-chalcone, and the cyclization to flavanone was not observed. An
investigation of the species adsorbed on the catalyst (289) suggested that CS con-
densation on the Ba(OH), surface occurs via a very rigid transition state, whereby
the OH group of 2-hydroxyacetophenone is bonded to the catalyst surface and
placed at great distance from the carbonyl carbon atom of the aldehyde, making the
cyclization of 2’-hydroxy-chalcone to flavanone difficult. Deactivation of the cat-
alyst was not observed in the presence of moderate amounts of organic acids, such
as benzoic, acrylic, or trichloroacetic acid.
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A.3. Michael Additions

The activated Ba(OH), catalyst was successfully used for the Michael reactions of
chalcone with active methylene compounds (290), as well as for the Michael re-
action of other benzylidene derivatives of acetone, butanone, 3-methylbutanone, 4-
methyl-2-pentanone, and 3,3-dimethylbutanone with ethyl acetoacetate and diethyl
malonate. The reaction with diethyl malonate gave good yields of the Michael
adduct (between 65 and 93%), whereas with ethyl acetoacetate various products
were obtained, depending on temperature and amount of catalyst (Scheme 43)
(291). Thus, by varying the reaction conditions, it was possible to obtain a single
product with practically 100% selectivity, the yields being higher than those ob-
tained with soluble catalysts, such as KOH, NaOH, or piperidine.

The Michael addition of nucleophiles to coumarins catalyzed by solid bases pro-
vides an interesting approach to the synthesis of 4-substituted 3,4-dihydrocumarins,
because with the conventional Michael catalysts the alkaline hydrolysis of the 6-
lactone predominates (Scheme 44). Results were obtained when the Michael addi-
tion of diethyl malonate to coumarin was catalyzed by the activated Ba(OH), (292).
An unusual 1,2-addition—elimination process at the C—0 bond was observed. The
mechanism of this reaction was explained on the basis of the microcrystalline struc-
ture of the catalyst. It was suggested that the rigid coumarin molecule interacts
with the Ba®>" jons through the lone-pair electrons of both oxygen atoms of the
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lactone ring, which renders impossible the Michael addition but facilitates the 1,2-
addition.

The synthesis of isoxazolines and pyrazolines via the Michael addition of hydro-
xylamine and phenyl hydrazine to chalcones and related enones was also reported
with activated Ba(OH), as a basic catalyst (293) (Scheme 45). In both cases, reac-
tions were performed at reflux of ethanol, and excellent yields (65-80%) with 100%
selectivity to the heterocyclic compounds were observed. Steric hindrance associated
with the carbonyl compound as well as the electronic character of the substituents in
the aromatic ring slightly affected the yields of the heterocyclic compounds.

A.4. Wittig— Horner Reaction

The Wittig-Horner (W—H) reaction is a versatile method for the synthesis of
functionalized alkenes. The synthesis of 3-substituted ethyl acrylates and acrylo-
nitriles, which are used as monomers in polymerization, were successfully carried
out by the reaction of triethyl phosphonoacetate or cyanomethanephosphonate,
respectively, with various aldehydes with activated Ba(OH), as the catalyst in the
presence of dioxane solvent at 343 K (294). As was observed for other basic solid



292 A. CORMA and S. IBORRA [IX

/ \ Et0_ O
N Ba(OH), / \ H
CHO + /P—CHZ'COOEt —_— /
O

EtO C=C

o/ N
H COOEt

ethy 3-(2”-furyl)-acrylate

SCHEME 46.

TABLE VII
Data Characterizing the Wittig-Horner Reaction between Furfural and Triethyl Phosphonoacetate in the
Presence of Basic Catalysts in a Batch Reactor® (294)

Catalyst Reaction time (h) Molar ratio catalyst/furfural Yield (%)°
NaOH 1 0.66 93
KOH 1 0.66 83
K,CO; 1.5 0.66 96
Ba(OH), - 8H,0 2.5 0.66 96
Activated Ba(OH), 0.42 0.52 100

% Reaction conditions: dioxane (with 1.6% water) as a solvent at 343 K.
® Yield of ethyl-(2-furyl)-acrylate.

catalysts, small amounts of water had to be added to increase the reaction rate. For
example, the synthesis of ethyl-(2’-furyl)-acrylate (Scheme 46) was performed to
give a yield and a selectivity of 100% each after 25min in a batch reactor when
1.6 wt% of water was added to the dioxane. When anhydrous solvent was used, the
catalytic activity was markedly lower (with a yield of 20% after 25 min).

It appears that the water plays an important role in the destruction of the 1,2-
oxaphosphenate intermediate and in the regeneration of the catalytically active site.
When the activity of activated Ba(OH), was compared with that of other conven-
tional basic catalysts, it was observed that the reaction times were dramatically
reduced (Table VII). Moreover, no secondary reactions were observed with highly
reactive aldehydes such as furfural and propanal.

Further investigations of the adsorption of phosphonates on the Ba(OH), surface
showed that with phosphonates characterized by high pK, values (such as
ketophosphonates, (EtO),POCH,COR), dissolution of Ba(OH), occurs, giving
barium salts. The ylide produced on the catalyst surface goes to the liquid phase,
where it reacts with the carbonyl compound, and therefore it can be considered that
the process takes place in a homogeneous phase (295). However, when the phos-
phonate is weakly acidic (e.g., (EtO),POCH,COOQEt), the ylide remains adsorbed
on the solid and is stabilized by the charge delocalization between the ylide and
Ba’". In this case, the reaction takes place only when the ylide has a geometry and
charge distribution similar to those of the active site.

An investigation of the Wittig—Horner reaction taking place under sonochemical
irradiation and catalyzed by the activated Ba(OH), showed that the process could
be markedly improved. The sonochemical process increased the reaction rate over
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that observed in the absence of sonication, as has also been observed for other
organic reactions. Thus, the sonochemical reaction took place even at room tem-
perature, with a smaller catalyst mass and a shorter reaction time. Under these
conditions, the yields were similar to those of the thermal process. Moreover, it was
found that the necessary sonification time appears to be very short, because similar
yields were obtained after 5 or 30 min. On the basis of an investigation of the nature
of the adsorbed species, the authors postulated that an electron transfer mechanism
was involved in the sonochemical catalytic process (296).

Synthesis of acyclic E-alpha-enones was performed according to the Wittig—
Horner (297) and Claisen—Schmidt (298) approaches with activated Ba(OH), as a
basic catalyst (Scheme 47). The W-H reactions were carried out in the presence of
dioxane solvent at 343 K, and yields higher than 90% were observed after reaction
times between 10 and 30 min in a batch reactor. Under these conditions, owing to the
dependence of the reaction course on the acidity of the phosphonate with barium
hydroxide, the W—H reaction took place in a homogeneous phase.

In the Claisen—Schmidt condensation at the same temperature and with ethanol
solvent present, lower yields of a-enones were observed. The best yield corresponds
to condensation of the most reactive furfural with acetophenone, giving 95% o-
enone after 1h in a batch reactor. A comparison of the results characterizing the
two reactions led to the conclusion that the W—H reaction provides the more ef-
ficient and selective synthesis of a-enones; however, the CS condensation provides
the more economic approach.

A.S5. Arylation of Carbonyl Compounds

As the last example of C—C bond-formation reactions catalyzed by alkaline
earth hydroxides, we mention the recently reported a-arylation of diethyl malonate
in the presence of a palladium catalyst and a base in a separate phase (299).
The arylation of carbonyl compounds is a carbon—carbon coupling reaction be-
tween an aryl halide and an enolate, which is usually catalyzed by palladium salts in
the presence of an appropriate base (300,301). The arylation of diethyl malonate
with bromobenzene (Scheme 48) was performed with tetrachloropalladate as the

(Wittig-Horner)
(EtO),—P—CH,-CO-R, ; Ba(OH),

| TV COR,
N
R,-CHO c=c_
R/ H
1
| CH-CO-R, ; Ba(OH), f

Claisen-Schmidt

RI = // \\ {ji@/ R, = Ph; Bu'; Me
(o)

O

ScHEME 47.
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R ——
COOEt DMAc/Base
SCHEME 48.
TABLE VIII

Results Obtained in the Arylation of Diethyl Malonate with Bromobenzene Catalyzed by Na,PdCl, and
Various Solid Bases in a Batch Reactor (299)

Base catalyst Yield (%)* Selectivity (%)®
MgO/Al,O3 16.5 92
MgO/Ga,04 8.3 87
MgO/CaO 6.5 89
MgO 6.0 93
Ca(OH), 96.1° 94
Ba(OH), 99.04 97
K,CO; 93.1 94
Na,COs3 41.7 91
Li,CO; 14.3 92

¢ Diethyl malonate yield after 24h at 373 K.
® Selectivity for diethyl phenyl malonate.

¢ Yield after 20 h.

4 Yield after 14h.

catalyst, N,N-dimethylacetamide as a solvent, and various solid bases to obtain the
enolate form.

Table VIII shows the conversions and selectivities obtained in this reaction with
the various bases. Both calcium and barium hydroxide, as well as potassium car-
bonate, gave good yields and selectivities, particularly barium hydroxide, which
gave conversions near 100% after 14h in a batch reactor. Ba(OH), was tested as a
basic catalyst for the reaction with other aryl halides such as iodobenzene and
chlorobenzene, and in both cases the yield and selectivity were also excellent.

X. Conclusions and Future Opportunities

Although we have limited our consideration to alkaline earth metal oxides and
hydroxides as base catalysts, it is evident that the number of reported investigations
is very large. We perceive an emerging interest in materials science-oriented re-
searchers in working on high-surface-area-modified alkaline earth metal oxides,
which appear to offer attractive opportunities as basic catalysts. However, com-
plementary approaches such as quantum chemical modeling of the basic sites and
their interactions with reactants, have remained almost entirely neglected. In gen-
eral, we perceive that fundamental investigations of the nature of basic surface sites
appear to be much less sophisticated than fundamental investigations of acid sites.
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It can be expected that solid bases could be successful for commercializing the
alkylation of toluene with methanol as a route to styrene, or for selective alkene
coupling. There is no doubt that achieving success in several important commercial
processes will boost the field of solid base catalysis. Because it appears to be difficult
to achieve superbasic organic resins, much more attention should be paid to en-
hancement of the base strengths of solid superbases. Further work should be done
on supported alkali metals and mixed metal oxides. Development of new solid
superbases will be improved by increasing our understanding of how alkali metal
clusters (302-304) interact with supports and become stabilized.

We believe that an interesting advantage of solid bases with respect to the ho-
mogeneous ones is the possibility of tuning acidic and basic sites. The proper
control of these pair sites can strongly influence activity and selectivity for some
reactions through a cooperative effect (305-307). Cooperative effects of acid and
base sites are particularly important in enzyme catalysis. Along the lines of dual
functional catalysts, more emphasis should be placed on bifunctional hydrogen-
ation-base catalysts, and oxidation-base catalysts. Finally, as we have noted, au-
thors pay attention too infrequently to catalyst deactivation when working with
base catalysts. This is most unfortunate, because commercialization of solid cat-
alysts with enhanced basic strengths requires a good knowledge of the factors that
influence catalyst stability.
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101

Cytochrome P450 enzymes, in directed evolution,
60-61

D
‘Degenerate homoduplex recombination” method,
9
Dendrimer-bound Pd(II) complex for selective
hydrogenations, 127-128
Dendrimer-encapsulated palladium nanoparticles,
for hydrogenations, 130-131
Dendrimers, see also individual entries
as soluble supports, 133-144
as surface-functionalized catalysts, 72
catalyst recycling in, 75-133
hydrovinylation, using, 83-85
in a CFMR, 75-83
in catalysis, 71-146
in two-phase catalysis, 129-133
supported on a solid phase, 144-146
supported on montmorillonite, 128-129
water-soluble, dendritic catalysts 129-130
Dendritic catalyst recovery, by column
chromatography, 113-115
Dendritic catalyst recycling
by precipitation, 99-113
by Stille couplings, Knoevenagel
condensations, Michael addition
reactions, 104-107
Dendritic effects in catalysis, 133-146
meso-1,4-Diacetoxy-2-cyclopentene, 22, 41
Dialkyl ether cleavage, in Lewis acidic ionic
liquids, 187188
N, N-dialkylpryrrolidinium-containing ionic
liquids, 167
N,N-diallyltosylamide, 183
Diastereomer formation, 2
1,4-Diazabicyclo (222) octane (DABCO), 191-192
1,3-Dibutylimidozolium tetrafluoroborate
([DBIM]BEF,), 185
Diels—Alder reaction, 125, 126, 137, 184-186
Dienes, dimerization of, 205, 211-212
Difasol process, 156, 210
Dihydroxylation, in ionic liquids, 209-210
Dimerization, of dienes, 205, 211-212
Dimersol process, 156, 210
Dimethylfuran (DMF), 217
1,5-Dimethyltetrahydrofuran, 187
N-Diphenylphosphinyl imines, 114, 141
Directed evolution
description, 4
experimental stages of, 4
gene mutagenesis methods in, 5-10

of enantioselective enzymes as catalysts, 1-63

recombinant methods in, 7-10

to control enantioselectivity of enzymes, 31-61
DNA shuffling, 5, 8-9, 12, 34-37, 48, 52-54, 60

E
ElcB mechanism, 250, 251
Electrocatalysis, in ionic liquids, 219-220
Electrospray ionization (ESI), 22
EMDee method, 15
[EMIM]CI/AICI;, 169, 170, 187
[EMIM]NDbFg, 162
[EMIM]TaFg, 162
Enantiomeric excess (ee) assays/screening systems,
3, 10, 28-30, 49, 51, 53, 59
enzyme-coupled, 15-17
fluorescence based, 18-20
FTIR spectroscopy based, 25-26
GC or HPLC based, 10, 26-28
MS-based approaches to, 20-23, 45
NMR spectroscopy based, 23-25
UV/Vis-based, 11-17
Enantiomer regeneration, 2
Enantioselective enzymes
as catalysts in organic synthesis, 1-61
directed evolution as means to control, 30-61
experimental stages of, 4
reactions, assaying, 10-30
Enzyme-coupled ee screening systems, 15-17
Enzymes, as catalysts in asymmetric
transformations, 2
Epicurian coli XL1-red, 44
Epoxide hydrolase from Aspergillus niger
(ANEH), 45-47
Epoxide hydrolases (EHs), 19, 45
Error-prone polymerase chain reaction (epPCR),
5,9, 12, 26, 32-37, 41, 42, 45-48, 52-61
point mutations induced by, 5
Escherichia coli, 3, 22, 27, 45, 48, 53, 60
Esterases, in directed evolution, 43-45
6-Ethoxycarbonyl-3,5-diphenyl-2-cyclohexenone,
189-190
Ethylaluminumdichloride (EADC), 205
5-Ethylidenebicyclo-[2.2.1]-hept-2-ene (EBH), 255
1-Ethyl-3-methylimidazolium [EMIM], see
individual entries
Ethyl-N,N-dimethylaminopropylcarbodiimide
(EDCQ), 141
rac-Ethyl-3-phenylbutyrate, 43

F
Family shuffling, 8
F~ impurity, in ionic liquids, 181
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Fluorescence-based assays, for enantioselectivity,
18-20

Focal point-functionalized dendrimers, 72

Fréchet’s polybenzyl ether dendritic wedges, 101

Friedel-Crafts acylation, 184

FTIR spectroscopy, for lipases or esterases
assaying, 25-26

G
Galactosylation reactions, 228-229
Gas chromatography (GC) assays, for
enantioselectivity, 26-28

Gene mutagenesis methods

directed evolution of, 4-9

based on point mutations, 5-6
Guerbet reaction, 264

H
Heck and Sonogashira reaction, dendritic catalyst
recycling by, 100-101
Heck cross-coupling, 216-218
Heck reaction, 100
and two-phase allylic aminations, using
thermomorphic dendritic catalysts,
131-133
supported dendritic catalysts for, 120-121
Henry’s law constants, 174
Heptachloroaluminate ion, 170
Heterogeneous dendritic catalysts, recovery of,
115-129
High- and medium-throughput screening systems,
for enantioselectivity assay, 10-30
High-surface-area alkaline earth metal oxides,
242-244
Horse-liver alcohol dehydrogenase (HLDH), 18
‘Hot region’, in cassette mutagenesis, 7
‘Hot spots’, in epPCR screening process, 7
HPLC assays, for enantioselectivity, 26-28
Hydantoinases, in directed evolution, 48
Hydroesterification, supported dendritic catalysts
for, 120-121
Hydroformylation, 95-99
in ionic liquids, 215-216
Hydrogenation
dendrimer-encapsulated palladium
nanoparticles for, 130-131
Hydrogen bond basicity, of anions, 161-163
Hydrogen butylimidazolium tetrafluoroborate
((HBIM]BEF,), 185
Hydrogen solubility, in ionic liquids, 173
Hydrogen transfer reaction, 269-275
Hydrolases, in enantioselectivity of enzymes,
31-52

Hydrophobicity-aided catalysis, 198

Hydrovinylation, using dendritic catalysts in a
CFMR, 83-85

Hydroxide and alkaline earth metal oxide
catalysts, for base catalyzed reactions,
239-294

Hyperbranched macromolecules, see
Dendrimers

1
Imidazolin-2-ylidene carbene ligand, 113
Imidazolium ion, proton reactivity at, 202
Impregnation method, 284-287
Impurities effect, in ionic liquids, 181
Induced coupled plasma atomic emission
spectroscopy (ICP-AES), 78
Inert catalyst carriers, 191
Infrared spectroscopy of adsorbed probe
molecules, 246-248
Tonic liquid media, biocatalysis in, 223-229
Tonic liquids see also individual entries
as catalysts, 182-191
Bronsted acid catalysis in, 182-184
catalysis in, 153-229
catalysis in, general features, 156-158
electrocatalysis in, 219-220
for catalysis and process engineering,
156-160
Lewis acidic ionic liquids, 184-188
ligand effects of, 196-197
neutral ionic liquids as catalysts,
190-191
structure and properties of, 160-182
Ionic liquid catalyst carriers, 191-220
characteristics of, 191-203
Tonic tagging of active catalysts, 197-198
Isolation of catalysts, in ionic liquids,
158-159
Isomerization reactions, in alkaline earth metal
oxides, 254-256
Isophorone isomerization, 253
Isotope labeling, 20
ITCHY method, in directed evolution, 9

K
D-2-Keto-3-deoxy-6-phospho-gluconate (KDPG)
aldolase, 53

Kharasch addition, 93-95, 134, 135
Knoevenagel condensation, 189

dendritic catalyst recycling by, 104-107

for basic properties determination, 251-252

in base catalysis, 261-262
Koshland model, 39
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L
Lewis acid catalysts, Scandium cross-linked
dendrimers as, 124-127
Lewis acidity, in ionic liquids, 184-188, 192-194
Lid structural unit, 41
Ligand partitioning effects, 194—-196
‘Ligand tuning’, 2
Lipase-catalyzed hydrolysis of esters, 32, 33
Lipase- or esterase-catalyzed reactions, screening
systems for, 11-14
Lipases, from Pseudomonas aeruginosa, 31-43

M
L-Malate dehydrogenase (.-MDH), 15
Mass spectrometry (MS) assays, for
enantioselectivity, 20-23
Meerwein—Pondorff-Verley and Oppenauer
(MPVO) reaction, 272-275
Melting point, of ionic liquids, 166-170
Membrane reactors, 72, 74
Mesoporous molecular sieve, alkaline earth-
modified, 279-280
Metalloporphyrins, 209
Metal triflate Lewis acids, 194
Metathesis, dendritic catalyst recovery by,
113-114
4-Methoxycyclohexanone, 57
(S, R)-1-Methoxy-2-propylacetate, 15
a-Methylbenzylamine, 59
2-Methyl-3-butyn-2-ol (MBOH), 249, 251
N-methylimidazole, 156
N-methylimidazolium chloride, 156
Michael addition, 182, 203, 204, 228
dendritic catalyst recycling by, 104-107
in alkaline earth metal hydroxides, 290-291
in base catalysis, 263264
Michaelis—-Menten complex, 39
[MIM-C,HsOCH;]Br, 163
[MIM-CH;0CH;]Br, 163
MM/QM study, 38, 39
Molecular biological gene mutagenesis methods, 1
Monoamine oxidases, in directed evolution, 59-60
Montmorillonite, dendrimers supported on,
128-129
Mukaiyama aldol addition, 125, 126
Mutant nitrilases, 23

NAD(P)H, 16, 55
Nanofiltration, 73
in batch processes, 89-99
Neutral ionic liquids, as catalysts, 190-191

Nickel-catalyzed Kharasch addition, in a CFMR,
85-86
Nitrilases, in directed evolution, 49-50
L-amino acids from, 49
Nitroaldol condensation, 260-261
p-Nitrophenyl esters
kinetic resolution of, 12-13
Quick-E-Test for, 13-14
p-Nitrophenyl glycidyl ether, 48
Non-chlorinated Lewis acids, 194
Non-chloroaluminate Lewis-acid-catalyzed
reactions, 184186
Non-covalently functionalized dendrimers, in
CFMR, 82-83
Nuclear magnetic resonance (NMR) assays, for
enantioselectivity, 23-25

o
Octadecyl methyl acrylate, 75
Olefin dimerization, 205
in ionic liquids, 210-211
Olefin metathesis, 204
Oligomerization, in ionic liquids, 212-215
Organic molecules solubility, in ionic liquids,
174-178
Organometallic catalysts, dispersion and isolation
of, 194
Oxidases, in directed evolution, 54-61
Oxidation
dendritic catalyst recycling by, 102-104
in ionic liquid media, 208-209, 227-228
supported dendritic catalysts for, 120-121
Oxygen solubility, in ionic liquids, 173

P

Palladium nanoparticles, for hydrogenations,
130-131

Pd(OAc),, 100, 106

Periodate-coupled fluorogenic ee assay, 20

Periphery-functionalized dendrimers, 72-73, 133,
134

Phase transfer catalysts (PTC), 128

Phase transfer effect, in ionic liquid catalyst
carrier, 202-203

Phenyl acetone monooxygenase (PAMO), 57

Phenylacetylene-containing dendrimers, 142

3-Phenylbutyric acid ethyl ester, 44

Phenylcyclohexanone monooxygenase
(PCHMO), 57

rac-1-Phenyl ethyl acetate, 24

Phosphine-functionalized carbosilane dendrimers,
76

Phosphotriesterases, in directed evolution, 51-52
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Physical and chemical properties, of ionic liquids,
166-182

Platinum carbene complex, 198

Point mutations, gene mutagenesis methods based
on, 5-7

Polarity, of ionic liquids, 171

Polyamidoamine (PAMAM) dendrimers, 92, 97,
120, 121, 129-130, 141-146

Polybenzyl ether dendritic wedges, 107

Poly[diallyldimethylammoniumchloride], 222

Polyhedral oligomeric silsesquioxane (POSS)
dendrimers, 135

Polymerization, in ionic liquids, 212-215

Polyoxometalate (POM) dendrimers, 102-103

Poly(phenylacetylene) dendrimers, 114

Precipitation, dendritic catalyst recycling by,
99-113

Product selectivity, solubility-aided, 199-201

Product separation and catalyst recycling, in ionic
liquids, 159-160

Propene, hydroformylation of, 97

Pseudomonas aeruginosa, 11, 26, 31-43, 48

Pseudomonas cepacia (PS-C), 199

Pseudomonas cepacia lipase (PCL), 224

Pseudomonas diminuta, 51

Pseudomonas fluorescens (PFE), 43, 44, 225

Pyridinium p-toluenesulfonate (PPTS), 179

Q
[(QN),PHAL], 195

Quaternary ammonium-containing ionic liquids,
169
Quick-E-Test, 13-14

R
Random insertion and deletion (RID) method, 9
Recombinant methods, in directed evolution,
7-10
Rhodium-catalyzed hydrogenation, in a CFMR,
86-89
Ring-closing metathesis (RCM), 113, 204
Ring-opening polymerization (ROP), 214
Robinson annulation, 189-190
[R1R,R3R4N]J[CF;3SO,]hN, 169

S
Scandium cross-linked dendrimers, as Lewis acid
catalysts, 124-127
Selective hydrogenations, dendrimer-bound
Pd(II) complex for, 127
Sequence saturation mutagenesis (SeSaM), 6
Size-exclusion chromatography (SEC), 82

Sodium diethyl 2-methylmalonate, 76, 79

Solid phase, dendrimers supported on, 144-146

Solubility-aided product selectivity, 199-201

Solubility of species, in ionic liquids, 173-179

Soluble supports, dendrimers as, 133-144

Sonogashira reaction, 100

Spectroscopic methods, for basic properties
determination, 245-249

Stability, of ionic liquids, 170-171

Staggered extension process (StEP), 8

Stereoselective sulfoxidation, CHMO in, 58-59

Stille couplings, dendritic catalyst recycling by,
104-107

Substrate solubility, reaction rate, 198-199

Supercritical CO, (scCO,), 160

Supported dendritic catalysts

for alkene hydroformylation, 115-119
for carbonylation, hydroesterification,
oxidation, and Heck reactions, 120—121

Supported ionic liquid catalysis, 220-223

Surface basicity and base strength, of alkaline
earth metal oxides, 240-242

Surface-enhanced resonance Raman scattering
(SERRS), 30

Suzuki coupling, 206

‘Synthetic shuffling’ method, 9

T

TADDOL moiety, 122

Tagatose-1,6-bisphosphate aldolase, 54

Task-specific ionic liquids (TSILs), 160

[TBA]Br, 174, 196-197, 218

Temperature-programed desorption (TPD), 244,
249

Template switching, 8

Tetrahydropyranyl (THP), 192

Tetra(polyoxometalate) dendrimers, 102

Texanol, 97

Thermal methods of adsorbed probe molecules,
248-249

Thermobifida fusca, 57

Tishchenko reaction, 269-272

Titration methods, for number of basic sites
evaluation, 245

[TMACI]ALCl,, 175-176

p-Toluenesulfonic acid (TsOH), 179

Transesterification, 224-227

in base catalysis, 266-269

Transition states, stabilization of, 191-192

Triethylamine, 156

Triethylammonium chloride, 156

Trimethylammoniumchloride (TMAC), see
individual entries
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Tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-
methylimidazolium) salt (tppti), 179

Tri(m-sulfonyl)triphenyl phosphine trisodiums
(tppts), 179

Triphenyl phosphine hydrobromide (TPP.HBr),
179

Triphenylphosphinetrisulphonate (TPPTS), 199

Two-phase allylic aminations and Heck reactions,
131-133

Two-phase catalysis, dendritic catalysts in,
131-133

U
Umbelliferone, 18, 19, 20
UV/Vis-based ee assays, 11-17

\Y
5-Vinylbicyclo-[2.2.1]-hept-2-ene (VBH), 255

Viscosity, of ionic liquids, 171-172
VO(salen)@IL, 197-198

W
Wadsworth-Emmons reaction, 262
Water-soluble dendritic catalysts, for alkene
hydroformylation, 129-130
Wittig and Wittig-Horner reactions, 262-263
Wittig-Horner (W-H) reaction, 291-293
WT EH, crystal structure of, 46

V/
Zeolites
and mesoporous aluminosilicates, modified
with alkaline earth metal oxides, 275-280
modified with alkaline earth compounds,
277-279
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Preface

In its 57 years of publication, Advances in Catalysis has emphasized heterogeneous
catalysis, with only occasional chapters focused on homogeneous and biological
catalysis. This volume is a departure and a signal of our intent to include more of
the latter. In the preface to Volume 25 of this series, Paul Weisz offered the
following challenge:

“Speaking of desirable goals, some years ago we resolved to help bring together
the basically related knowledge of the catalytic and of the enzymatic researchers—
but, alas, with little success. Common phenomena, laws, concepts, and mechanisms
do exist, but are busily pursued by linguistically separated groups (like those who
do Langmuir—Hinshelwood and those who do Michaelis—Menten kinetics, or those
for which “‘substrate” not only has different but opposite connotations, etc.). These
two areas of endeavor remain perfect examples of the ivory towers of Babel which
often characterize scientific pursuits. We will continue to try to bridge a regrettable
gap, but it will take editors and authors—authors fluent in both languages. We are
looking for the rare talent ...”

Notwithstanding the stunning progress in catalysis since those words were
written, they still ring true. Thus, one of our goals as editors, beyond increasing the
scope of the Advances, is to encourage contributions that emphasize the unity of
catalysis and highlight the ties between the traditionally distinct subcategories of
homogeneous, heterogeneous, and biological catalysis, all of which are benefiting
more and more from deeper understanding of catalyst structures and reaction
processes at the molecular level.

The chapters in this volume illustrate how molecular concepts underlie catalysis.
They illustrate how modern concepts of biology are influencing catalysis and catalyst
discovery; how concepts of homogeneous and surface catalysis have merged (a
theme that is evident in the preceding several volumes of the Advances), exemplified
by dendrimer catalysts that have properties of both molecules and surfaces; and how
concepts of molecular catalysis by bases have influenced the development of new
solid-base catalysts and fundamental understanding of how they function.

The chapter by Reetz includes many examples and explanations of methods
illustrating how directed evolution has been applied to prepare new enzyme
catalysts. Directed evolution of enantioselective enzymes has emerged as a
fundamentally new approach to asymmetric catalysis. It involves the combination

Xiii
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of gene mutagenesis, expression, and high-throughput testing to determine
enantiomeric purity. The methods of directed evolution have been applied to
improve catalytic properties such as activity, thermal stability, and resistance to
hostile solvents, and even to reduce product inhibition and minimize the formation
of undesired side products. Directed evolution is also beginning to have an impact
on the engineering of proteins to cause them to catalyze reaction types different
from those corresponding to their natural functions. Several examples of directed
evolution of enantioselective and robust enzymes have emerged from industrial
laboratories, and there seem to be good propects of large-scale application of
enzymes made by directed evolution.

The chapter by Zhang is an exhaustive summary of ionic liquids in catalysis. An
ionic liquid, a salt with a melting point less than about 100°C, typically consists of
an organic cationic with one or more heteroatoms such as N, P, or S and an
inorganic or organic anion. The relative inertness of many ionic liquids makes them
superior to water as solvents for many catalysts, and their low vapor pressures
make them environmentally attractive replacements for organic solvents. Other
appealing properties of ionic liquids include high thermal stabilities, broad ranges
of temperatures over which they are liquids, and opportunities to tune their
chemical properties by choice of the cationic and anionic components. Many of
these liquids are easily separated from reaction products, and they have been used
both in single-phase and biphasic catalysis. They have been the focus of extensive
research in recent years and been shown to catalyze a broad range of reactions, with
indications of potential industrial applications.

Nonetheless, the research in catalysis by ionic liquids is at an early stage, and
questions remain regarding potential applications. For example, the solubility of a
reactant in an ionic liquid may limit the rate of the desired reaction. Some ionic
liquids are moisture-sensitive, particularly those containing metal halides. A small
loss of ionic liquid into the products may necessitate costly purification steps. The
cost of ionic liquids has also limited their applications, and there is significant
uncertainty regarding the toxicity and potential environmental impact of some ionic
liquids.

The chapter by Reek, Arevalo, van Heerbeek, Kamer, and van Leeuwen is a
critical and thorough account of dendrimers in catalysis. These large, soluble,
globular, hyperbranched macromolecules offer attractive new properties as
catalysts and catalyst supports, combining characteristics such as selective swelling
and uptake of some reactant molecules from mixtures (properties that are familiar
from subjects such as catalysis by polymer gels and even by enzymes), combined
with opportunities for efficient filtration with membranes to separate catalysts from
fluid-phase products. The location of the catalytically active groups in the dendritic
framework (e.g., at the core or near the periphery) is important in determining the
catalytic properties, for example, by influencing the access of various reactants to
these groups. Like other soluble catalysts, these can be used in a single-phase or in
biphasic catalysis.

The common problems involved in recycle of soluble catalysts pertain to
dendritic catalysts; one has to contend with decomposition of the dendrimer or the
catalytic groups attached to it, dendrimer leaching, metal leaching, and catalyst
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deactivation. Small changes in the dendritic architecture can have a great impact on
the stability of a catalyst. Dendrimer supports are still relatively expensive, and it
remains an open question whether dendritic catalysis can compete successfully in
commercial applications.

For years, conventional acid and base catalysis has been carried out in industry
with low-cost catalysts such as H,SO, and KOH in aqueous solutions.
Environmental concerns with separation and disposal of these catalysts have led
to their substantial replacement with solid acids and bases. The chapter by Corma
and Iborra provides an assessment of the opportunities offered by solid-base
catalysts, with an emphasis on alkaline earth metal oxides and hydroxides and
structures formed from alkali metals and oxides supported on alkaline earth metal
oxides. The authors include an extensive review of the catalytic applications of solid
bases for organic transformations including isomerization, carbon—carbon and
carbon—oxygen bond formation, and hydrogen transfer reactions, and they provide
insightful comments about the opportunities for future applications of these
catalysts. Their reasoning is molecular; they pose a challenge for materials scientists
to synthesize high-area, well-structured, stable base catalysts on the foundation of
molecular-scale understanding of the interactions of reactant molecules with groups
on the catalyst surface. The authors highlight opportunities to tune surface
acid—base pair sites to induce cooperative catalytic effects such as those known to be
important in enzyme catalysis.

B.C. GATEs
H. KNOZINGER
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