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Atom Economy – Principles and Some Examples
Audrey Moores

1.1
Introduction

As many other human activities, chemistry has seen most of its progress being
triggered by a constant desire to do things better. The word �better� here is a general
term that can encompass concepts as varied as �that allows better theoretical
understanding�, �that allows companies to make significant savings when they use
the process in question� or �that saves the experimentalist a lot of strenuous steps in a
given synthesis�. Environmental and health-related issues have also been a major
drive, in addition to the desire to reducewaste. The Leblanc process [1], one of thefirst
industrial chemical processes, is a good example of this early concern. It provided a
route to sodium carbonate, a vital chemical for the development of the textile industry
in the early nineteenth century. It was phased out half a century later, due to the
combined action of a legislation restricting the right to produce the wasteful
hydrochloric acid and calcium sulfide provided by the process, but also to the finding
of a cost-effective and less wasteful solution: the Solvay process. The history of
chemistry is full of such examples where new methodologies would bring about
significant improvements to existing ones. Yet, themain focus of chemists� attention
has varied over time, in other words, better has not always meant exactly the same
thing. The constant pressure to reach new molecular targets has led to a lot of effort
being put into seeking high yields. Activation of specific sites, chemo- and regios-
electivity, is also a crucial quality in a process. Synthetic challenges were indeed
justifying this trend. �Make it work� was the motto. No doubt it was often followed by
�make it good, too� but only �if you can�. In 1991, though, Trost suggested starting to
look at things with a different approach [2]. He presented a set of guidelines to assess
the efficiency of a given process, by looking at the number of atoms of the reagent(s)
actually ending up in the desired product(s). Atom economy was introduced. In
addition to good yield and selectivity (regio-, chemo- and enantioselectivity), atom
economy became the third element of the triadic goal that any synthetic chemist
should seek. By analogy with the yield, which is an absolute measure, atom economy
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needed a quantitative criterion to allow comparison and discussion. In Section 1.2.2,
some of the proposed criteria will be introduced. Although atom economy is a very
simple concept, it nonetheless implied the development of a new and ambitious
chemistry [3]. Making it happen involves a fresh look at molecular reactivity:
activating groups should be minimized, such as stoichiometric reagents. In this
chapter, the principle of atom economy is first presented. A scientific context will
provide an avenue to the definition of its criteria. Impact on industry and the tool box
of atom economy will also be discussed. Second, some examples using C�H
activation will be described.

1.2
Principle of Atom Economy

1.2.1
Atom Economy: a Pillar of Green Chemistry

The concept of atom economy [4], and the idea of making it a primary criterion for
improvement in chemistry, is a part of the green chemistry movement that was
impulsed by Anastas from the early 1990s [5–7]. Then, growing environmental
awareness pushed chemists to question their practice and led them to reassess the
criteria of chemistry evaluation: it then obviously became necessary to look at a
chemical reaction in amore globalmanner [8], considering aspects such as the origin
of the reactants, the amount of energy necessary to make it work and the outcome of
the generated waste. Thus 12 principles of green chemistry [6] were enounced, and
since then chemists have used them as guidelines. The 12 principles as worded by
Sheldon et al. [4] are as follows:

1. waste prevention instead of remediation
2. atom efficiency
3. less hazardous/toxic chemicals
4. safer products by design
5. innocuous solvents and auxiliaries
6. energy efficiency by design
7. preferably renewable materials
8. shorter synthesis – avoiding derivatization
9. catalytic rather than stoichiometric reagents
10. designing products for degradation
11. analytical methodologies for pollution prevention
12. inherently safer processes.

Waste minimization (principle 1) stands as one of the pillars of these principles,
because it proposes to reduce the amount of �unused�matter– i.e.matter that will not
end up in the desired product – in a given process. �Unused� matter, or waste, is of
various natures. Solvents (principle 5) fall in that category and research on greener
solvents and solventless processes is therefore a significant part of green chemistry.
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However, waste also comes from the stoichiometric reagents (principle 9) necessary
to promote chemical reactions and from the activating groups on reagents (principle
8). This analysis reveals how several of the 12 principles can be intertwined and
beneficially interact with one another. In the frame of atom economy (principle 2), we
propose to tackle these sources of waste, so that most of the matter introduced in a
process is actually present in the final product. By doing that, we obviously reduce the
waste generated, but we also improve the process at other levels: having lessmatter to
manipulate diminishes the energy input (no need to heat up an atom that will not be
in the product . . .), the size of the batches, the required amount of solvent, etc.

1.2.2
Principle and Criteria [4]

Atom economy demands minimization of the quantity of matter that will not be in
the desired product at the end. Several criteria exist to assess how atom economical a
given chemical reaction can be. They differ in what they take into account to evaluate
the reaction efficiency. The simplest onewas introduced by Trost in 1991 and is called
simply, atomeconomy (AE) [2, 9]. This criterion canbe assessed simply by looking at a
chemical reaction on paper. It is the ratio between the mass of desired product to the
total mass of products, expressed as a percentage (Scheme 1.1). The second is called
the E-factor and was devised by Sheldon in 1992 [10]. It is the ratio between the mass

Scheme 1.1 Selected atom economy criteria.
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of all the generated waste to themass of desired product (Scheme 1.1). This criterion
takes into account anything that is not the desired product: from stoichiometricwaste
to solvent losses, additives and even the fuel required for energy input when it is
possible to have access to this data. It also takes into account the losses due to
imperfect yield. It is important to point out that water is not considered in the
calculation of the E-factor, since it is considered innocuous. In principle, it sounds
fair to ignore water, although one should keep in mind that a significant source of
pollution rises fromwaste water streams that have not been properly depolluted prior
to release into the environment
In contrast to AE, it is often challenging to evaluate the E-factor of a given reaction,

since it necessitates being aware of many of the industrial features of a process. In
addition, for a given process, it can also vary from one plant to another, due to
technical variations. On the other hand, the E-factor constitutes a more meaningful
criterion of the environmental friendliness of an industrial process. By construction,
the smaller the E-factor, the better is the process. Table 1.1 summarizes orders of
magnitude for the E-factors obtained for various sectors of industry. The E-factor is a
maximum for pharmaceutical production. The number of steps involved in such
syntheses substantially justifies this trend. As a consequence, the study of reactions
that are both selective and designed for unactivated and unprotected reagents
concentrates many efforts (see the examples presented in Section 1.3). Curzons
and co-workers introduced another criterion called mass intensity (MI) [11, 12]. This
is defined as the ratio of all the material used to the mass of desired product
(Scheme 1.1). This criterion is equal to the E-factor þ 1.
The effective mass yield (EMY) was introduced by Hudlicky et al. [13]. It is the

percentage of desired product of thematerial introduced in the process (Scheme 1.1).
It is exactly equal to the inverse of MI, expressed as a percentage. Other authors call
this criterion reaction mass efficiency (RME). In their criterion, however, Hudlicky
et al. propose not to consider just benign waste, such as water, but also alcohols,
acetone, acetic acid and NaCl [13]. This proposal has been questioned by others [4]
and it illustrates well a limitation of any environmental criterion: these metrics only
allow one to consider an unused material as either a waste, with a weight of 1, or as
innocuous, with a weight of 0. In fact, reality is more subtle: although environmen-
tally benign in small quantity, some materials might constitute a threat in large bulk
quantities; in more general terms, the relative toxicity of waste is ignored by these
criteria. None of the above-mentioned criteria assesses this point properly and there

Table 1.1 E-factor for various sectors of industry [4].

Industry sector Product tonnage E-factor

Oil refining 106–108 <0.1
Bulk chemicals 104–106 <1–5
Fine chemicals 102–104 5–50
Pharmaceuticals 10–103 25–100
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is a need to improve the concept in that direction. An attempt to tackle this issue led to
the introduction of an unfriendliness quotient, Q, that can be multiplied with the
E-factor [14]. The resulting environmental quotient takes into account the toxicity and
hazards associated with waste. Several other criteria have been suggested, such as
carbon efficiency (CE), atomutilization (AU) and environmental or elegance quotient
(EQ). Andraos, in a review, proposed a unified view of these factors [15].
Like a yield, atom economy criteria provide a simple metric to assess a chemical

reaction or process. By construction, they evaluate environmental impact and thus
promote greener methodologies. However, as with any simple metric, they also lack
the breadth of a more thorough analysis where toxicity and energy issues, catalyst
recovery and renewable feedstock for reagents are also taken into account. Atom
economy is one of the many factors to consider while assessing the greenness of a
process.

1.2.3
Impact of Atom Economy on the Chemical Industry [16]

Although some ideas behind green chemistry are almost as old as chemistry itself,
the momentum around the green chemistry movement initiated in the 1990s has
really impressed a shift towards better practice in industry. Interestingly, chemical
companies are starting to advertise green chemistry in their communication strate-
gies (L�Or�eal, for instance, currently advertise a cosmetic claiming it was produced in
accordance with the principles of �green chemistry� [17]). As chemists, we should be
both satisfied that green chemistry is becoming a widespread concern and cautious
because impartial criteria are necessary to award �green� labels properly. The atom
economy concept and the criteria developed with it have undoubtedly played a role in
this evolution. In addition, green chemistry often offered a frame to improve the
chemical industry that was highly beneficial to itself. Industries saw quickly their
interest in promoting atom economy: minimizing the waste diminishes costs
associated with treatment, storage and transportation, minimizing potential pollu-
tion prevents companies from legal pursuits, regulations become increasingly
demanding, diminishing energy input is desirable . . . It is therefore not a surprise
if one of the criteria mentioned above was found by Curzons and co-workers at the
pharmaceutical company GlaxoSmithKline [11, 12]. A quick survey of the list of the
Presidential GreenChemistryChallenge awardees in the category �Industry sponsor/
synthetic pathways� suffices to realize the achievements of atom economical strate-
gies made by chemical companies, for their own benefit, but also for that of
consumers and the society overall [18].

1.2.4
Atom Economy Tool Box

As a part of the green chemistry endeavor, atom economy benefits from a tool box of
techniques such as catalysis, neotenic solvents and alternative energy. The input of
catalysis [4, 19, 20] in the scope of atom economy is almost self-explanatory: all the
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stoichiometric additives used to activate a substrate constitute a large part of the waste
produced along with solvents andwork-up auxiliaries. Catalytic activationwas the first
big step made for atom economy and continues to prove its power more than half a
century after the discovery of Wilkinson�s catalyst. [21] The examples proposed in the
following are just a few among the myriad of potential possibilities. More recently,
researchers have focused their attention on the solvent, as a part of what constitutes a
waste in a chemical process. The idea of using more benign solvents [22], such as
water [23–27] or supercritical fluids [28, 29], or easily recyclable solvents, such as ionic
liquids [30–32], have concentrated an intense research effort. Interestingly, the devel-
opmentofthesenewreactionmediahasallowedthediscoveryofnewreactivityandthus
new ideas for atom economy. Rideout and Breslow showed, for instance, that the
Diels–Alder reaction could be tremendously accelerated in water, compared with the
same reaction in organic solvents [33]. This effect is due to the hydrophobicity of the
substrates in an aqueous environment. Recently, a C�C cross-coupling reaction
between indoles and quinines was obtained in absence of any catalyst, thanks to this
effect(Scheme1.2).Thisreaction,explainedfurtherinSection1.2.2,occursthroughsp2

C�Hactivation.Suchreactions,wherewateracts ineffect as thecatalystof the reaction,
are referred to as �on-water� [34] and constitute textbook examples of atom economy.

Sources of energy alternative to conventional heating have also proved interesting.
Under microwave heating [35], some reactions can be performed in the absence of a
solvent that would be otherwise required for heat transfer [36]. Sonochemistry [37] is
also a way to enhance, for instance, Diels–Alder reactions, which are very atom
economical reactions [38, 39].

1.3
Atom Economical by Design: Examples of Reactions Relying on C�H Activation

The power of atom economy is to provide processes with as little waste as possible. It
often requires the re-invention of de novo classical reactions [3]. In the following are
presented some examples of recent chemical reactions that exemplify atomeconomy.

Scheme 1.2 �On water�-promoted direct coupling of indoles with
quinines (the created bond is highlighted in bold). Adapted
from [34].
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C�Hactivation is chosen here as the conduct line of this mini-review, although very
interesting atom economical processes are of great interest and have been reviewed
elsewhere [4, 6, 40], such as Diels–Alder reactions, pericyclic reactions, addition
reactions andmany others [41, 42]. Twomain reaction types will be presented in this
section: first, the tandem reaction involving hydrogen transfer, and second, C�C
coupling allowed by direct C�H activation.

1.3.1
Tandem Reactions Involving Hydrogen Transfer

A �tandem reaction� is a �one-pot� process involving coupled catalyses that occur
sequentially and via two (or more) mechanistically distinct processes [43]. Such
reactions are of great interest for green chemistry, since they limit the number of
work-up steps in a synthesis. In the scope of this chapter, it seemed interesting also to
point out their great interest for atom economical applications. In a recent article,
Crabtree referred to tandem reactions as being like a �knight move� in chess: they
include several steps in one process and they afford unexpected results [44]. In the
following, selected examples of tandem reactions involving hydrogen transfer are
presented.
Hydrogen transfer reactions are not naturally associated with the concept of atom

economy: typically they are used for a hydrogenation process where the H2molecule
is provided by an alcohol or another hydrogen-containing substrate. In strict terms,
such a reaction is less atom economical than direct hydrogenation withH2, as can be
seen in Scheme 1.3, due to the generation of a wasteful carbonyl compound.

However, dihydrogen is a hazardous gas and, even though large chemical
companies have experience in handling it, hydrogen transfer constitutes a safe
alternative for small-scale applications and academic laboratories [45].
But more interestingly, hydrogen transfer has led in recent years to the develop-

ment of true atomeconomical pathways for interesting reactions such as alkylation of
amines and C�C couplings. In these strategies, hydrogen transfer processes
constitute the first and last steps of a tandem reaction. Williams and co-workers,
in a recent review on the concept, denoted this idea �hydrogen borrowing� [46].
Classically, the series of reactions involves oxidation of a substrate A, then the
transformation of the resulting unsaturated compound B affording C, and finally
hydrogenation of C to furnish the desired product D (see Scheme 1.4). This strategy
may require the use of an auxiliary to sequester an H2 molecule in the first step and

Scheme 1.3 Hydrogen transfer reaction.
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release it in the last, butmost of the time the substrate itself play this role,Cbeing able
to trap the H2 release by A.
Tandem reactions involving hydrogen transfer have been used to alkylate amines

with alcohols. The process relies on the following steps: oxidation of an alcohol into
an aldehyde or a ketone, condensation of an amine on to the carbonyl functionality
and hydrogenation of the produced imine (Scheme 1.5a). The overall process
provides a secondary [47] (tertiary [48]) amine from a primary (secondary) alcohol.
This reaction requires the presence of a single catalyst which acts for both the
hydrogenation and the dehydrogenation steps: Rh [49], Ir [49, 50] and Ru [47, 48, 51]
complexes and heterogeneous catalysts [52] have proved efficient for this reaction.
The intermediate dehydration step occurs spontaneously in the reaction medium.
With thismethodology, alcohols appear as a viable alternative tomore toxic alkylating
reagents such as halides [46]. It is also possible to create C�N bonds with a similar
strategy, by using the power of the aza-Wittig reaction [53]. Similarly, C�C bond
formation from alcohols has been achieved by Williams� group [54]. After the first
dehydrogenation step, aWadsworth–Emmons step occurs between the aldehyde and
a phosphine oxide to provide an alkene that is then hydrogenated. An Ir complex and
cesium carbonate are used as catalysts in this process, respectively.

In a very elegant manner, Goldman et al. used such a strategy to design the long-
soughtmetathesis of alkanes (Scheme 1.5b) [55]. This reaction allows the distribution
in weight of mixtures of alkanes that the petroleum industry usually produces to be
considerably narrowed. In this example, the alkane is dehydrogenated thanks to an Ir
(I)-pincer complex (Cat. 1). A second complex, anMo Schrock-type catalyst (Cat. 2), is
present in the reaction medium and performs a metathesis of the provided alkene.

Scheme 1.4 Principle of the tandem hydrogen transfer process.

Scheme 1.5 Tandem hydrogen transfer process for (a) a reaction
of alkylation of an amine and (b) a reaction of metathesis of
an alkane.
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The third step is hydrogenation of the product of the metathesis, catalyzed by Cat. 1.
Thewhole reaction process is carried out at themoderate temperature of 125 �C. This
process converts n-hexane into a range of alkanes from C2 to C15.

1.3.2
Selective C�H Activation for C�C Bond Formation

C�Hactivation has long been referred to as the Holy Grail of organic chemistry [56].
Among themany applications possible for direct C�Hactivation, twoprojects appear
as crucial goals for green chemistry. The first is the use of alkanes as a pool of starting
material despite their intrinsic stability [57]. The second is the capacity to activate
specifically a given C�H bond in a complex and functionalized molecules, without
having to use protecting and/or activating groups. From the atom economy perspec-
tive, the second point is of great potential and many reviews have covered the
numerous advances in this domain [56, 58, 59]. Virtually the history of C�H
activation started with transition metal activation of a C�H bond [60–62], followed
by catalytic applications of these properties [63, 64], where the activated position could
be reacted with a halide [65], an alkene, etc. [58, 59, 66]. More recently, the more
challenging activation of two C�H functionalities to C�C couple them in an
oxidative fashion was developed (Scheme 1.6): in this strategy, called by Li and
co-workers cross-dehydrogenative coupling (CDC) [67, 68], the coupling of the two
unactivated carbon centers goes along with elimination of one equivalent of dihy-
drogen (Scheme 1.6). This reaction is thus facilitated by the presence in the reaction
mediumof an oxidant to afford water as a side product. Ideally, this oxidant should be
molecular oxygen [69], but in many cases oxidants such as peroxides are still
necessary [70]. Metal complexes of Cu(I) [67], Pd(II) [71], Fe(II) [72], Au(I/III) [73]
and Ru(III) [74] were demonstrated to be active in the catalysis of coupling between
sp, sp2 or sp3 hybridized carbon centers. Since C�C-forming reactions are of crucial
importance in order to set up the backbone of organic compounds [75], this reaction
appears as a tremendous breakthrough for atom economical chemistry.

Li and co-workers have published many results in this field, some of which are
illustrated in Schemes 1.7 and 1.8, and exemplify couplings of sp–sp3, sp2–sp3 and
sp3–sp3 carbon atoms [67, 68]. sp–sp3 coupling proved a successful route to pro-
pargylic amines, molecules of interest as synthetic intermediates. CuBr catalyzes the
couplingbetween the sp3C�Hadjacent to thenitrogenatomand the terminalC�Hof
an alkyne in the presence of a slight excess of an oxidant, tert-butyl hydroperoxide

Scheme 1.6 General scheme of cross-dehydrogenative coupling (CDC).
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Scheme 1.7 sp–sp3 and sp2–sp3cross-dehydrogenative coupling
(CDC). (the created bond is highlighted in bold). From [67].

Scheme 1.8 sp3–sp3cross-dehydrogenative coupling (CDC)
(the created bond is highlighted in bold). From [67].
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(TBHP) (Scheme 1.7) [70]. A comparable coupling where the sp substrate is H�CN
was published by Murahashi�s group using an Ru(III) complex [74, 76].
Li and Li used their CuBr–HBHP system to achieve the coupling of the sp2 C�H

adjacent to the nitrogen atom of an indole with the sp3 C�Hadjacent to the nitrogen
of an anime (Scheme 1.7b) [77]. The same group investigated the possibilities of
coupling the sp3 C�H adjacent to the nitrogen of an anime with another sp3 carbon
atom. To achieve this, they chose electron-deficient sp3 centers, such as the carbon
adjacent to a nitro [78], a cyanide or an ester [72] functionality (Scheme 1.8a and b).
The reaction is catalyzed by CuBr in the presence of tert-butyl hydroperoxide as an
oxidant. In a more recent version of this sp3–sp3 coupling, molecular oxygen was
successfully used as an oxidant and with water as a solvent (Scheme 1.7c) [69], which
make this reaction particularly attractive for green chemistry purposes. Finally,
coupling of an alkane and sp3 C�H adjacent to an ester group was made possible
using FeCl2 as a catalyst [72].
The next challenge was sp2–sp2 cross-coupling and especially the fusion of

aromatic rings, a crucial step for the synthesis of pharmaceuticals, natural products
andmaterial compounds. The Suzuki reaction has for a long time been themethod of
choice, despite its limitations in terms of atom economy [79]. In recent work, Fagnou
and co-workers demonstrated the feasibility of cross-coupling unactivated arenes
(Scheme 1.9a) [71, 80]. The reaction proceeds via C�H activation of two distinct
sp2–sp2 carbon centers. They usedPd(II) as a catalyst and substrates that have distinct
electronic properties, so that they enter the catalytic cycle stepwise, avoiding homo-
coupling. For this reaction, microwave heating was employed successfully [71]. Hull
and Sanford also utilized a Pd(II) complex to catalyze unactivated arene cross-
coupling successfully [81]. In this example, C�H activation and regioselectivity are
directed by the presence of a pyridine functionality in the substrate. Tse and co-
workers evidenced the activity of Au(I/III) complexes for a similar reaction: the
homocoupling of arenes with various substitution schemes (Scheme 1.9b) [73].
In the frame of C�H activation, metal carbenoid and nitrenoid insertion have led

to very interesting results, as pointed out in a recent review [82]. In this strategy, a

Scheme 1.9 Principle of carbenoid insertion in C�H bonds. From [81] and [73].
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metal carbenoid was shown to insert into a C�Hbond, as presented in Scheme 1.10,
without the need for a formal activation of the C�H bond by the metal center.
Early achievements in this field focused on intramolecular reactions, since

selectivity was a great challenge. Thus cyclization, involved in biologically active
molecule syntheses, was first developed [83, 84]. In 1999, Davies et al. reported the
direct synthesis of Ritalin (methylphenidate), a treatment for attention deficit
hyperactivity disorder, using a dirhodium(II) complex as catalyst [85]. In 2005, the
same group developed a combined C�H carbenoid insertion–Cope rearrangement
that opens an atom economical path towards elisabethatrienes, a family of biologically
active compounds(Scheme 1.11). This reaction, catalyzed by an enantiomerically
pure dirhodium(II) complex, is remarkable because it allows the introduction of
three stereoselective centers in one step [86].

1.4
Conclusion

This chapter has covered only a fraction of the numerous recent advances in the field
of atomeconomy. It is hoped that these examples have demonstrated howboldness in
tackling challenging problems, in changing altogether the solvent medium, the
reagent utilized and the catalyst, is key to inventing the new methodology that will
solely assure progress towards atom economy.
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2
Catalysis Involving Fluorous Phases: Fundamentals and
Directions for Greener Methodologies
John A. Gladysz

2.1
Introduction

The title of this chapter features an adjective, fluorous, that was introduced in a
seminal 1994 paper by Horv�ath and R�abai [1], and further analyzed by the present
author in an accompanying perspective [2]. The former publication launched a new
discipline, fluorous chemistry [3], one aspect of which involves catalyst and reagent
recovery. The obvious connection with green chemistry is elaborated below. Over the
intervening years, the following general definition of fluorous has evolved [3, 4]: �of,
relating to, or having the characteristics of, highly fluorinated saturated organic materials,
molecules or molecular fragments. Or, more simply (but less precisely): �highly
fluorinated� or �rich in fluorine atoms� and based upon sp3-hybridized carbon.
Separation science makes extensive use of orthogonal phases, and the incompati-

bility of water and many organic solvents. i.e. aqueous and lipophilic phases, is
common knowledge for all scientists and anyone who has applied oil and vinegar
dressing to their salads. However, prior to the 1994 paper, only a small fraction of
chemists were aware that organic solvents and saturated fluorocarbons (e.g. per-
fluorohexane and perfluoromethylcyclohexane, which exemplify one obvious cate-
gory of fluorous substances) are not normally miscible at room temperature. One
might view fluorous solvents as lipophobic, but so is water, and water is similarly
immiscible with saturated fluorocarbons. Hence fluorous substances can be viewed
as those that are simultaneously lipophobic and hydrophobic, as per the diagram and
photograph with dye-containing phases in Figure 2.1. To the author�s knowledge,
there are no such carbon-based, non-fluorinated materials.
Although the preceding illustration involves liquid phases, this incompatibility

extends to combinations of liquid and solid phases, such as the familiar Teflon-coated
frying pan. Related phenomena involving fluorous and non-fluorous domains of
solids are described below.
The 1994 paper also introduced the concept of a �ponytail�, an example of what is

often today termed a �phase label� or tag [5]. However, labels and tags are normally
considered to be removable, whereas ponytails are permanently affixed. In current
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practice, these are most commonly n-fluoroalkyl moieties of the formula
(CH2)m(CF2)n�1CF3, often abbreviated (CH2)mRfn. In future practice, other motifs
are likely to become increasingly important, as described below. Depending on the
quantity and lengths of the fluorous segments, they can render molecules partially,
preferentially or even exclusively soluble in a fluorous liquid phase. This reflects a
simple �like dissolves like� effect. Common organic molecules show a marked
preference for partitioning into organic phases (>95 : <5).
Importantly, fluorous and organic solvents usually mix at elevated temperatures.

Alternatively, CO2 pressure can be applied [6]. Either approach allows the facile
switching of reactions between heterogeneous and homogeneous conditions.
Temperature-dependent miscibility represents one ofmany types of thermomorphic
behavior. The adjective thermomorphic is applied in such broad contexts that a
precise definition becomes problematic, but a physical property that is temperature
dependent is always involved.
The 1994 paper culminated in an elegant �proof of principle� that combined all of

the above concepts [1]. Catalysts featuring sufficient ponytails were first combined
with organic reactants in fluorous–organic solvent mixtures. As shown in Figure 2.2

Figure 2.1 Three orthogonal (liquid) phases.

Figure 2.2 Original approach to liquid–liquid fluorous–organic
biphase catalysis (I) and a modification involving CO2 (II).
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(procedure I), the samples were then warmed, achieving one-phase conditions.
Homogeneous catalysis then proceeded smoothly at this high temperature limit.
The samples were subsequently cooled, re-establishing two-phase conditions.
Simple separation of the fluorous and organic phases simultaneously separated
the organic products from the fluorous catalysts. This was termed fluorous biphase
catalysis.
This broad concept was rapidly expanded to the separation of products and

(spent) reagents and to the use of ponytails of varying fluorine content to label or
tag libraries of compounds (for two representative applications, see [7]). Recover-
able fluorous nanoparticles were also engineered [8]. Given the central importance
of recoverable catalysts and reagents to green chemistry, fluorous methodologies
have attracted considerable attention within this community. Fluorous solvents
are furthermore included in many treatments of green solvents [9]. Nonetheless,
there are a number of obvious ways in which the protocol in Figure 2.2 can
be optimized from an environmental standpoint, as outlined in the following
sections.

2.2
Directions for Greener Fluorous Methodologies

A number of features of the general catalyst recovery protocol in Figure 2.2 merit
scrutiny from the green chemistry standpoint. First, fluorous solvents of the types
mentioned above (perfluorohexane, perfluoromethylcyclohexane) are environmen-
tally persistent [10]. However, they do not have any known toxicity per se, as evidenced
by their clinical use as blood replacements, and do not contribute to the depletion of
stratospheric ozone by any currently establishedmechanism [11]. Although fluorous
solvents can presumably be contained by proper engineering, alternatives are
obviously desirable.
Accordingly, two modifications are treated below. In one, the perfluorinated

solvent is replaced with a biodegradable partially fluorinated or hybrid solvent that
is still capable of phase separating from organic solvents [12, 13]. In the other, the
perfluorinated solvent is simply omitted. In this case, the temperature-dependent
solubility of the (solid) fluorous catalyst in the organic solvent is exploited, as per the
protocol sketched in Figure 2.3a (procedure I). This is conceptually similar to the
temperature-dependent liquid–liquid phase miscibilities exploited in Figure 2.2.
The two phenomena likely share a common �driving force�.
Fluorous solutes commonly show excellent solubilities in supercritical CO2 [14].

Therefore, it is not surprising that fluorous solutes become more soluble in organic
solvents when CO2 pressure is applied [15, 16]. This constitutes an alternative, non-
thermal �solubility switch� for the protocols in Figures 2.2 and 2.3b, illustrated as
procedure II.
As depicted in Figure 2.3b, the protocols in Figure 2.3a can be modified by

the inclusion of a fluorous solid phase. This also facilitates the recovery of small
catalyst quantities. Although enthalpic interactions between fluorous molecules are
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extremely weak, different species often phase separate together. For example, in
crystal structures of molecules with fluorous and non-fluorous segments, the latter
commonly segregate into separate domains [17]. Finally, for both Figure 2.3a and b,
several cases have been reported where the organic reactants can serve as there own
liquid phases, thereby permitting solvent-free protocols (see below).
As would be intuitively expected, fluorous chromatographic supports preferen-

tially retain fluorous molecules when eluted with organic solvents [18]. Although
many fluorous solid phases are environmentally persistent, they are non-volatile and
easier to contain than fluids. Chromatographic separations, a cartoon for which is
shown in Figure 2.4, are particularly suited for lightly fluorinated (�light fluorous�)
catalysts and reagents that maintain good solubilities in organic solvents. These are

Figure 2.3 New generation solid–liquid fluorous–organic
biphase protocols (a) with and (b) without an insoluble fluorous
support.
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often conducted as �solid phase extractions� (SPEs), similar to �flash chromatography�.
The technical distinction between SPE and conventional column chromatography is
analogous to that between purifying a two-component liquid by evaporation and
distillation [18].
Another direction for greener fluorous chemistry involves ponytail design. Much

recent work has unequivocally established the bioaccumulation of perfluorooctane
sulfonate, Rf8SO3

�, and also longer chain perfluoroalkyl carboxylates (�Rf7), in a
varietyofmammals,birds,fishandotherbiota [19, 20].Manyof the carboxylates appear
to be derived by oxidative degradation of fluorotelomer alcohols RfnCH2CH2OH [21].
Consequently, there is increasing interest in the design of easily accessible, biode-
gradableponytails, and/or thosewithshorterRfn segments (n� 6). Somerecent efforts
are highlighted below.
However, it has recently been shown that vitamin B12 can serve as a catalyst for the

Ti(III) citrate-promoted reductive defluorination of perfluorooctane sulfonate [22].
This has raised hopes that microorganisms will eventually be found that are capable
of degrading species with Rf6, Rf8, Rf10 and similar ponytails. The sonochemical
fission of the Rfn chains of perfluorooctane sulfonate and perfluorooctanoic acid has
also been reported [23].

2.3
Solvents for Fluorous Chemistry

Fluorous solvents have been reviewed elsewhere [24]. They are more dense than
common organic solvents, including CCl4. They are also exceedingly non-polar, as
evidenced by a variety of quantitative criteria. Recently, useful two-dimensional
classification schemes involving polarity and fluorophilicity axes have been devised
[13a, c]. Due to the low intermolecular attractive forces, fluorous solvents cavitate
easily, providing hospitable environments for small non-polar solutes (e.g. gases) and

Figure 2.4 A fluorous solid-phase extraction.
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even some polar ones. Importantly, hexafluorobenzene is not a fluorous solvent, nor
is any highly fluorinated arene.
As shown in Scheme 2.1, themost commonfluorous solvent is perfluorohexane or

FC-72, which is sold as amixture of isomers (b.p. 57 �C). For physical measurements
or mechanistic studies, perfluoromethylcyclohexane (PFMC) (b.p. 76 �C), a more
expensive but homogeneous solvent, is often favored. Other common choices for
reactions include perfluorodecalin or -methyldecalin, 1-bromoperfluorooctane and
perfluoro-2-butyltetrahydrofuran (all with b.p. >100 �C). Still higher boiling poly-
ethers or polymeric fluids or greases have not yet seen application, but offer obvious
advantages from the green chemistry standpoint.

The solvent (trifluoromethyl)benzene (BTF) (b.p. 102 �C) [25] is able to dissolve
appreciable quantities of both fluorous and non-fluorous solutes and hence is often
termed �hybrid� or �ambiphilic�. However, it does not give biphasic systems with
common organic or fluorous solvents and is strictly speaking non-fluorous. The
solvent Rf6(CH2)2OCH(CH3)CH2CH(CH3)2 (F-626; b.p. 214 �C) [12] also dissolves
many organic and fluorous solutes, but would be viewed as fluorous by virtue of the
Rf6 segment. Furthermore, it gives biphasic systems with the polar organic solvents
acetonitrile, DMF and methanol [13c].
Recently, much attention has been directed at methyl and ethyl ethers of shorter

perfluoroalkyl segments or �hydrofluoro ethers� (Scheme 2.1) [13]. Particularly

Scheme 2.1 Trends in fluorous solvents.
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promising candidates include HFE-7100 (b.p. 61 �C), which is a mixture of
n-C4F9OCH3 and i-C4F9OCH3, the corresponding ethyl ethers (HFE-7200) and
HFE-7500, CF3(CF2)2CF(OCH2CH3)CF(CF3)2 (b.p. 128 �C). In the case of HFE-7100,
biphasic systems can be achieved with aqueous organic solvents (which exhibit
increasedfluorophobicity) or by adding a saturatedfluorocarbon cosolvent (increasing
lipophobicity). Similar strategies are also useful with HFE-7500, although phase
separation is intrinsically easier due to its higher lipophobicity and fluorophilicity.
None of these solvents are classified as volatile organic compounds (VOCs). Further-
more, extensive studies have not revealed any toxicity problems and their shorter,
alkoxylated perfluoroalkyl segments are expected to be significantly more
biodegradable [26].

2.4
Ponytails and Partition Coefficients

In most cases, ponytails contain an insulating group, such as a methylene chain or
phenyl ring, to ameliorate the electron-withdrawing effect of the perfluoroalkyl
segment. The transmission of electronic effects through various spacers has been
studied in detail [27]. With only two methylene groups, a very significant effect can
still be felt, especially in the case of a directly bound reaction center, such as in an
amine or phosphine. The perfluoroalkyl segments are usually linear, but a few have
CF3 branches, as in HFE-7500.
One possible strategy for improving ponytail biodegradability involves alternating

spacer–fluorous–spacer–fluorous segments. Towards this end, molecules with
�C(CF3)2OCH2Rf7 and �C(CF3)2O(CH2)3Rf8 moieties have been reported [28].
However, these feature Rfn groups that are particularly prone to bioaccumulation,
as described above. Hence recent efforts have sought to do away with long Rfn (n > 6)
segments altogether.
In this regard, the use of multiple t-C4F9 substituents, commonly as caps for ether

linkages, has received attention in two groups [29–31]. Thismaximizes the number of
CF3 groups, which are believed to provide the greatest �bang for the buck� (fluorine
atom) in terms of fluorophilicity. For example, Mitsunobu reactions involving
t-C4F9OH allow ready access to a number of building blocks of formula
XCH2C(CH2O-t-C4F9)3 [29, 30]. Alternatively, the alkoxide t-C4F9ONa and suitable
electrophiles can be reacted [29b] In the case of the trichloride N[(CH2)2Cl]3, the
fluorous tertiary amine N[(CH2)2O-t-C4F9]3 is obtained. The fluorophilicity of this
species,which features three-atomspacers and an aggregateC12F27fluorous domain,
is lower than that of N[(CH2)3Rf8]3, which features three-atom spacers and an
aggregate C24F51 fluorous domain. However, its fluorophilicity is greater than that
of the related secondary amine CH3N((CH2)3Rf8)2, which features a larger, C16F34
aggregate fluorous domain [29b].
When catalogs of vendors who specialize in fluorinated chemicals are examined,

many interesting future directions for ponytail design can be discerned. Some of
the numerous building blocks available from ABCR (2006–2007) include the
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branched terminal alkene Rf3C(CF3)2CH¼CH2, the branched carboxylic acid
chloride (CF3)3CC(CF3)2OCH2C(¼O)Cl and the ethereal alcohols CF3O
(CF2)2OCF2CH2OH, Rf4O(CF2)2OCF2CH2OH and HOCH2CF2O(CF2)2O(CF2)2O
CF2CH2OH. All of these could easily be elaborated or incorporated into a variety of
functional groups.
With respect to liquid–liquid biphase systems, any solute, fluorous or otherwise,

can be characterized by a partition coefficient. A �higher� partition coefficient
corresponds to a higher fluorophilicity or fluorous phase affinity. Obviously, for
any recovery protocol involving a fluorous phase (liquid or solid), the greater the
fluorophilicity of the catalyst or reagent, the greater the efficiency (the lower the
leaching). Most partition coefficients, such as those of the amines mentioned above,
have been measured in toluene–perfluoromethylcyclohexane mixtures. These data,
which have been tabulated elsewhere [32], provide valuable guides for the design
of recoverable catalysts. Reassuringly, they also indicate very low fluorous phase
affinities for simplemonofunctional organicmolecules, as well as alkanes consisting
of at least 12 carbon atoms.

2.5
Specific Examples of Catalyst Recovery that Exploit Temperature-dependent
Solubilities

In this section, examples of catalyst recovery by procedure I in Figure 2.3a are
collected. These involve the thermomorphic species summarized in Scheme 2.2, all
of which either have longerRf8/Rf10/Rf11 ponytails or amultitude of Rf6 ponytails. For
all studies, catalyst recoveries are quoted when available. Since the masses involved
can be very small, especially for very effective catalysts, accurate determinations are
not always feasible. In such cases, rate comparisons for runs conducted with
recovered catalysts are given when available. The generality of all of the examples
depicted belowwas confirmed withmultiple substrates, but only those with themost
extensive recycling data are depicted.

2.5.1
Two Early Examples

To the author�s knowledge, the first catalyst recovered as in Figure 2.3a was per-
fluorinated di(n-octyl) ketone (1) [33]. Sheldon and co-workers found that this
compound dissolved in refluxing 10 : 1 v/v ClCH2CH2Cl–EtOAc, under which con-
ditions it catalyzed the epoxidation of alkenes byH2O2 (Scheme 2.3a).Upon cooling to
0 �C, 1was recovered in 92% yield. In the same year, Curran,Hallberg and co-workers
reported, as part of a larger study, an isolated example in which the stannane 2
(Scheme 2.2) was similarly recovered [34]. This involved the reductive addition of
adamantyl bromide to acrylonitrile, with in situ reduction of the resulting stannyl
bromide by NaBH3CN. As is often the case in science, the potential generality of a
phenomenon was not recognized in the initial reports.
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Scheme 2.2 Some thermomorphic fluorous catalysts that have
been recovered by solid/liquid-phase separations.
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Scheme 2.3 Recovery of the thermomorphic catalysts in
Scheme 2.2 according to procedure I in Figure 2.3a.

26j 2 Catalysis Involving Fluorous Phases: Fundamentals and Directions for Greener Methodologies



Scheme 2.3 (Continued)

2.5 Specific Examples of Catalyst Recovery that Exploit Temperature-dependent Solubilities j27



2.5.2
First Examples from the Author�s Laboratory [35]

The solubilities of the fluorous tertiary phosphines [Rfn(CH2)2]3P (3-Rfn, n¼ 6, 8, 10)
decrease as the lengths of the Rfn segments increase. Quantitative data are available
for 3-Rf8 in n-octane, toluene, chlorobenzene and dioxane. There is a 600-fold solu-
bility increase between �20 �C (0.104mM) and 80 �C (63.4mM) and a 1500-fold
solubility increase between �20 and 100 �C (151mM). Data for the analogous
phosphine with three methylene spacers, [Rf8(CH2)3]3P (4-Rf8), are similar. This
species is much more basic and nucleophilic than 3-Rf8.
The phosphines 3-Rf8 and 4-Rf8 catalyze conjugate additions of alcohols to methyl

propiolate (Scheme 2.3b). They could be recovered by solid–liquid phase separation
at�30 �C, under which conditions the theoretical amount of leaching due to residual
solubility is <0.33%. Depending on the alcohol, 3–5 cycles were carried out, without
deterioration in yield. Photographs of representative sequences have been pub-
lished [35]. Interestingly, the best results were obtained under solvent-free condi-
tions, with 3-Rf8 precipitating upon cooling the neat product and excess alcohol.
The leaching of degraded catalyst was assayed by both 31P and 19F NMR and the

purity of the recovered catalyst was studied. Improved recovery protocols involving
supports are described below. These phosphines can also be alkylated, allowing the
preparation of phosphonium salts such as 5 (Scheme 2.2) [36]. These are in turn
employed as recoverable catalysts in other types of reactions, as described below.

2.5.3
Concurrent Work by Ishihara and Yamamoto

Nearly simultaneously with our first communication, Ishihara and Yamamoto et al.
reported that the fluorous phenylboronic acid 6 (Scheme 2.2) efficiently catalyzed
condensations of carboxylic acids and amines to give amides (Scheme 2.3c) [37].
Reactions could be effected under homogeneous conditions in refluxing toluene or
xylene and 6 could be recovered by precipitation at room temperature. Ten such cycles
were conducted, giving the amide in 96% isolated yield (>99% conversion per cycle)
and 6 in 26% yield (88% recovery per cycle). More recently, this group found that the
fluorous bis(sulfone) 7, which is a super Brønsted acid, catalyzes acetal formation
(Scheme 2.3d) [38]. Reactions were effected under homogeneous conditions in
refluxing hexane and 7 could be recovered in 96% yield at room temperature.
Benzoylations of alcohols and esterifications of carboxylic acids were similarly
conducted in toluene and methanol, with 70–68% recoveries of 7.

2.5.4
Additional Examples from Other Research Groups

Otera has reported that fluorous distannoxanes such as 8 (Scheme 2.2), which dis-
sociate to give Lewis acidic species, catalyze transesterifications in organic–fluorous
solvent mixtures [39]. Although 8 was insoluble in toluene at room temperature, it
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dissolved at reflux and efficiently promoted the transformation in Scheme 2.3e, and
others. The catalyst precipitated upon cooling, but a fluorous solvent extraction was
utilized for recovery (100%). Another thermomorphic fluorous Lewis acid catalyst
was developed byMikami et al. [40]. They found that the ytterbium tris(sulfonamide)
9 could be used for Friedel–Crafts acylations under homogeneous conditions in
ClCH2CH2Cl at 80 �C and precipitated upon cooling to �20 �C (Scheme 2.3f ).
Neuman and Fish and co-workers have studied the novel polyoxometalate salt 10

(Scheme 2.2), which features 12 fluorous ammonium cations [41]. This material was
insoluble in EtOAc (and toluene) at room temperature, but dissolved at 80 �C to give
an effective catalyst system for the oxidation of alkenes and alcohols by 30% aqueous
H2O2 (Scheme 2.3g). Cooling precipitated the catalyst, which was reused. Contel,
Fish and co-workers have also shown that the copper(II) complex 11 (Scheme2.2) and
TEMPO give an effective catalyst system for the oxidation of p-nitrobenzyl alcohol by
oxygen to p-nitrobenzaldehyde [42]. As shown in Scheme 2.3h, the copper complex is
insoluble in chlorobenzene–toluene at room temperature, but dissolves at elevated
temperatures and is recovered in high yields upon cooling.
Mino et al. [43] has described a palladium catalyst prepared from the amino

phosphine 12 in Scheme 2.2 and measured its solubility in diethyl ether between
�20 �C (1.14mM) and 30 �C (16.7mM) and in hexane between �20 �C (0.027mM)
and 69 �C (5.38mM). This system catalyzes the enantioselective allylic alkylation
shown in Scheme 2.3i. The ether solvent was replaced by cold hexane, in which the
product was soluble and the catalyst rest state insoluble. Rate studies showed an
induction period during the first cycle and faster conversion during the second
cycle [43].
Ando and co-workers have prepared the enantiopure diol 13 (Scheme 2.2)

and applied it in the enantioselective addition of dimethylzinc to aldehydes
(Scheme 2.3j) [44]. The reaction mixtures were quenched with aqueous NH4Cl and
toluene was added to the residues. The samples were cooled to �40 �C and the
precipitated 13was recovered byfiltration. Finally, the diol 14 in Scheme 2.2was used
to generatefluorous boronate reagents [45]. Palladium-catalyzed cross-couplingswere
conducted in aqueous dioxane. The reactionmixtures were extracted with EtOAc and
upon concentration 14 could be recovered by precipitation.

2.5.5
Additional Examples from the Author�s Laboratory

The phosphine 4-Rf8 has also proven to be an effective catalyst for the intramo-
lecular Morita–Baylis–Hillman reaction, as shown in Scheme 2.3k. As in the case
of Scheme 2.3b, it can be recovered by simple precipitation upon cooling [46].
Rate studies established an average of ca 90% activity recovery per cycle over five
cycles.
The phosphonium salt 5 (Scheme 2.2) is very poorly soluble in fluorous solvents at

room temperature, but appreciably soluble at elevated temperatures [36]. It has been
used as a phase transfer catalyst for ionic displacements in fluorous solvents at
76–100 �C (Scheme 2.3l) [47]. It does not always spontaneously precipitate upon
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cooling, perhaps in part due to partial halide anion exchange (the recovered catalyst
should also contain halide anions derived from the nucleophile and leaving group).
Thus, in an initial series of experiments, hexane was added after each cycle to
promote precipitation. After five cycles, 38% of the original catalyst mass remained
(82% recovery per cycle). Additional experiments established thatmost of the catalyst
loss arose from incomplete precipitation. Improved recycling protocols involving
the hybrid solvent (trifluoromethyl)benzene are described below [47b] There are
other examples of catalysts that have been recovered by precipitation from hybrid
solvents [48].
The red–orange rhodium complexes 15-Rf6 and 15-Rf8 (Scheme 2.2) are insoluble

in nearly all organic solvents at room temperature [49], but often become soluble at
elevated temperatures. As shown in Scheme 2.3m, they effect the hydrosilylation of
ketones in dibutyl ether at 55–65 �C [50, 51]. The catalyst rest state precipitates upon
cooling and can be recovered by filtration [51]. Precipitation also occurs when the
reactions are rununder solvent-free conditions. Four cycles can be conductedwith no
deterioration in yield and more diagnostic rate studies are conducted with modified
protocols described below.

2.6
Specific Examples of Catalyst Recovery that Exploit Fluorous Solid Phases

Developments in this area can be grouped as follows: (a) the use of fluoropolymer
supports as exemplified by procedure I in Figure 2.3b; (b) the analogous use of
fluorous silica gel supports; (c) the use of supercritical CO2 in place of temperature
as a solubility trigger, as exemplified by procedure II in Figure 2.3b; (d) the use of
fluorous silica gel for solid-phase extractions (SPE), as exemplified by Figure 2.4.

2.6.1
Fluoropolymer Supports

To the author�s knowledge, the first use of a fluoropolymer support was in
conjunction with the addition reactions in Scheme 2.3b. When the catalysts 3-Rf8

and 4-Rf8 were recycled in the presence of Teflon shavings, recoveries improved
significantly [35]. Rate studies showed an approximately 10% decrease in activity
from cycle to cycle.
These results were extended to the ketone hydrosilylations in Scheme 2.3m.

Here common commercial Teflon tape was employed, and also somewhat lower
loadings of the red–orange catalyst 15-Rf6 (0.15mol%) and a temperature of
55 �C [51]. Interestingly, after cooling the catalyst rest state precipitated on to the
tape (50� 12� 0.0075mm) and not the stir bar (perhaps due to a processing step or
coating). The tape was removed and used for subsequent cycles, the rates of which
were monitored. As in earlier work, the first cycle exhibited an induction period.
Retention of activity was excellent in the second and third cycles, but there was
substantial loss in the fourth. In view of the similar rates of the first three cycles, this
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canbe attributed to catalyst deactivation. Aproblem intrinsic to the recycling protocol,
such as leaching, should afford a relatively constant loss of activity per cycle.
Leaching was probed in two ways. First, the dibutyl ether supernatants from the

first three cycles were combined and the total ponytail leaching was assayed by
19F NMR. A signal corresponding to 11.4% of the phosphine ligands of 15-Rf6 was
observed. Since the active and resting states of the catalyst likely involve two
phosphine ligands, some extraction is not surprising. Second, the supernatants
were analyzed for rhodium. The first cycle showed leaching corresponding to 0.57%
of the original charge and the second cycle 5.3%. The increased was attributed to the
onset of catalyst degradation.
One obvious procedural refinement would be to precoat the catalyst on the Teflon

tape. This would allow low loadings to be delivered by length as opposed to mass
measurements or the tedious preparation of standard solutions. Accordingly, strips
of tape were added to a solution of 15-Rf6 in perfluoromethylcyclohexane. The solvent
was removed under an inert gas stream to give a yellowish catalyst-coated tape. This
could be applied in a three-cycle sequence with results similar to those above.
Photographs of the first cycle, which are representative of all the protocols in this
section, are collected in Figure 2.5.
When catalysts are recycled as solid residues, it is important to exclude impuri-

ties that may �piggyback� – such as metal particles – as the active species. This was
probed in two ways. First, the tape was removed after the first cycle, rinsed and
transferred to a new vessel. A second charge of ketone and dibutyl ether was added,
but not the PhMe2SiH. The samplewaswarmed to 55 �C, the nowoff-white tapewas
removed and PhMe2SiHwas added. The rate profile was similar to the first cycle (ca
20% slower at higher conversions), consistent with predominant homogeneous
catalysis by desorbed fluorous species. Second, the second cycle of a sequence was
conducted in the presence of elemental mercury, which inhibits catalysis by

Figure 2.5 Photographs of one version of procedure I in
Figure 2.3b: desorption of rhodium hydrosilylation catalyst
precursor 15-Rf6 from Teflon tape and adsorption of the rest state
upon cooling.

2.6 Specific Examples of Catalyst Recovery that Exploit Fluorous Solid Phases j31



elemental rhodium. However, the rate profile was the same as a sequence in the
absence of mercury.
These efforts were next extended to the Morita–Baylis–Hillman reaction in

Scheme2.3k.Thewhitephosphine4-Rf8 couldsimilarlybecoatedontoTeflontape [46].
However, recycling (as assayed by rate measurements) was somewhat less efficient
than that achieved by simple solid–liquid phase separation (procedure I, Figure 2.3a).
Note that this reaction uses a much higher catalyst loading than the ketone hydro-
silylation (10mol%4-Rf8 vs0.15mol%15-Rf6).Perhaps the available surface areaof the
fluoropolymer becomes saturated or adsorption efficiency is otherwise decreased.
In an attempt to address this issue, the tape was replaced with Gore-Rastex fiber.

Gore-Tex products can be viewed as porous forms of Teflon. Indeed, the recycling
efficiency increased, but it still remained below that without achieved by solid–liquid
phase separation without a support.
This procedure has also been extended to the ionic displacement reactions in

Scheme 2.3l, which are catalyzed by the fluorous phosphonium salt 5 (Scheme 2.2).
In this case, reactions were conducted in (trifluoromethyl)benzene–water mixtures.
The salt 5 is less soluble in the hybrid solvent (trifluoromethyl)benzene than
perfluoromethylcyclohexane and cleanly precipitates onto Teflon tape. Rate experi-
ments show excellent retention of activity (>95% per cycle). However, in the author�s
experience, some fluorous catalysts more readily adsorb on fluoropolymers than
others and studies of the controlling factors remain in progress [47b]. Preliminary
data are beginning to appear from other investigators [52].

2.6.2
Fluorous Silica Gel Supports

Fluorous compounds and catalysts are readily adsorbed on fluorous silica gel, some
forms of which are depicted in Scheme 2.4. (18-Rfn-21) Owing to the presence of both
fluorous and non-fluorous domains, such supports are probably capable of much
stronger interactions with many fluorous molecules than Teflon. These materials
have been applied to reactions in organic solvents and water, both at room tempera-
ture and above [52–56]. The investigators have often interpreted the transformations
as �bonded fluorous phase catalysis�, as opposed to desorption processes as exempli-
fied by procedure I in Figure 2.3b. However, there remains the possibility that at least
some catalysis takes place in the bulk solvent for the non-aqueous systems. It would
be a simple matter to remove the support after warming the reaction (but before
adding all substrates) and measure the rate of product formation.
To date, reports have involved palladium catalysts for Suzuki and Sonogashira

coupling reactions (Bannwarth and co-workers; Scheme 2.4a) [53], rhodium catalysts
for silylations of alcohols by trialkylsilanes (Biffis and co-workers; Scheme 2.4b) [54],
tin-,hafnium-andscandium-basedLewisacidcatalystsforBaeyer–Villiger,Diels–Alder
and esterification reactions (Nishikido and co-workers; Scheme 2.4c) [55], tin catalysts
for reductive free radical cyclizations (Tsang and co-workers; Scheme 2.4-D) [56] and
other processes [52]. Spectroscopic andGCdata established thatmost of the tin species
desorbed at the reaction temperature (60 �C).
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With the silylations, rhodium loss was 2.5–2.6% per cycle and the activity loss was
ca 10% per cycle, as determined by rate measurements. Another catalyst prepared
from theRf11 homolog of24was also investigated. Later studies involving the systems
in Scheme 2.4a have implicated a substantial role for non-fluorous, possiblymetallic,
palladium catalysts derived from 22 and 23 [53c]. Such possibilities deserve particular
scrutiny for any type of metal-catalyzed reaction in which catalyst recovery involves
collecting a residue.

2.6.3
Approaches Involving CO2 Pressure

Although special attentionwas given to CO2 gas pressures as non-thermalmiscibility
or solubility switches in Figures 2.2 and 2.3, there has so far been only a single
application to the recovery of a fluorous catalyst. As depicted in Scheme 2.4e, Jessop,
Eckert, Liotta and co-workers adsorbed the fluorous rhodium tris(triarylphosphine)
complex 25 – an analog of Wilkinson�s catalyst – on fluorous silica gel [16]. Hydro-
genations were subsequently carried out in cyclohexane slightly above room tem-
perature under 60 bar of CO2 – far from the supercritical regime. Under these
conditions, 25 completely solubilized, as confirmed by independent high-pressure
spectroscopicmeasurements. The catalyst rest state adsorbed when the pressure was
released. Five cycles were conducted with essentially quantitative conversions. In a
separate set of experiments, each cycle was taken to partial conversion (lower catalyst
loadings, shorter reaction times). The reasonably constant yield data (72–46%)
established good retention of activity.
This simple and elegant procedure is richly deserving of further study. Roughly

comparable hydrogenations have been conducted at 60 �C in toluene, but using
fluorous silica gel in place of CO2 and the analog of 25 without the (CH2)2 spacers.
Interestingly, rhodium leaching levels were substantial (12–25%), with even greater
losses of activities in subsequent cycles [52].

2.6.4
Fluorous Solid-phase Extractions

Although this recovery procedure, shown schematically in Figure 2.4, gives the
impression of being solvent intensive, there are several compensating features.
First, relatively short perfluoroalkyl segments confer retention times considerably
longer than those of organic compounds. Thus, Rf6 and the newer generation non-
bioaccumulative ponytails described above can be employed. Second, since
such catalysts often retain appreciable solubilities in organic solvents, they can
be synthesized and applied in reactions analogously to non-fluorinated analogs.
Given the considerable generality of this recovery procedure, a collage of repre-
sentative catalysts is depicted in Scheme 2.5, taken largely from studies by Curran,
Zhang, Hope, Stuart and co-workers. [58, 59] No attempt has been made to be
comprehensive. These have seen use in alkene metathesis (26), Heck reactions
(27), condensations of b-diketones and ethyl cyanoformate (28), ligands for
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ruthenium-catalyzed enantioselective hydrogenations (29), phase transfer catalysis
(30) and Diels–Alder reactions (31).

2.7
Summary and Perspective

In this chapter, the essential features of fluorous chemistry have been reviewed
and the evolution of catalyst recovery protocols has been traced from the initial
fluorous–organic liquid–liquid biphase approach of Horv�ath and R�abai to various
methods that substitute fluorous solid phases for fluorous liquid phases. In a few
cases, even organic solvents prove unnecessary.
From a green chemistry standpoint, there are clearly additional frontiers for

optimization. One involves the design and application of ponytails that do not
persist in the environment – due either to abiological or biological degradation
pathways – or at least do not bioaccumulate. Advances here may also be extendable
to fluorous solid phases. Another involves the development and popularization of
fluorous solvents, or sufficiently lipophobic and hydrophobic substitutes, which
are similarly less environmentally persistent. This would give fresh impetus to
liquid–liquid biphase protocols. In view of the rapid ongoing development of
diverse applications for fluorous chemistry, these topics are certain to garner
intense interest in the near future.

Scheme 2.5 Representative catalysts recovered by fluorous solid-phase extraction (Figure 2.4).
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3
Chemistry and Applications of Iron–TAML Catalysts in Green
Oxidation Processes Based on Hydrogen Peroxide
Terrence J. Collins, Sushil K. Khetan, and Alexander D. Ryabov

3.1
Introduction

Nature uses iron-based enzymes to catalyze oxidation reactions based upon oxygen
and hydrogen peroxide, but until recently their efficiency and reactivity have
stubbornly eluded replication in synthetic molecular catalysts. A series of small-
molecule non-heme iron complexes denoted Fe–tetraamido macrocyclic ligand
(TAML) activators (Scheme 3.1) are proving to be highly effective mimics of the
peroxidase enzymes [1, 2]. Fe–TAML activators are also showing reactivity reminis-
cent of short-circuited catalytic cycles of the cytochrome-P450 enzymes. These
enzymes usually make coordinated peroxide from oxygen at their active site and
then proceed to use it, but can be short-circuited (relieve the requirement to reduce
oxygen) by the use of various oxidants [3–5]. In the precatalyst forms of Fe–TAMLs,
iron(III) ions are bonded to the four deprotonated amide-N atoms of macrocyclic
tetraamide ligands. FeIII–TAMLs use hydrogen peroxide (H2O2) to oxidize a broad
range of substrates, exhibiting very high reactivity that is similar to the peroxidase
enzymes themselves. While the relatively environmentally compatible and inexpen-
sive H2O2 serves as the ultimate source of the oxygen atom as with peroxidase
enzymes, FeIII–TAML catalysts remain fairly stable under catalytic conditions such
that they are able to achieve high turnover numbers until they eventually degrade
under the potent oxidizing conditions – this designed stability is the real key to their
successful mimicking properties [6, 7]. The suitability of Fe–TAML–peroxide pro-
cesses for purifying water has been tested now for a wide range of organic pollutants,
often ones that are highly recalcitrant and the technical performance is proving to be
very impressive [6]. As we describe in this chapter, Fe–TAML activators (Scheme 3.1)
catalyze the chemistry of a variety of peroxides. The reactions typically take place at
room temperature under ambient conditions, although there is a pH dependence on
the reactivity, with the highest rates being found under basic conditions near pH 10
for most catalysts. This chapter has been written to provide the reader with an
overview of the published literature on the basic chemistry, mechanisms of catalysis
and applications of Fe–TAML activators.
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Scheme 3.1 FeIII–TAML activators are
pentacoordinated species, usually with an axial
aqua ligand, in the solid state. The aqua
complexes are synthesized as such or as the
corresponding chloro species with Cl� instead of

H2O (and with two as opposed to one
Mþ ¼ Liþ , Naþ , NR4

þ counter ions). The
subscript Cl as in 1Cl is employed to indicate that
the corresponding chloro species to the aqua
complex 1 is being discussed.

3.2
Properties of Fe–TAMLs and Mechanisms of Oxidation with Hydrogen Peroxide

3.2.1
Properties of TetraamidoMacrocyclic Iron(III) Complexes in the Solid State and in Water

3.2.1.1 Solid-State Structure and Speciation in Water
Iron(III)–TAML activators are isolated from the synthetic procedures usually as five-
coordinate aqua species and occasionally as the five-coordinate chloro analogue.
Representative crystal structures of 1iCl, 1lCl and 1a are shown in Scheme 3.2 [8].
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The Fe�N bonds are short (mean 1.897, 1.894 and 1.885Å in 1iCl, 1lCl and 1a,
respectively) and the macrocyclic ligands have a high degree of planarity. Iron(III) is
out of the plane by 0.448 and 0.403Å toward chloride in 1iCl and 1lCl, respectively, and
0.364Å toward oxygen in 1a. The Fe�Cl bond distance is much longer (2.359 and
2.361Å in 1iCl and 1lCl, respectively) than in [FeCl4]

� (2.182–2.187Å) [9, 10] and FeIII

porphyrins (2.218 [11], 2.192 [12] and 2.223Å [13]). Themetal cation in a one-electron
oxidized analogue of 1iCl (where the oxidation site is ligand centered) is more deeply
immersed into the macrocyclic cavity (0.04 Å displacement) and the Fe�Cl bond
length drops to 2.203Å [14]. The FeIII�Cl bond is elongated in 1Cl due to the ground-
state destabilization of the axial s-bonding orbitals by the four deprotonated strong
s-donor amido-N ligands.
The structures in Scheme 3.2 differ in the vicinity of the �tail� R groups. The six-

membered rings in 1iCl and 1a have a boat conformation and the ligand plane is
roughly a plane of symmetry for the methyl groups. The 1lCl complex adopts a chair
conformation. The F1 atom is virtually in the ligand plane; F2 is perpendicular to it.
The separation between F1 and two adjacent amide oxygens O3 and O4 (2.550 and
2.546Å, respectively) is lower than the sum of the van der Waals radii of O and F
(2.75Å) [15].
Elongated M�Cl bonds are usually cleaved by water to afford the corresponding

aqua or hydroxo species [16–18]. This holds for complexes 1Cl. The speciation of
FeIII–TAMLs in water studied by UV–visible and EPR spectroscopy is shown in
Scheme 3.3. The chloro ligands of 1Cl undergo rapid hydrolysis; the equilibrium
constants KCl (Table 3.1) indicate insignificant coordination at [Cl�]� 0.5M. The
complexes produced in water are six-coordinated species with two axial aqua ligands.
The UV–visible and EPR spectra vary reversibly at pH 8–11 (Figure 3.1) due to
deprotonation of an aqua ligand. The pKas are in the range 9.4–10.5 (Table 3.1) [8].

3.2.1.2 Binding of Axial Ligands in Water
The spectra in Figure 3.2 obtained on addition of pyridine to an aqueous solution
of 1a indicate stepwise substitution of both aqueous ligands (Equation 3.1).

Scheme 3.3 Speciation of FeIII–TAML activators in aqueous
solution (solid rectangle) and suggested mechanism of the
Hþ -induced demetalation (dashed rectangle); ¼ free
base ligand. Charges are not shown [8].
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The py-induced spectral changes are quantifiable using Equation 3.2 (eM, eML and
eML2 are the respective extinction coefficients of all participants of Equation 3.1 and
[M]t is the total concentration of 1). The values of KL and K2L are summarized in
Table 3.2.

A ¼ eM þ eMLKL½L� þ eML2KLK2L½L�2
1þKL½L� þKLK2L½L�2

½M�t ð3:2Þ

Table 3.1 Equilibrium and kinetic parameters for Fe–TAMLs at 25 �C [8].

Complex pKa KCl (M
�1)a k1��� (M

�1 s�1)b k3� (M
�3 s�1)b

1a 10.1� 0.6 0.18� 0.04 2.2� 0.7 (6.7� 0.2)· 105

6.1� 0.5c (6.4� 0.3)· 105a

1i 10.0� 0.2 0.21� 0.09 5.19� 0.06 (1.13� 0.01)· 106

1d 10.5� 0.5 >0.05 7.1� 0.5 (6.7� 0.5)· 105

1j 10.4� 0.3 0.31� 0.02 (1.03� 0.05)· 103

1l 9.5� 0.4 1.9� 0.2 (1.6� 0.1)· 10�4 (1.6� 0.2)· 10�4

1k 9.4� 0.6 2.4� 0.4 (3.7� 0.4)· 10�5 (4.8� 0.6)· 10�5

apH 7.
b0.1M KPF6.
cIn DCl–D2O.

Figure 3.1 Spectra of complex 1i at different pHs: spectrum a
was obtained at pH 8.25 (25 �C and 0.1M KPF6); other spectra
were run at pH 9.18, 9.68, 9.89, 10.2, 10.8 and 11.4. The inset
shows the absorbance versus pH plot at 364 nm [8].
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The data inTable 3.2 reveal that imidazole is a better ligand for 1. The relationKL>K2L

holds for both ligands, but the gap between KL and K2L is larger for pyridine. An
opposite trend is observed for FeII andFeIII porphyrins, forwhich onlyb2 (KL�K2L) is
usually determined in water [20] and non-aqueous solutions [21, 22]. In water, only
bis-ligated species are observed, which are, however, formed from iron–porphyrin
dimers [23, 24]. The X-ray structure of the monoligated 1-methylimidazole (MeIm)
adduct (Ia–MeIm) is shown in Scheme 3.4 [19]. A square pyramidal environment is
typical of FeIII–TAMLs in the solid state [8, 14, 25]. Imidazole does not change the
coordinative arrangement of FeIII–TAMLs from that observed with axial water or
chloride. The position of imidazole relative to four equatorial amide nitrogens,
N1–N4, is interesting. The imidazole plane is close to parallel to the plane through
atoms Fe1, N2 and N4 [dihedral angle 11.2(2)�].

Figure 3.2 Spectral changesof 1a (2.75� 10�4M) in the presence
of pyridine: 0.1M KPF6, pH 6.3 and 25 �C. Inset: absorbance
at 360 nm as a function of [py]; the solid line is the calculated curve
using best-fit parameters of Equation 3.2; the broken line is a
calculated curvewithK2L¼ 0 validating binding of the second axial
ligand [19].

Table 3.2 Equilibrium constants of FeIII–TAMLs 1a in aqueous solution at 25 �C, 0.1M KPF6 [19].

L pH KL (M
�1) K2L (M

�1)

Pyridine 5.0 4.7� 0.1 0.42� 0.03
Imidazole 6.3 69� 10 4.7� 4.5
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Scheme 3.4 The molecular structure of the anionic part
of 1a–MeIm. H atoms are omitted for clarity. Fe–N(1) 187.4(2)
pm; Fe–N(2) 187.5(2) pm; Fe–N(3) 188.5(3) pm; Fe–N(4) 187.2
(2) pm; Fe–N(5) 212.6(2) pm. DIAMOND release 3.1e, Crystal
Impact GbR, Bonn, Germany [19].

3.2.2
Demetalation of Fe–TAMLs

3.2.2.1 Induced by the Proton (Specific Acid)
At pH 3–4 and lower, compounds 1 are involved in Hþ -promoted demetalation that
follows the rate law kobs¼ k1�[H

þ ] þ k3�[H
þ ]3 [8]. This rate law is consistentwith the

mechanism in Scheme 3.3 (dashed rectangle) provided that Ka1 and Ka2 are high
ensuring Ka1Ka2� (Ka2[H

þ ] þ [Hþ ]2) and k2 is negligible compared with k1 and
k3 [8]. The rate of acid-induced demetalationdepends only slightly on thenature of the
head substituents X (Table 3.1). In contrast, the tail-R groups dramatically affect k1�

and, for the most part, k3�, indicating that tail amide O-atoms are sites of peripheral
protonation. This was used as a strategy for producing acid tolerant FeIII–TAML
catalysts. Replacement of the tail groups R¼Me with R¼F produces a remarkable
stabilization. The rate constants in Table 3.1 show that under weakly acidic
conditions, where the k1� pathway dominates over k3�, fluorinated 1k is 105-fold
more Hþ -tolerant than 1a. Under more acidic conditions, where the k3� pathway
contribution to the overall rate is dominant, the difference reaches a unique 11 orders
ofmagnitude [8]. The cleavage of a singleM�Nbond causes a strong distortion of the
planar complex and induces rapid cleavage of the remaining M�N bonds: distorted
TAML ligands tend to have non-planar amides and high hydrolytic instability, e.g.,
2 [8]. Complex 2 is unstable inwater at pH7. The rate constant k1� for 2 is>1000 times
higher than for the most reactive complex in Table 3.1.
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3.2.2.2 Induced by General Acids
All the 1 activators are catalytically active in neutral and basic aqueous solutions.
Under these conditions, 1 are also subject at pH 4–9 to catalyzed demetalation by
Brønsted acid buffer components such as H2PO4

�, HSO3
�, CH3CO2H and

HO2CCH2CO2
�. Buffers based on pyridine (py) and tris(hydroxymethyl)amino-

methane (TRIS) are inactive. Pseudo-first-order rate constants for the demetalation
(kobs) are linear functions of total phosphate (Figure 3.3a) and the effective second-
order rate constants k1,eff depend on pHas shown in Figure 3.3b. The inflection point
at pH	 6.5 is coincident with the pKa of dihydrogenphosphate, implying that
H2PO4

� is reactive [19].
The data in Figure 3.3 agreewith amechanismas shown in Scheme 3.5. The rate of

demetalation of 1a in H2PO4
�/HPO4

2� buffer is appreciable, but the kobs values
for 1k and 1m are immeasurably low, showing that the rates are strongly affected by

Figure 3.3 (a) Pseudo-first-order rate constants for demetalation
of 1a versus phosphate concentration at different pHs and 45 �C.
(b) Second-order rate constants k1,eff for demetalation of 1a as a
function of pH at 45 �C. The solid line is a theoretical curve
calculated using the best-fit values of the parameters of
(KML�KLH) and Ka2 [19].

Scheme 3.5 Mechanism for the phosphate-induced demetalation of FeIII–TAMLs.
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the tail CR2 fragments. The reactivities of 1 depend insignificantly on the aromatic
ring or �head� group of 1 [19].
The demetalating abilities of buffer species depend on their structures and

acidities. Thus, whereas pyridine-2-carboxylic (picolinic) acid catalyzes the demetala-
tion, its 3- and 4-isomers (nicotinic and isonicotininc acids) are inactive. The reaction
order in picolinic acid is one for 1a and two for 1m. For 1m, �inactive� pyridine and
nicotinic acid speed up the demetalation in the presence of picolinic acid, suggesting
that the second order arises from the axial binding of two pyridine molecules, one of
which must be picolinic acid for the intramolecular proton delivery to an Fe�N
moiety. Mechanisms of demetalation of 1 by picolinic acid are shown in Scheme 3.6.

Species 3 and 4 are postulated intermediates in the demetalation of 1a and 1m,
respectively. Picolinic acid binds to the axial site of FeIII and then delivers the
carboxylic proton to an Fe�Nbond. This ismore difficult in the case of 1m, where the
amidato-N donor atoms are less basic. Therefore, the second py ligand may increase
the electron density at the Fe�N bonds and it may also affect the location of the iron
atomwith respect to the plane of the four amidato ligands in amanner that favors the
demetalation. It is significant that the picolinic acid a-carboxylic group is clearly not

Scheme 3.6 General mechanism of demetalation of 1 by picolinic
acid accounting for first (1a, in the box) and second (1m) orders
in the acid. The charge of the FeIII–TAML complex is shown
outside the bracket and localized charges are shown for the
deprotonated pyridine carboxylates [19].
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essential for this second pyridine ligand because both py and nicotinic acid also
accelerate the demetalation. This understanding is of real value in practical applica-
tions of Fe–TAML activators. For example, buffer systems can now be chosen that
allow for long-term storage of Fe–TAML solutions at pH 4–9.

3.2.3
Understanding Mechanisms of Catalysis by Fe–TAML Activators of Hydrogen Peroxide

3.2.3.1 General Mechanism
FeIII–TAML activators [1] of hydrogen peroxide [6, 7, 26] are valuable catalysts for a
variety of environmentally important oxidation processes [27–31]. The general
stoichiometric mechanism of catalysis is shown in Scheme 3.7 [31].

The peroxidase-like activity of 1 is the dominating reactivity feature of the activators
and therefore it has been studied kinetically [31, 32]. In terms of Scheme 3.7, the
kinetic equation for the peroxidase-like activity, i.e. –d[S(red)]/dt, is described by
Equation 3.3, meaning that under appropriate conditions the catalase-like activity
(step III) is negligible.

� d S redð Þ½ �
dt

¼ kIkII FeIII�TAML
� �

H2O2½ � S redð Þ½ �
k�I þ kI H2O2½ � þ kII S redð Þ½ � ð3:3Þ

Evidence for the validity of Equation 3.3 with negligible k�I is demonstrated in three-
dimensional Figure 3.4, where the initial rates of oxidation of the commercial dye
Orange II (Scheme 3.8) are plotted against concentrations of both H2O2 and the dye.
When the concentration of H2O2 is low, the formation of the oxidized TAML is rate
limiting and the initial rates are independent of [Orange II]. Speeding up the
formation of oxidized TAML by increasing [H2O2] moves the oxidation into a
different kinetic regime where the step driven by kII controls the rate and hence
the rate is almost proportional to the Orange II concentration. Such 3D plots for two-
substrate catalytic reactions are observed when numerical values of the products
kI[H2O2] and kII[S(red)] are comparable [33].

Scheme 3.7 General mechanism of catalysis by FeIII–TAML
activators in water. All rate constants are conditional (pH
dependent).
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The rate constants kI and kII for 1a calculated from the data in Figure 3.4 of ca
3.5� 103 and 1.5� 104M�1 s�1 (pH 11, 25 �C) respectively, illustrate a very high
activity of FeIII–TAML activators, particularly in terms of kII. For comparison, Oakes
andGratton reported kII¼ 0.08M�1 s�1 for the oxidation ofOrange II by p-sulfonated
perbenzoic acid under the same conditions [34]. The rate constant kI (and
also probably kII) is pH dependent [31]. The maximum activity for 1l is observed
at pH 	 10 [31].

Figure 3.4 3D plot showing the dependence of initial rates of
1a-catalyzed bleaching of Orange II by H2O2 as a function of
[H2O2] and [Orange II]. Conditions: [1a] 2� 10�7M, pH 11,
25 �C [31].

Scheme 3.8 Substrates S(red) used in kinetic measurements.
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3.2.3.2 Mechanism of Benzoyl Peroxide Activation
The FeIII–TAML activators catalyze oxidations by organic peroxides such as tert-butyl
hydroperoxide, cumyl hydroperoxide and benzoyl peroxide. Equation 3.3 for the
catalyzed oxidation of Orange II by organic peroxides holds at pH 9 and 25 �C [31].
The rate constants kI and kII in Table 3.3 confirm the closeness of rate constants kII for
all oxidants and the exceptionally large value of kI for benzoyl peroxide, which is by a
factor of 53 higher than that for H2O2. The reactivity of peroxides in terms of kI
decreases in the series benzoyl peroxide (6.8� 103) >H2O2 (130) > t-BuOOH (2)>
cumyl hydroperoxide (1).
Benzoyl peroxide is much larger than H2O2, but the steric effect is not a factor for

the highest rate constant kI. Themechanism of reaction of benzoyl peroxide is shown
inScheme 3.9. It does not have anH�Ofragment [1, 2] and therefore its coordination
to iron(III) should involve either carbonyl or peroxo oxygen. According to density
functional theory (DFT) [31], both oxygen atoms may coordinate to iron(III) because
the effective negative charges for carbonyl and peroxo oxygen are similar, i.e. �0.38
and �0.30, respectively. We consider the peroxo oxygen to be a better candidate
because the s� orbital of the O�O fragment is thusmuch closer to the reducing FeIII

center. However, it is also possible that the O�O bond cleavage occurs via prior
coordination of a carbonyl oxygen. The DFT analysis suggests that if the carbonyl
oxygen is a donor center, the complexation between 1 and benzoyl peroxide is a dead-
end pathway, which does not result in O�O bond cleavage, but because of possible
complications of solvation and coordination this should remain considered a
possibility at this time. Assuming a peroxo oxygen coordination, intermediate 5 is
on the reaction coordinate and the following energy minimum is found for the

Table 3.3 The rate constants kI and kII (in M�1 s�1) for the
1a-catalyzed oxidation of Orange II at pH 9 and 25 �C [31].

Peroxide 10�3kI 10�4kII

H2O2 1.40� 0.01 3.8� 0.3
Benzoyl peroxide 74� 3 3.7� 0.9
tert-Butyl hydroperoxide 0.024� 0.002 3.2� 1.5
Cumyl hydroperoxide 0.011� 0.001 1.8� 0.8

Scheme 3.9 Plausible mechanism for early steps for activation
of benzoyl peroxide by FeIII–TAMLs. For details, see text.
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system consisting of free benzoate and benzoate coordinated to formally FeV

(or
qþ FeIV). Benzoate coordination to iron of TAML does not occur in water [8] and

the mechanism may well lead to two free benzoates per dibenzoyl peroxide.

3.2.3.3 Nature of Oxidized TAMLs: Hypotheses and Facts
Addition of peroxides to aqueous solutions of 1 produces brownish green absorbing
species and less than a stoichiometric amount of peroxide causes a major increase at
350–550 nm. Minutes are needed to obtain invariable spectra at pH< 8.5; at pH > 9
the reaction is much faster. The titration experiments revealed that the absorbing
species are by one oxidation equivalent above the resting state, suggesting the
formation of an FeIV species [35]. The formation of the iron(IV) species may proceed
via the oxidation of FeIII to FeV followedby a conproportion of FeVwith another FeIII to
produce two FeIV species. Evidence for this possibility comes from the fact that
FeIII–TAMLs in non-aqueous solutions are oxidized by peroxides to genuine FeV–oxo
complexes, as will be described below.
The zero-field M€ossbauer spectra of a frozen aqueous solution of the red com-

pound (generated from1� 10�3M57Fe–1a and 0.5 equiv. t-BuOOH) at 4.2 K consists
of one doublet with a quadrupole splitting, DEQ¼ 4.2mms�1 and isomer shift
(versus Fe metal at 298K) d¼�0.19mms�1 (Figure 3.5) [35]. This highly negative

Figure 3.5 4.2 K M€ossbauer spectra of 57Fe–1a in aqueous
solution, pH 14, recorded in parallel applied fields as indicated.
The solid lines are spectral simulations. At least 95% of the iron in
the sample belongs to 57Fe–1a [35].
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isomer shift is indicative of an FeIV species. Variable high-field (1.5, 6.5 and 8T)
studies at 150K indicated anS¼ 1 species. TheM€ossbauer data account for
100 and
80% of the total iron is this oxidized species at pH 14 and 12, respectively. Minor
instability of the oxidized species has been detected at pH < 12.
The data [36] indicate a speciation of oxidized TAML species derived from 1 and

oxidants in aqueous solution (Scheme 3.10). If peroxides ROOH are primary two-
electron oxidants, the oxidation of 1 gives presumably the oxoiron(V) intermediate 6,
similar to

q+FeIV in Scheme 3.9. Such an Fe–TAML species has yet to be detected in
water, but its existence in non-aqueous media has been established [37]. Similarly to
the sterically hindered anionic porphyrin chemistry [38], if formed, highly oxidized
intermediate 6 is likely to be rapidly quenched into less oxidized iron(IV) species, the
speciation of which is significantly pH dependent. At pH 14, all iron (ca 95%) is
monomeric oxoiron(IV) species 70, although theoretical DFT simulations do not
exclude the aquated formulation 700.

The nature of 70 and/or 700 has been confirmed by EXAFS (Figure 3.6) and analyzed
by DFT [39]. The B3LYP functional and the 6–31G level of basis function predicts
reliably electronic and structural properties of complexes 1 [40]. The Cs symmetry is
maintained in all cases. The M€ossbauer parameters in Table 3.4 indicate that the

Scheme 3.10 Speciation of oxidized TAML species derived from 1
in aqueous solution. Axial aqua ligands are not shown for clarity.

Figure 3.6 Fourier transforms of the Fe K edge EXAFS data
[k3c(k)] (dots) and the fit (solid line)with oneOscatterer at 1.68 Å,
five N/O scatterers at 1.89Å and five C scatterers at 2.84 Å. The
inset shows Fourier-filtered EXAFS spectra [k3c0(k)] (dots) and the
fit (solid line). Fourier transform range, k¼ 2–15 Å�1; back-
transform range, r0 ¼ 0.40–3.10 Å [35].
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formulation of 7 as a 70/700 pair gives the best match with the experimental values of
DEQ and d. An oxo-bridged dimer or FeIII radical cation (ligand-based oxidation) [40]
were ruled out at pH> 12. The S¼ 1 spin state is energetically more favorable than
both high- or low-spin states. Time-dependent (TD-DFT) analysis applied to the
optimized structure of 70 (Scheme 3.11) ensures structures of the lowest energy.
The theory predicts five- and six-coordinated iron(IV) in 70 and 700, respectively.While
the central metal in 70 does not hold axial water due to a strong trans effect of the axial
oxo ligand of charge�2, the six-coordinated iron with weakly bound water cannot be
excluded.

All oxidizing agents tested so far inwater increase the oxidation state of iron in 1 by
one equivalent to produce iron(IV). The iron(IV) oxidation state of in Fe–TAMLs is
generated by dioxygen in non-polar organic solvents [36], but iron(V) is produced
from 1 and organic peroxides in tert-butyronitrile [37]. Although the iron(V)–oxo
complex is a species ofmajor interest, we discuss it only lightly here because it has yet
to be observed in water. The speciation of these FeIV–TAML derivatives is pH
dependent. Themonomeric oxoiron(IV) complexes 7 dominates at pH > 12, whereas
at pH 8–10 the major species is the m-oxo dimer, similar to that easily made from 1a
and O2 in aprotic solvents (Scheme 3.12) [36].

Table 3.4 Anticipated parameters of the M€ossbauer spectra of
products generated from 1 and t-BuOOH in basic (pH> 12)
aqueous solution as calculated by DFT.

Model
Experimentally
observed

DEQ (mms�1) 4.4 3.6 3.5 2.5 1.8 3.9
d (mms�1) �0.07 �0.15 �0.12 0.16 �0.07 �0.19

Scheme 3.11 DFT-predicted lowest energy structures of oxidized species 70.
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Scheme 3.12 ORTEP structure of the black, dianionic m-oxo-
bridged diiron(IV) complex that is rapidly formed in a high yield
from 1a and O2 in CH2Cl2 or other weakly coordinating solvents.
The ellipsoids are drawn at the 50% probability level [36].

Asmentioned above, oxoiron(V) species such as 6derived from 1 and peroxides are
accessible in non-aqueous media [37]. The reaction of the tetraphenylphosphonium
salt of 1a with 2–5 equiv. of m-chloroperbenzoic acid (mCPBA) at �60 �C in
n-butyronitrile produces within about 10 s an iron(IV) dimer followed by an as yet
uncharacterized EPR-silent iron(IV) intermediate. After 15min, a deep-green
oxoiron(V) species 6with distinct absorptionmaxima at 445 nm (extinction coefficient
e¼ 5400M�1 cm�1) and 630nm (e¼ 4200M�1 cm�1). At �60 �C, it decays by 10%
in 90min, but it is stable for at least 1 month at 77K. Selected spectral data for the
oxoiron(V) species are shown in Figure 3.7. DFT calculations favor the low-spin
(S¼ 1/2) configuration of the ground state. The calculated Fe�Obond length of 1.60Å
is in excellent agreement with the EXAFS results. The Fe atom is displaced out of the
4-N plane by 0.5Å.

3.2.4
The Activity–Stability Parameterization of Homogeneous Green Oxidation Catalysts

3.2.4.1 Kinetic Model for Parameterization
The performance of catalysts is often characterized by the turnover number (TON)
and turnover frequency (TOF) [41]. The TON is the molar ratio of a product formed
compared with the amount of catalyst used. TON does not report directly on the
catalyst efficacy. The TOF, expressed in s–1, is the TON referred to a particular period
of time, i.e. the number of catalytic turnovers per second. Estimations of the TONand
the TOF can be somewhat arbitrary. For example, in the case of a self-degrading
catalyst, the effective TON may be artificially increased by lowering the catalyst
concentration and/or by raising the substrate concentration. The TON can also
be amplified by increasing the reaction time. The TOF is less dependent upon
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Figure 3.7 X band EPR (a) and M€ossbauer (b)
spectra of ca 2mM57Fe-enriched oxoiron(V)
compound 6 in n-butyronitrile. EPR: 28 K;
frequency, 9.66GHz; microwave power,
0.02mW,modulation, 1mT. The dashed line is a
spectral simulation. M€ossbauer: 140 K (A) and
4.2 K (B, C) in magnetic fields indicated; incident

g -beam perpendicular (B) and parallel (C) to the
applied field. The solid lines are spectral
simulations. They represent 95% of the total
absorption. Arrows (in A and B) indicate a decay
product (3% of Fe) with DEQ¼ 3.4mms�1 and
d¼ 0.08mms�1 [37].

conditions, but there is also room for manipulation. As macroscopic parameters of
catalyst performance, the TON and TOF do not give a particularly deep insight into a
catalytic process. They are silent with respect to the operational stability of the catalyst,
which is influenced by both catalytic activity and stability under the operating
conditions. Studies of catalytic processes involving transitionmetal complex catalysts
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often focus on the speciation under the reaction conditions, the nature of active
species and the intimate characteristics of the reaction of the active species with the
substrate. The activity loss or catalyst inactivation while the catalyst is functioning is
also a very important feature, but it is generally less studied. In the area of the
development of peroxidase mimics, suicidal (intramolecular) and homicidal (inter-
molecular) self-destruction, which together can be labeled �catalystacidal
degradation�, involving oxidation or reduction, attack by activated substrates, solvol-
ysis, ligation by medium components and/or reaction product/s, etc., have received
less priority by chemists. On the other hand, the kinetics andmechanisms of enzyme
inactivations have been extensively investigated by biochemists, enzymologists and
microbiologists. Understanding of thermal denaturing, autolysis, aggregation,
chemical transformation of key functional groups, etc., has become a powerful tool
for increasing the functional performance of biocatalysts [42–45].
The progress of green chemistrywill likely bringmany improvements to catalysis as

it is currently practiced by the chemical industry [46, 47]. Avant garde catalysts are
beginning to acquire features of biological systemswhile promising at the same time
to underpin technologies that improve both economic and environmental perfor-
mance. Industrial catalysts should turn enzyme-like for processes that entail release
to the environment as the eventual fate, i.e. efficient, non-toxic by known standards
and sufficiently fragile so as not to create a persistence problem with all that might
entail for unintended toxic consequences. Ideally, a homogeneous catalyst in, say, an
aqueous effluent stream should self-destruct when its intended work is done and/or
be subject to biological decomposition. Nature has developed enzymes to have
limited lifetimes. Industrial catalysts that are to be released to the environment as
part of the technology should be similarly designed. The degradation behavior of
synthetic oxidation catalysts is a particular challenge. Enzymatic oxidations are two-
reagent reactions. A first reagent delivers oxidizing equivalent(s) (kI) followed by
oxidation of the targeted substrate (kII) (Scheme 3.13). The active catalyst may be
involved in intramolecular (ki) or intermolecular (k2i) oxidative self-destruction.

Scheme 3.13 Overview of the current mechanism of catalysis by
Fe–TAML activators (not showing catalase-like activity). The rate
constant kd describes the medium-induced demetalation
of 1 [8, 19]; ki and k2i refer to intra- or intermolecular catalystacidal
inactivation. The catalysis is commonly run using very low
concentrations of 1, hence the k2i-driven pathway is essentially
negligible [32].
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Enzymes are often protected from inactivation by their polypeptide containment.
Lowmolecular weight synthetic catalysts are not, and so other design elements need
to replace the features the protein brings to directing the course of the catalytic cycle
and to obviating undesirable rapid catalyst degradation [48].
However, as noted above, the catalyst should degrade after the catalysis is

accomplished before release to the environment. The catalyst lifetime driven by ki
and/or k2i should be significantly longer than the time required for catalytic turnovers
driven by kII. The approach we have developed for FeIII–TAMLs for assessing
quantifying several key features of the pertinent kinetics allows for the simultaneous
determination of kII and ki [32]. It holds when the formation of the active catalyst
driven by kI is fast and the catalyst concentration is very low such that the k2i pathways
can be neglected.
In studying the oxidation process spectrophotometrically, if step I (Scheme 3.7) is

fast and the oxidation is set up to be incomplete (Figure 3.8), the kinetic trace can be
analyzed using Equation 3.4, thereby allowing the determination of kII and ki:

ln ln
At

A¥

� �
¼ ln

kII
ki

FeIII
� �

t

� �
�kit ð3:4Þ

where At and A¥ are absorbances at time t and at the end of reaction (t¼¥),
respectively, and [FeIII]t is the total catalyst concentration [32]. Note that Equation 3.4
was obtained by integration:

� dðDt�xÞ
dt

¼ kIIðDt�xÞð½FeIII�te�kitÞ ð3:5Þ

Figure 3.8 Kinetics of 1a-catalyzed bleaching of
Safranine-O (4.3� 10�5M) by 0.012M H2O2.
Initial concentration of 1a (7.5� 10�8M);
aliquots of the same amount of 1a were added
after complete inactivation of the catalyst giving
rise to the stepped dependence. The dashed line

shows that addition of 0.012M H2O2 does not
resume the catalytic bleaching. The inset shows
the linearization of the data obtained after each
addition of 1a in terms of Equation 3.4 to give
consistent values of ki (
3.3� 10�3 s�1).
Conditions: pH 11, 25 �C [32].
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where Dt and [FeIII]t are total concentrations of the dye and the FeIII–TAML catalyst,
respectively, and x is the concentration of a bleached dye at time t. The boundary
conditions x¼ x¥ (x¥ is the concentration of bleached dye obtained with single
catalyst aliquot) when t¼¥.
The rate constants kII and ki obtained using Equation 3.4 reveal the following. (i)

The activity of FeIII–TAMLs in bleaching Safranine-O (kII) increases more than 10-
fold when the tail ethyl groups of 1a are replaced by electron-withdrawing fluorine
atoms in 1k. The rate constant kII for 1k which equals 105M�1 s�1 at 25 �C is similar
to the rate of oxidation by horseradish peroxidase Compound II of anilines and
phenols [49]. (ii) The rate constants ki also increase on going from 1a to 1k and a
similar 10-fold gap holds. Under the operating conditions, i.e. [H2O2]¼ 0.012M,
[Safranine-O]¼ 4.3� 10�5M, pH 11 and 25 �C, the half-lives, t½, for catalysts 1a
and 1k are 7.7 and 0.88min, respectively.
Eight structurally similar, but electronically different, FeIII–TAML catalysts 1, all

with R¼Me, have been investigated, ending up allowing the development of the
curious LFER plot shown in Figure 3.9. Electron-withdrawing substituents (NO2,
NMe3

þ , COOEt, Cl) increase the oxidizing power of the catalysts with respect to
Safranine-O (kII), but retard the intramolecular inactivation (ki). The most resistant-
to-inactivation catalyst is the nitro-substituted FeIII–TAML 1e. This suggests that the
aromatic components of FeIII–TAML catalysts are vulnerable to oxidative degrada-
tion. The six-membered ring is the primary site for degradation in organic solvents
when this is substitutedwith ethyl groups, which are the initiation site of degradation
based on a methylene H-atom abstraction [14].
Substitution with methyl groups slows the rate significantly because the methyl

C�H bonds are stronger than the methylene C�H bonds and this iteration in the
design of our catalysts [7] allowed for the generation of useful catalysts. Although
attack at the methyl groups may still be occurring (perhaps in the intermolecular
channel), the increased catalyst stability produced by the addition of electron-

Figure 3.9 LFER between the rate constants kII for bleaching
Safranine-O and ki for intramolecular inactivation in the series of
�head�-substituted FeIII–TAML catalysts with methyl tail groups.
Conditions: [H2O2] 0.012M, 25 �C, pH 11.0. The data point for 1a
was ignored in the linear regression [32].

58j 3 Chemistry and Applications of Iron–TAML Catalysts in Green Oxidation Processes



withdrawing groups to the head portion of themacrocycle indicates the active catalyst
destroys itself via the oxidative damage at this group and electron-withdrawing
substituents protect the ligand system from whatever damage is occurring. These
results pertain to very low catalyst concentrations where intramolecular or at least
unimolecular catalyst degradation is occurring. The ki value for 1a is higher than
the other data in the LFER would predict – if this datum is neglected, the slope of
the resulting straight line equals�1.0� 0.3. This is unusual because a positive slope
might be anticipated with more reactive catalysts decomposingmore rapidly, but the
odd behavior provides a very useful tool for thinking about tuning the catalytic activity
and stability of FeIII–TAML catalysts by continuing to identify the next most
vulnerable site via the Collins iterative design process for achieving peroxidase
mimics [7, 26].
The bleaching of Safranine-O when there is excess H2O2 relative to the dye is

affected by the H2O2 concentration. Deeper 1a-catalyzed bleaching of Safranine-O is
observed at lower concentrations of H2O2. While 19% bleaching is achieved at
[H2O2]¼ 0.12M, 31% is achieved at [H2O2]¼ 0.012M. Similar behavior has been
observed for heme chloroperoxidase from C. fumago, where it has been attributed to
the H2O2-induced irreversible inactivation of the enzyme [50]. The rate constants kII
are almost insensitive to [H2O2] – the reactivity of the oxidized Fe–TAML should not
depend on the H2O2 concentration. The rate constants ki for 1a and 1e increase with
increasing H2O2 concentration and ki¼ kia þ kib[H2O2]. This two-term equation
guides one to keep [H2O2] at the lowest possible level because, in addition to the
catalase-like activity displayed by FeIII–TAML catalysts at high [H2O2], resulting in
waste of H2O2 [51], hydrogen peroxide is an inactivator of the FeIII–TAML catalysts.
The value of kia is almost six times lower for the NO2 ring-substituted catalyst 1e
compared with the ring-unsubstituted 1a. Hence changing the electronic properties
of the head component of the catalysts is a simple tool for protection from
intramolecular inactivation [32].

3.2.4.2 Model Verifications
Equation 3.4 when rearranged to Equation 3.6, describes the relative conversion of
substrate (At/A0) as a function of time. This equation is convenient for simulating the
catalyst performance and for comparison of such simulations with experimental
data. Equation 3.6. eliminates the illusion that might be gained from Figure 3.8 that
1-catalyzed bleaching is always incomplete.

At

A0
¼ exp

kII
ki

½FeIII�tð1�e�kitÞ
� ��1

ð3:6Þ

Instead, this �regime of incompleteness� can serve as a tool for evaluating ki.
Figure 3.10a demonstrates different regimes of bleaching calculated using Equa-
tion 3.6. The bleaching will be complete when the catalyst concentration reaches
10�6M and ki� 10�3 s�1 (Figure 3.10a, e). At lower [FeIII–TAML], the bleaching is
slower and incomplete. It is also incomplete at higher catalyst concentrations
([FeIII]� 10�6M) and larger ki values (Figure 3.10a, c,d).
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The mechanistic hypothesis has been supported by a match between the experi-
mental and calculated data using known ki and kII values. Figure 3.10b shows the 1a-
catalyzed bleaching of Safranine-O at different [1a] for comparison. The experimental
and calculated curves agree and illustrate that complete bleaching of the dye is
achievable by just increasing the 1a concentration. Nevertheless, the value of the [1a]
required for complete bleachingwas found to be remarkably low at 10�6M. Also, this
very catalyst requirement was found for Safranine-O, which is a relatively difficult to
oxidize dye.

Figure 3.10 (a) Simulated bleaching of a
hypothetical dye using Equation 3.6 at different
concentrationsof FeIII–TAMLcatalyst (inM)with
the rate constants ki (in s

�1) and kII (inM
�1 s�1).

The numerical values are indicated on the graph.
(b) Normalized experimental and simulated

bleaching of Safranine-O (4.3� 10�5M) by
H2O2 (0.012M) catalyzed by 1a at pH 11 and
25 �C. Experimental data are shown as D and^.
The simulations, shown as solid lines, were
made as in (a) [32].
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Work is ongoing to quantify the relative importance of intermolecular pathways of
Fe–TAML catalyst inactivation, and this should also be significant in eventual process
optimization procedures. A further call for development involves the most general
case without putting limitations on the rate constants kI and kII. Developing this
treatment we believe will be vital when significantly higher catalyst concentrations
are used and where the bimolecular suicidal oxidative inactivation of Fe–TAML
catalysts is driven by k2i to the point that it cannot be neglected in the modeling – an
example where such conditions pertain can be found in the killing of spores by
Fe–TAML–peroxide [28].

3.3
Applications of Fe–TAMLs

3.3.1
Degradation of Phosphorothioate and Phosphate Esters

3.3.1.1 Total Degradation of Organophosphorus (OP) Pesticides
Organophosphorus triesters account for an estimated 34% of worldwide insecticide
sales. Their widespread use in agriculture is linked to human health and environ-
mental concerns associated with cholinergic toxicity and, in some cases, delayed
neuropathy. Some thiophosphate pesticides are endocrine disrupting chemicals
(EDCs) [29]. Their pest-controlling benefits are also marred by environmental
burdens. In addition to deliberate spraying, spillages resulting from farming activi-
ties often occur during filling operations of the spray equipment and subsequently
during washing of the equipment after completion of spraying and these processes,
which often take place in areas of farms where people and animals live, could
contaminate surface or groundwater. There are also about 500 000 tonnes of unused
or obsolete pesticides, including OP pesticides, scattered throughout the developing
world awaiting disposal, where leaks or improper disposal can lead to severe
environmental contamination [52].
The disposal of obsolete pesticides and the remediation of associated contaminat-

ed sites have become issues of worldwide concern because of the adverse implica-
tions for human health and the environment. Hydrolytic detoxification approaches
for thiophosphate esters are inadequate, because these do not satisfactorily resolve
concerns associated with the toxicity of the hydrolyzates. Treatment of the OP
pesticides parathion, chlorpyriphos, fenitrothion and chlorpyriphos methyl
with 1k and H2O2 at 25 �C and pH 8 resulted in rapid total degradation within a
fewminutes. The 1k: H2O2 ratio was of the order of 1 : 1000 to 1 : 10 000. The kinetics
of fenitrothion degradation were followed by UV–visible spectroscopy at 396 nm and
were found to indicate the rapid formation of the intermediate, 4-nitro-3-methyl-
phenol, which is then more slowly degraded to completion by Fe–TAML–peroxide
(Figure 3.11) [29].
UsingHPLCanalysis, the generation of 4-nitro-3-methylphenol as themajor initial

product (90%) and its concomitant degradation were confirmed, along with the
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identification of a minor product (10%), namely fenitrooxon, a product of oxidative
desulfuration. For the reaction to proceed to complete degradation, fenitrooxon could
be induced by perhydrolysis to form 4-nitro-3-methylphenol by conducting the
reaction at pH 10. The Fe–TAML–peroxide approach under optimized conditions
thus led to total degradation of OP pesticides to small aliphatic acids and partial
mineralization, leaving little residual aquatic toxicity as determined by Microtox
assays of the post-degradation mixtures (Scheme 3.14).

Figure 3.11 Kinetics of the decomposition of fenitrothion on
treatmentwith1k–H2O2 followed through time-lapsed absorption
at 396 nm. A very slow hydrolysis of fenitrothion (dotted line),
assisted by H2O2 when it was added without catalyst, was
observed at pH 8 [29].

Scheme 3.14 Treatment of fenitrothion by 1k–H2O2 results in
its total degradation, forming some small aliphatic acids
with partial mineralization [29].
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Fe–TAML–H2O2wasalsoshowntodegradediazinonandquinalphos(Scheme3.15),
resulting in rapid oxidative hydrolysis forming 2-quinoxalinol and 2-isopropyl-6-
methylpyrimidinol, respectively. However, these hydrolyzed products were relatively
resistant to oxidative decomposition under ambient conditions, requiring that the
temperature be raised to 65 �C to achieve reasonably rapid degradations.

3.3.1.2 Decontamination of Chemical Warfare Agents
Many chemical warfare (CW) agents are OP esters (e.g. soman and VX)
(Scheme 3.16), which react irreversibly with the enzyme acetylcholinesterase. VX
and other nerve agents such as tabun, sarin, soman and GF contain phosphorus
centers that can be hydrolyzed leading to cleavage of P�OR or P�SR bonds to result
in detoxification. New decontamination technologies that more rapidly destroy these
agents rely upon a combination of hydrolysis and oxidation chemistry. The successful
degradation of OP insecticides by 1–H2O2 under ambient conditions suggested that
these nerve agents might also be subject to rapid and complete degradation.

Experiments with �live agents� (GD and VX) (Scheme 3.16) conducted at the US
Navy�s Surface Warfare Center at Dahlgren, VA, have shown good promise for
decontamination even employing one of the least aggressive Fe–TAML catalysts such
as 1b and tert-butyl hydroperoxide in an amine oxide-based microemulsion [53]. It
was noteworthy that the Fe–TAMLs demonstrated the highest reactivity and stability
in an evaluation of over a dozen different catalysts (Fe–TAML and non-Fe–TAML) in
combination with several different peroxygen compounds. The studies included
systems wherein the peroxygen compounds were generated in situ as a method for
enhancing the shelf-life and functional stability of the overall system.

Scheme 3.15 OP pesticides studied for degradation with 1k–H2O2.

Scheme 3.16 OP chemical warfare agents GD and VX were found
to degrade rapidly on treatment with a relatively non-
aggressive 1b–t-BuOOH system in an amine oxide-based
microemulsion.
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3.3.2
Sulfoxidation Reactions

3.3.2.1 Reactions of Organic Sulfides
Selective oxidations of sulfur-containing compounds can be industrially significant.
An example is the selective oxidation of organic sulfides to sulfoxides. Sulfoxides have
several important uses as building blocks in organic synthesis and as therapeutic
agents. Oxidations of sulfides to sulfoxides by hydrogen peroxide in various solvents
and with several transition metal-based catalysts have been reviewed [54].
TheFe–TAML–H2O2 systemprovides a convenient, high-efficiencymethod for the

selective oxidation of sulfides to sulfoxides or sulfones. The conditions of the
Fe–TAML–H2O2 system can be mild with varying pH including the often desirable
alkaline range, both weakly alkaline and strongly alkaline for different purposes. By
all measures of toxicity and ecotoxicity to date the system is environmentally friendly.
The peroxide reagents are relatively non-toxic, especially in the low concentrations
required for Fe–TAML processes, and the organic products can be readily separated.
Thus, Fe–TAML–H2O2 treatment of di-n-butyl sulfide under ambient conditions
leads to rapid oxidation to a mixture of the sulfoxide and sulfone. The process
proceeds through the sulfoxide and the reaction conditions can be designed to favor
this intermediate product. Di-n-butyl sulfide is oxidized to di-n-butyl sulfoxide with
equimolar aqueous H2O2 (supplied from 30%) alone at 35 �C in about 18 h [55]. In
comparison, di-n-butyl sulfide, on treatment with 1a–H2O2 (1 : 2000), was oxidized to
predominantly di-n-butyl sulfoxide within 5min at ambient temperature and neutral
pH (Scheme 3.17).Whenhydrogen peroxidewas used in significant excess (1 : 5000),
the reaction proceeded predominantly to di-n-butyl sulfone [56]. The Fe–TAML–
H2O2 system offers rapid reaction rates compared with a well-studied example of an
analogous catalytic process based on methyltrioxorhenium(III), CH3ReO3 [57].

3.3.2.2 Decontamination of Sulfur Mustard
Sulfur mustard [bis(2-chloroethyl) sulfide, HD] is a vesicant (blistering agent), which
produces chemical-induced degradation of flesh on contact. Rapid oxidation of the
sulfur center plays a significant role in decontamination of sulfur-containing
chemical warfare agents such as HD mustard gas. HD is an organic sulfide that
is subject to detoxification by selective oxidation to the sulfoxide. The sulfoxide is

Scheme 3.17 By controlling the activator:peroxide ratio,
Fe–TAML (1a)–H2O2 canbe employed to oxidize di-n-butyl sulfide
predominantly to di-n-butyl sulfoxide.
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much less toxic than the parent compound, but the sulfone exhibits intermediate
toxicity and so oxidative decontamination processes must be designed to avoid its
production [58].
1a–H2O2 treatment of 2,20-thiodiethanol, a surrogate for sulfur mustard, has been

found to result in the formation of the corresponding sulfoxide in quantitative yield in
10min. No further oxidation to the sulfone was observed even after 30min. In the
absence of 1a, <50% conversion of thiodiethanol (0.01M) to sulfoxide was observed
in 1 h withH2O2 (0.05M) alone [56]. In a live test on sulfur mustard conducted at the
Defence Science and Technology Laboratory (DSTL) at Porton Down, UK, treatment
with 1k–H2O2 in a mixture of 30% t-BuOH and 70% aqueous peroxide (5%), the
reaction proceeded with highly selective formation of preferred sulfoxide
(Scheme 3.18), giving ameasured �half-life� of
2min., which represents the desired
rate for a viable battlefield decontamination system [59].

3.3.2.3 Removal of Benzothiophene and Dibenzothiophenes from Diesel
Human health and environmental issues associated with diesel exhaust led the US
Environmental Protection Agency (EPA) recently to mandate reduction of the sulfur
content of diesel from 500 to 15 ppm and of gasoline from 300 to 30 ppm [60]. It is
estimated that the petroleum refining industry will need to spend ca $8 billion over
the next few years to meet these new EPA standards, especially, if attractive
alternatives to hydrocracking are not developed.
Many oxidation approaches are focused on conversion of thiophenes to sulfoxides

or sulfones, since these can be more easily separated from the petroleum base
products. However, oxidation of the sulfur atom is challenging in dibenzothiophene
(DBT) and its derivatives, especially when it is sterically hindered as in 4-methyldi-
benzothiophene (4-MDBT), and evenmore so in 4,6-dimethyldibenzothiophene (4,6-
DMDBT) (Scheme 3.19), both of which are common sulfur contaminants fuels. One
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Scheme 3.18 1k–peroxide treatment of dichloroethyl sulfide
(sulfur mustard) results in the exclusive formation of the
corresponding sulfoxide.

Scheme 3.19 Treatment of dibenzothiophenes with the
aggressive system 1k–H2O2 produces under the chosen
conditions the corresponding sulfones via the sulfoxides [30].
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of the significant capabilities of the 1–peroxide system includes its ability to oxidize
rapidly at the sulfurs of dibenzothiophenes, heralding a new potential technology for
desulfurization of petroleum. The oxidation reactivity of 1k–H2O2 to different
dibenzothiophenes was found to be in the order DBT > 4-MDBT > 4,6-DMDBT,
based on the time taken for 50% conversion to the corresponding sulfones [30].

3.3.3
Breaking of Disulfide Bonds and the Likely Significance for the Disinfection of Spores

Oxidative disruption of�S�S� bonds in the coats ofBacillus andClostridiamay well
facilitate disinfection processes of spores and related genera based on oxidation
reactions. The coat is a protein shell which encases the spores to provide protection
from the environment.

3.3.3.1 Oxidative Rupture of Organic Disulfides
Oxidation of disulfides with strong oxidizing agents, such as peracids, is known to
rupture disulfide bonds to produce industrially important alkanesulfonic acids.
Disulfides are more resistant to oxidation in comparison with thiols and their
oxidations usually require a stronger oxidant, a large excess of the oxidant, higher
temperatures or a catalyst [61]. Treatment with 1k–H2O2 of cystine at room tempera-
ture and pH 10 resulted in the cleavage of the disulfide bond and complete oxidation
of the sulfur atoms to >90% cysteic acid within 1 h compared with <5% with H2O2

alone (Scheme 3.20).

This result suggested to us that this Fe–TAML system might be useful in the
disinfection of spores [61]. The need for better spore-killing systems became very
apparent after the anthrax terrorist attacks of 2001 on places such as the Hart Senate
Building.

3.3.3.2 Deactivation of Microbial Pathogens
Bacterial spores, which are the dormant bodies produced by a variety of Bacillus and
Clostridium spp. in response to environmental stress or starvation, are well adapted
for survival under adverse conditions such as heat, chemicals and radiation. As a
result, B. anthracis spores are considered to be among the most difficult biological
warfare and terrorism (BWT) agents to destroy. Spore hardiness derives in part from
two structurally complex and chemically robust encapsulating layers—amultilayered

Scheme 3.20 Fe–TAML (1k)–H2O2 treatment of cystine leads to
the rupture of disulfide bond resulting in near quantitative
conversion to cysteic acid.
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protein shell known as the coat that excludes macromolecules and the peptidoglycan
cortex that provides structural stability. There are in addition various membrane
layers. The resistance of bacterial spores to enzymatic and chemical treatments has
been attributed partly to the presence of protein disulfide cross-linkages in the spore
coat that contain an unusually high content of cysteine residues [62]. On oxidation,
cysteine (a thiol) forms cystine (a disulfide) [63]. The �S�S� bond can be ruptured
on further oxidation leading eventually to complete oxidation of the sulfur atoms to
form sulfinic and sulfonic acids [64].
Bacterial spores of Bacillus atrophaeus are widely accepted as non-toxigenic

surrogates for exceptionally resistant B. anthracis spores and as indicators for
water-borne protozoa such as Cryptosporidium parvum, a bane of drinking water
treatment plants. In studies with bacterial spores ofBacillus atrophaeus (ATCC 9372),
the 1k–peroxide oxidant system exhibited a facility for rapid deactivation. Treatment
ofB. atrophaeuswith 1k in the presence of 0.5Mtert-butyl hydroperoxide (TBHP) and
0.03% cetyltrimethylammonium bromide (CTAB) at pH 10 achieved a 7-log kill in
15min (Figure 3.12) [28].
The efficiency of Fe–TAML–TBHP with CTAB for decontaminant of bacterial

spores has been separately validated by Setlow�s group in deactivatingBacillus subtilis
spores [65]. A Gram-negative bacterium E. coli strain DH5a was also effectively
deactivated on treatment with Fe–TAML–peroxide system. Similarly, T2 phage
viruses, which infect E. coli and are used as indicator for water-borne viruses, could
be effectively deactivated with 1k–H2O2, achieving a 5-log kill in just 5min without
the use of buffering salt or surfactant [28].

3.3.4
Oxidative Degradation of Phenols

3.3.4.1 Total Degradation of Trichloro- and Pentachlorophenols
A broad scientific search has been under way for almost two decades to find a facile,
inexpensive, environmentally safemethod for degrading chlorophenols into harmless

Figure 3.12 (a) Time dependence of the deactivation of B.
atrophaeus spores with various concentrations of 1k. (b) Bar chart
showing levels of deactivation achieved in 15min with different
concentrations of 1k [28].
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products. Over the past six decades, chlorophenols have found wide use in pesticides,
disinfectants, wood preservatives, personal care formulations and many other pro-
ducts. They are significant components of the effluent streams of pulp bleaching with
elemental chlorine. However, growing knowledge of the toxicities and environmental
fates of specific chlorophenols has caused governments to regulate these compounds;
five chlorophenols are listed by the US EPA as priority pollutants, including 2,4,6-
trichlorophenol (2,4,6-TCP) and pentachlorophenol (PCP). Chlorinated phenols
persist for decades in the environment because of their resistance to microbiological
degradation, leading to the accumulation of these toxic molecules [66].
The electron-withdrawing substituents in the aromatic compounds make them

resistant to chemical or biological oxidation and hydrolysis [67]. Nevertheless, 1a–
or 1k–H2O2 treatment of chlorophenols, such as 2,4,6-trichlorophenol and penta-
chlorophenol, led to their total degradationmostly through an oxidative ring-opening
pathway andmineralization (Scheme 3.21). In fact, an increased number of electron-
withdrawing chlorine groups on the phenol ring led to an increasingly facile
degradation (initial degradation rate: PCP>TCP > 2,4-DCP). A similar facile oxida-
tive degradation of trichloro-2-pyridinol, a hydrolyzed product ofmethyl chlorpyrifos,
described earlier, was observed on treatment with 1k–H2O2 [68].

3.3.4.2 Total Degradation of Nitrophenols
Nitroaromatic compounds, such asnitrophenols, are toxic tomany aquatic organisms.
These compounds are generally recalcitrant to biological treatment and remain in the
biosphere, where they constitute a source of pollution due to both toxic andmutagenic
effects on humans, fish, algae and microorganisms [69]. The majority of these
synthetic pollutants originate from the aqueous waste of many chemical industries,
namely pesticides, explosives and dyes. There ismuch concern over the occurrence of

Scheme 3.21 Fe–TAML (1a)–H2O2 breaks up
the persistent pollutant TCP into smaller, acyclic
products, which can be consumed by
microorganisms. The catalyst shows similar
activity for another persistent pollutant,
pentachlorophenol. The mass balance of 90% of
the carbon and >95% of the chlorine was

accounted for in each case. No dioxins were
produced within the limits of detection of the
mass spectrometers at the Institut f€ur
Ökologische Chemie, GSF-Forschungszentrum
f€ur Umwelt und Gesundheit, in Neuherberg,
Germany.
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the nitro compounds, their by-products and especially their biotransformation pro-
ducts in soil and ground water in the vicinity of former production sites [70]. The US
EPA has categorized several of nitroaromatics as priority pollutants. Engineering a
process for the rapid and effective removal has been of paramount concern for the
environment and has remained a field of active research for some time.
The 1l–H2O2 treatment of fenitrothion led to initial formation of 4-nitro-2-

methylphenol as an intermediate, which proceeded to total degradation under the
catalytic oxidation conditions. This observation could be reproduced on treatment of
4-nitro-2-methylphenol with 1l–H2O2 (Figure 3.13). A similar observation was made
with 4-nitrophenol, an intermediate formed on treatment ofmethyl parathion and/or
parathion with 1k–H2O2, which was also readily degraded [29].
The reactivity of 1l–H2O2 to hydroxyaromatic compounds is characterized by facile

oxidative ring cleavage of phenols with electron-withdrawing chloro and nitro
substituents. However, compounds with electron-donating aryl and alkyl groups,
such as 2-quinoxalinol and 2-isopropyl-6-methyl-4-pyrimidinol, which are trans-
formed into quinoxaline and diazinone, respectively, were found to react more
slowly, needing thermal activation for total degradation. We continue to pursue
more aggressive Fe–TAML systems and may be able to develop systems that will
reproduce the ambient reactivity found for more oxidizable substrates for these less
oxidizable ones.

3.3.5
Degradation of Emerging Micropollutants

The occurrence of pharmaceuticals and personal care products in water supplies
is of increasing human health and environmental concern. Conventional water
treatments have a low rate of removal of these contaminants. Some pharmaceuticals
are EDCs,which can impair living organismsby interferingwithhormonal processes
controlling cellular development [71].

Figure 3.13 Oxidative degradation of 4-nitro-2-methyl phenol
with 1l–H2O2 at pH 8: time-lapsed UV–visible spectra.
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3.3.5.1 Endocrine-disrupting Compounds
The active ingredient in the birth control pill 17a-ethinylestradiol (EE2) is one such
EDC, which is excreted by humans to produce a major source of artificial environ-
mental estrogenicity. Similarly, natural estrogens found in animal waste from
concentrated animal feeding operations (CAFOs) can also increase estrogenic activity
of surface waters [71]. A 1a–H2O2 treatment rapidly degraded 17a- and 17b-estradiol
(E2), estriol (E3), estrone (E1) and 17a-ethinylestradiol (EE2) (Scheme 3.22), with
apparent half-lives of approximately 5min, and included a concomitant loss of
estrogenic activity as established by E-Screen assay [72]. The study highlights the
extremely low concentrations at which Fe–TAML catalysts can function, both in
the amount of catalyst required and with trace quantities of substrates. Thus, the
conditions employed 83 nM 1a (a relatively non-aggressive Fe–TAML) and 80mM
estrogen (testosterone). The H2O2 concentration was 4mM, but this what not
optimized and presumably could have beenmuch lower. Under these non-optimized
conditions, 1 kg of 1a would be enough to treat more than 20 000 tonnes of water.

3.3.5.2 Degradation of Pharmaceutical Active Ingredients (PAIs)
At present, there are no regulatory guidelines for the levels of pharmaceutical
ingredients in drinking water. In a first attempt, Australia�s national authority for
regulating water quality, the Australian Environment Protection and Heritage
Council, is considering proposing a daily intake of 1% of the lowest recommended
therapeutic dose (LRTD) for all the drugs and 0.1% for cytotoxins and endocrine

Scheme 3.22 Fe–TAML (1a)–H2O2 treatment of estrogenic
steroid hormones results in their total degradation with
concomitant loss of estrogenic activity.
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disrupting compounds, as the new draft Guidelines for Water Recycling [73]. In the
coming year or two, we expect to publish numerous studies indicating the effective-
ness of Fe–TAML–peroxide processes for removing various emerging active phar-
maceutical ingredient (API) micropollutants from the water supply.

3.3.6
Bleaching of Azo Dyes

The textile industry produces large quantities of colored effluents, presenting
significant environmental problems worldwide. Approximately 80 dyes form the
global industry�s palette for the coloring of commercial fabrics. Modern textile dyes
are chemically stable and resistant to degradation by sunlight, water, soap, bleach and
perspiration. Azo dyes that incorporate the�N¼N�moiety constitute up to 70% of
all textile dyestuffs produced [74]. They are difficult to degrade in textile wastewaters
under the aerobic conditions that prevail in biological treatment plants. Dyes in
wastewater create aesthetic problems, limit the possible uses of the water and reduce
the efficacy of microbiological wastewater treatment because they may be toxic to
microorganisms.
The complete bleaching of an extensive range of industrial dyes, which repre-

sent worldwide disposal problems because of strong resistance to oxidation, has
been achieved with Fe–TAML–H2O2 system. For most dyes, the process proceeds
rapidly at room temperature. Typical examples of azo dyes include Orange II and
tartrazine (Scheme 3.8). Treatment of an aqueous solution of Orange II
with 1a–, 1k– or 1l–H2O2 at pH 9–11 led to rapid degradation with the formation
of CO2, CO, phthalic acid and smaller aliphatic carboxylic acids as major
degradation products (Figure 3.14) [31]. A similar observation was made with
tartrazine degradation [75].

Figure 3.14 Time-lapsed changes in spectral absorbance of
Orange II at 350 nm on catalytic oxidation by 1a–H2O2. [1a]
2.6� 10�7M, [Orange II] 2.7� 10�5M, [H2O2] 4.4� 10�4M, pH
9, 25 �C. The inset shows changes of absorbance at 350 nm with
time.
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3.3.7
Pulp Bleaching and Craft Mill Effluent Treatment (PFe Process)

Paper manufacture is one of the larger industries in the USA. The bleaching of
wood pulp for white paper production involves some of the largest flows of matter
between the economy and the environment. Every year, the paper industry produces
>100 million tonnes of bleached pulp to turn it into white paper. This industry
provides a significant arena in which green chemists might improve the environ-
mental impact of technology, but at the same profit margins are small such that any
new technologies must meet demanding economic goals in addition to improving
environmental performance. In pulp bleaching, the Fe–TAML peroxide process
(PFe) shows high selectivity for lignin over cellulose oxidation, allowing for rapid
stripping of the lignin residues from wood pulp (Figure 3.15) [76]. It is critical to the
quality of the final pulp and derivative paper products that the oxidizing agent
should selectively decompose the colored lignin polymer while not degrading the
white cellulosic polymers.
Bleaching of the pulp with chlorine-based oxidants generates chlorophenols,

dioxins (much less with ClO2 than with Cl2) and other potentially toxic and recalci-
trant organochlorines, in addition to discharging a coffee-colored effluent that stains
streams and rivers and blocks light from penetrating the water. The sources of
the staining are large colored fragments of lignin, the polymer that binds the cellulose
fibers in wood. 1n–H2O2 treatment was able to remove color from an Eop filtrate
by up to 78% and eliminated organochlorines (determined as AOX) by 29%
(Figure 3.16) [76, 77].

Figure 3.15 Selectivity for bleaching of kraft pulp with 1n–H2O2

(4%) (each addition of 0.1mg and data taken 7.5min after
each addition) at 90 �C. Q indicates EDTA pretreatment
and � indicates treatment in the presence of diethylenetriamine
pentamethylenephosphonic acid (DTMPA). DE (shown as a line)
is ClO2 treatment followed by alkaline extraction.
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3.4
Conclusion

Fe–TAMLs mimic the activity of both peroxidase [1, 2] and cytochrome P450
enzymes [3, 5]. Recent identification of stable iron(IV) species in water [35] and
iron(V) oxo species in an organic solvent [37] produced from Fe–TAMLs and
peroxides indicates that Fe–TAMLs do indeed substantially mimic peroxidase
enzymes [1, 2] in their interaction with peroxide. For example, Fe–TAML–H2O2

treatment of phosphorothioate pesticides, such as fenitrothion, parathion and
chlorpyrifos, has been reported to result in their total degradation [29]. However,
the initial reaction produced both hydrolysis and oxidation products, which were
found to be similar to the products of the reaction catalyzed by cytochrome
P450 [78]. At the same time, chloroperoxidase treatment in the presence of
H2O2 and Cl� ions gave only oxon derivatives (phosphates) with an oxygen atom
instead of sulfur atom at phosphorus [79]. Synthetic catalysts including Fe–TAMLs
do not have steric limitations as imposed by the protein component of
enzymes such that the close approach of substrates to the oxidized metal center is
relatively unimpeded. The major structural difference between peroxidases and
cytochrome P450s is that substrates can approach the heme iron only in the case
of cytochrome P450. Therefore, the actual reaction between the oxidized Fe–TAML
and a substrate may more closely mimic cytochrome P450 enzymes because in
catalysis, peroxidase reactivity is limited by the access of the substrate to the oxidized
iron [5, 80, 81]. At our present state of understanding, Fe–TAMLs arewell described as
being green oxidation catalysts. They have a growing number of applications for
cleaning water of recalcitrant pollutants and hardy pathogens and offer a potent new
tool for transforming water from polluted streams and river systems to cleaner and
perhaps potable water. In the coming years, we expect to report on a large number of
new such applications.

Figure 3.16 Bleaching of a kraft mill effluent by 1n–H2O2

monitored by UV–visible spectroscopy at 350, 400, 450 and
500 nm. A control was monitored at 400 nm with H2O2 only.
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4
Microwave-Accelerated Homogeneous Catalysis in Water
Luke R. Odell and Mats Larhed

4.1
Introduction

The advancements in microwave-assisted metal catalysis in neat water have already
been remarkable in many ways, a fact that is equally valid for the actual chemical
progress made and for the sheer number of recent publications [1]. Five years ago it
was possible to include all the literature in the area within the scope of a few pages. In
2007, the range of investigated transformations and the number of examplesmake it
difficult even to include all examples in a book chapter [1]. Thismini-review attempts
to give an overview of microwave-promoted metal-catalyzed homogeneous transfor-
mations in neat water, providing a personal selection of both pioneering and recently
published work. Covered areas include cross-couplings, Heck reactions, carbonyla-
tions, Sonogashira reactions, nucleophilic substitutions and some additional trans-
formations. It is notable that all available published examples were conducted on the
laboratory scale. After a brief background on microwaves [2–4], water as reaction
medium [5] and transition metal catalysis [6], we present preparative examples
and discuss the impact and future potential in both catalysis and sustainable
chemistry [7, 8].

4.1.1
Microwave Heating

In principle, allmetal-catalyzed organic transformations require an input of energy to
proceed at a useful rate. In the correct amount and in the right form, energy drives the
catalytic cycle forward, providing the desired product with high selectivity and in high
yield. In the wrong amount or in the wrong form, energy can instead completely
inhibit the catalytic process [9, 10]. Hence the regulation of the energy input and the
choice of the energy source are of vital importance in homogeneous catalysis. Among
the available alternatives, microwave irradiation has a huge potential to provide
controlled energy directly to the molecules of interest [10].
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Microwaves are able to heat a reaction mixture by two general mechanisms,
dipolar polarization and ionic conductance [2–4]. All non-crystalline solids and
liquids that contain dipoles and/or charged species can absorb microwave energy
and convert it into heat. This is a consequence of the fact that dipoles and ions are
constantly trying to align themselves to the electric component of the oscillating
electromagnetic vector of the microwave field, resulting in rotation of molecules
and oscillation of ions.Hence themicrowave energy absorbed in this process is first
converted to kinetic energy, which is then transferred into thermal energy through
molecular friction [2–4]. To accomplish efficient heating, it is important that the
frequency of the applied microwave radiation is within certain limits. If the
frequency is too low, the dipoles will have time to align with the electric field and
smoothly follow the field fluctuations, resulting in poor heating. If instead it is too
high, the dipoles will not have time to realign themselves to the quickly alternating
field, which means no molecular motion is created and therefore no heat is
generated [10]. The frequency used by both microwave synthesizers and domestic
microwave ovens (2450MHz, l¼ 12.2 cm) is located between these extremes
where dipoles have time to realign partly with the oscillating electric field but are
not quite able to follow the field fluctuations. The end result is effective in-core
heating [4].
Since the mid-1990s, an increasing number of research reports have indeed

demonstrated that controlled microwave heating can be used to carry out almost
all types of organic transformations that require thermal energy [11], including
reactions catalyzed by homogeneous metal complexes [12]. Furthermore, with
microwave in situ heating the thermal energy does not need to be transferred
via the vessel wall, avoiding wall effects and the associated decomposition of
sensitive catalysts. Hence this remote and volumetric heating method opens up
new ways to achieve fast and selective synthesis, which is especially important
in the fine-tuning and optimization of sensitive transition metal-catalyzed
reactions [12].
At the beginning of the 21st century, dedicated microwave synthesizers for

controlled small-scale synthesis in sealed vessels became commercially avail-
able [4]. These instruments permitted easy programming and documentation of
time, temperature and irradiation power during the reactions, while at the same
time providing direct reaction control, high safety, good reproducibility and
straightforward operation. In addition, by using septum-sealed purpose-made
closed microwave-transparent vessels, which in general could accommodate at
least 20 bar of pressure, it was possible to maintain reaction solutions at tempera-
tures much above their conventional reflux temperature. Together with high
heating rates and efficient air-jet cooling systems, the overall process times were
dramatically reduced. Sealed vessels permit the use of low-boiling solvents,
allowing easy work-up and reduction of solvent waste. An additional environmen-
tally friendly factor is the reduced energy consumption compared with the classical
heating of small-scale reactions [13]. At present, however, it is not clear if pilot-scale
or production-scale microwave processing holds this advantage compared with
traditional heating [14].
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4.1.2
Water as a Green Reaction Medium

In addition to finding safer and more cost-effective synthetic routes, there is also an
ever growing need for more environmentally friendly methods to perform organic
chemistry (the triple bottom line). Among the 12 principles of green chemistry [15],
we have already touched upon the aim of reducing the energy consumption
(principle 6). Two additional principles concern the desire to employ �eco-friendly
solvents� and �catalytic protocols� (principles 5 and 9). In traditional homogeneous
catalysis, organic solvents are usually utilized as the reaction media [16], often
generating a number of health, safety and environmental issues. In fact, a study by
Cunningham and co-workers suggests that correct solvent management couldmake
the biggest improvement towards greener organic chemistry [17].
Although many reactions have been shown to proceed under solvent-free condi-

tions, most catalytic transformations still require the use of solvents. Hence alter-
natives to standard organic solvents have been investigated, such as water, PEG,
supercritical CO2, perfluorinated hydrocarbons and ionic liquids [16]. In principle, if
a solvent needs to be used, water would represent the greenest choice. In addition to
being a safe, cheap and readily available environmentally friendly solvent, water at
elevated temperatures has also been recognized as an effective reactionmediumwith
unique pseudo-organic properties [2]. Interestingly, the dielectric constant of water
decreases from 78 at 25 �C to 20 at 300 �C, meaning that the polarity of water will
more and more resemble a typical organic solvent with higher temperature. This
means that the solubility of organic compounds increases rapidly upon heating,
which of course is a necessary prerequisite for an efficient reaction in a homogeneous
environment [1]. In addition, once cooled to room temperature, many organic
compounds will no longer be soluble and product isolation is often facilitated by
precipitation. The lack of flammable properties also makes the use of water safe with
pressurized exothermic reactions. However, it is important to note that any water
used as a reaction medium must still be handled as reaction waste.

4.1.3
Homogeneous Transition Metal Catalysis

Reactions catalyzed by soluble transition metal complexes consist of a group of
highly chemoselective transformations, which allow the formation of many kinds
of carbon–carbon and carbon–heteroatom attachments that were previously very
difficult to accomplish [6, 18, 19]. However, the sometimes tedious pinpointing
of the appropriate reaction components, together with the long reaction times
(ranging from hours to days) frequently required for full conversions, have
previously limited the exploitation of these protocols in many organic synthesis
applications [9]. Furthermore, the need for inert conditions under microwave
irradiation has been reported to be very limited [12]. Therefore, the use of modern
microwave heating equipment not only accelerates the reaction rates, but also
simplifies the preparative handling.
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4.1.4
Microwave-Assisted Metal Catalysis in Water

In line with the importance of biocatalysis in aqueous media, the development of
metal-catalyzed organic transformations in hot water has become a vibrant research
area [1, 16].Whendiscussing aqueous organic chemistry, it is convenient to divide the
reported protocols into two broad categories: studies that involve pure water as
solvent and those carried out using an organic co-solvent. We have decided, however,
that the latter protocols are outside the scope of this short chapter focusing on
sustainable methods and they will therefore not be discussed further. Reactions
performed with heterogeneous catalysts will also not be presented.
The high-temperature water reaction range (100–200 �C) is especially well suited

for microwave processing in sealed vessels with standard instruments, since higher
temperatures result in pressures above the pressure limit of 20 bar [4, 20].While pure
water is difficult to heat above 130 �C due to a reduced absorbance of microwave
irradiation at increasing temperature [3], in most �real� cases the starting material,
the reagent, the catalyst or the base are polar enough (or ionic) to enable microwave
heating to 200 �Cwithout the addition of �microwave active� additives, such as salts or
recently launched �passive microwave elements� [21]. Today, the development of new
methods that reduce the environmental impact is of increasing importance, not only
for large-scale production, but also in the pilot- or small-scale research laboratory [7].
Thus, gradually, it has become clear that the combined approach of microwave
superheating, homogeneous catalysis and aqueous conditions offers a nearly syner-
gistic strategy as the combination may offer greater potential than the three
individual components [1, 20].

4.2
Suzuki–Miyaura Reactions

The palladium-catalyzed cross-coupling of an organoboron compound and an aryl
halide, known as the Suzuki–Miyaura reaction, is one of the most versatile and
frequently utilized methods for C�C bond formation [12, 20, 22].
In 1999, Schotten and co-workers first reported the use of microwave irradiation,

using a domestic microwave oven, to promote the cross-coupling of methyl
4-iodobenzoate and arylboronic acids in water [23]. They found that by using 0.52
equiv. of PEG 6000 as a phase transfer catalyst (PTC), the corresponding biaryl com-
pounds could be produced in good yields and with short reaction times (Scheme 4.1).

Scheme 4.1 Suzuki–Miyaura coupling of methyl 4-iodobenzoate and various arylboronic acids.
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Inspired by the work of Bumagin and Bykov [24], Villemin et al. used the water-
soluble and commercially available sodium tetraphenylborate as a phenylation agent
for a range of heteroaromatic halides [25]. The reactions were performed in neat
water and proceeded smoothly without the addition of any PTC.
In 2002, Leadbeater and Marco presented the first of a series of studies on the

coupling of aryl halides with boronic acids in neat water [26]. Aryl iodides and
bromides were rapidly coupled (5–10min) at 150 �C, using low palladium loadings
[Pd(OAc)2, 0.4%], and the corresponding products were isolated in good yields
(Scheme 4.2). Improved yields were obtained for non-polar aryl halides by the
addition of 1 equiv. of the PTC tetrabutylammonium bromide (TBAB). TBAB was
thought to facilitate the solvation of the organic substrates and enhance the reaction
rate by formation of an [ArB(OH)3]

�[R4N]
þ complex. Aryl chlorides were also

coupled using this simple protocol, in acceptable yields, by increasing the reaction
temperature to 175 �C (Scheme 4.2). The same group subsequently discovered that
electron-poor or neutral boronic acids could be coupled with various aryl bromides
and aryl iodides, without the addition of a palladium source, under �transitionmetal-
free� conditions [27, 28]. A reassessment of these results revealed that palladium
contaminants down to 50 ppb found in commercially available sodium carbonate
(Na2CO3) were responsible for the biaryl formation [29].

Phenylboronic acid has been coupled with various aryl bromides by Zhang and co-
workers using an improved domestic microwave oven [30]. A range of substituted
biaryls were rapidly produced, in good yields, utilizing Pd(PPh3)2Cl2 as catalyst and
potassium carbonate (K2CO3) as the base.
Vanelle and co-workers described a reaction protocol comprising 10% Pd(PPh3)4,

5 equiv. of Na2CO3 and 1 equiv. of TBAB for the synthesis of various 6-aryl-2-
arylsulfonylmethyl-3-nitroimidazo[1,2-a]pyridines (Scheme 4.3) [31]. The large
amount of basewas employed to facilitate formationof the sulfonyl anion and improve

Scheme 4.2 Suzuki–Miyaura couplings of aryl halides.

Scheme 4.3 Synthesis of 6-aryl-2-arylsulfonylmethyl-3-
nitroimidazo[1,2-a]pyridines via Suzuki–Miyaura coupling.
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aqueous solubility.Microwave irradiationwas found to increase the reaction ratesup to
30-foldwithout compromising yields andalso limit the formationof aggregates,which
simplified reaction workup, compared with classical oil bath heating.
A similar reaction system, utilizing standard Pd(PPh3)4, has also been employed in

the cross-coupling of 4-bromo-2-chlorobenzoic acid and 3,5-dimethylphenylboronic
acid [32, 33]. The reaction was found to be highly chemoselective, affording the
corresponding chloro-biaryl compound in an almost quantitative yield (Scheme 4.4).

The development of efficient catalytic systems for the coupling of notoriously
difficult aryl chlorides has attracted the interest of several research groups [34]. Aryl
chlorides are appealing coupling partners due to their lower cost and greater
availability. In 2005, Anderson and Buchwald presented a highly active and general
catalytic system, based on a new water-soluble biaryl-phosphine ligand [1,10-biphe-
nyl]-3-sulfonic acid-20-(dicyclohexylphosphino)-2,6-dimethoxy sodium salt (A) [35].
With A, excellent yields were obtained for the coupling of functionalized aryl
chlorides and aryl boronic acids (Scheme 4.5). Moreover, utilizing controlled

microwave irradiation, the reaction times could be reduced from 2–8 h to just 10min
compared with the corresponding classical heating reactions conducted at 100 �C.
In 2007, Claver and co-workers described two novel air-stable and water-soluble

phosphine sulfonate ligands (B and C, Scheme 4.6) [36]. These ligands were able to
catalyze the cross-coupling of a small number of electron-rich aryl bromides and
chlorides with various arylboronic acids. Further studies will determine the scope
and general applicability of these new ligands.

Scheme 4.4 Chemoselective Suzuki–Miyaura coupling of 4-bromo-2-chlorobenzoic acid.

Scheme 4.5 Reactions of aryl chlorides using a biaryl-phosphine ligand.
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Recently, Dawood has evaluated the catalytic activity of a new benzothiazole-oxime
Pd(II) precatalyst D, in the coupling of aryl bromides and aryl chlorides with
phenylboronic acid (Scheme 4.7) [37]. Excellent yields were obtained, using D, for
the coupling of electron-poor and electron-rich aryl bromides. However, only
electron-poor aryl chlorides gave acceptable yields, with p-tolyl chloride giving only
7% conversion after 30min of irradiation at 160 �C.

4.3
The Stille Reaction

TheStille reaction is a base-free cross-coupling reaction between an organotinmoiety
and an organohalide [38]. This reaction, like the Suzuki reaction, is very reliable, high
yielding and tolerant ofmany functional groups [12]; however; organic stannanes are
considerably more toxic than the corresponding organoboron compounds.
Van der Eycken and co-workers presented the first example of a microwave-

assisted Stille reaction in neat water in 2003 [39]. They used the Stille reaction to
decorate the C-3 position of the 2(1H)-pyrazinone scaffold with various aryl and alkyl
groups (Scheme 4.8). Microwave irradiation was found to reduce the reaction time
from 3 days to 15min compared with the corresponding classical heating reactions.
However, the yields obtained utilizing water as a solvent were found to be 10–20%
lower than those obtained using DMF, due to hydrolysis of the sensitive imidoyl
chloride moiety at elevated temperatures.

Scheme 4.6 Reactions of aryl chlorides using water-soluble phosphine sulfonate ligands.

Scheme 4.7 Suzuki–Miyaura coupling of aryl bromides and chlorides with phenylboronic acid.
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4.4
The Hiyama Cross-Coupling Reaction

In 1999, DeShong and co-workers [40] found that vinyl(trimethoxy)silane could
undergo a Pd(0)-catalyzed cross-coupling reactionwith 4-iodotoluene in the presence
of tetrabutylammonium fluoride (TBAF). Thus, upon activation by a fluoride ion,
the nucleophilicity of the vinylsiloxane becomes adequate to complete the trans-
metalation process. In addition, hydroxide anions can also promote the Hiyama
reaction with siloxanes [41]. This activation method was recently utilized by Alacid
and N�ajera to accomplish the first fluoride-free microwave-promoted Hiyama
reactions in neat water [42]. This reaction exploited Pd(OAc)2 or E as precatalyst
and was used to produce a series of styrenes from different aryl bromides and
chlorides (Scheme 4.9).

4.5
The Heck Reaction

The palladium-catalyzed arylation and alkenylation of alkenes, known today as the
Heck reaction, was independently reported by Heck and Nolley [43] and Mizoroki
et al. [44] in the early 1970s. Today, the reaction is widely recognized as one of the
mildest and most versatile C–C bond-forming reactions [45–47].
In 2002, Wang et al. described the first microwave-assisted Heck coupling of

alkenes with aryl iodides in water [48]. These high-yielding reactions (86–91%) were
carried out under an argon atmosphere usingPd(PPh3)2Cl2 and TBABwithK2CO3 as

Scheme 4.8 Preparation of 2(1H)-pyrazinones.

Scheme 4.9 Preparation of styrenes via Hiyama cross-coupling.
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the base (Scheme 4.10). The products were synthesized 18–42 times faster using the
microwave-enhanced protocol than under conventional heating conditions.
The oxime-derived palladacycle Ewas also utilized by Botella andN�ajera to catalyze

the b-mono- and b,b-diarylation of terminal alkenes [49, 50]. The monoarylation of
tert-butyl acrylate with p-chloroiodobenzene proceeded efficiently and rapidly under
microwave conditions with both E (10min, 87%) and standard Pd(OAc)2 (10min,
88%). Precatalyst E was found to be superior in promoting diarylation, although
microwave irradiation gave a lower yield (31%) than the corresponding classical
heating reaction (66%) (Scheme 4.11). In this case themicrowave-promoted reaction
may have benefited from a longer reaction time.

Arvela and Leadbeater performedmicrowave-assisted Heck couplings using ultra-
low palladium catalyst concentrations [51]. A commercially available aqueous palla-
dium solution was used as the catalyst source and useful product yields could be
obtained, albeit for a limited range of substrates, with palladium concentrations as
low as 500 ppb (Scheme 4.12).

Hypervalent iodonium salts have recently been used as substrates in a base-free
Heck coupling of acrylic acid and allyl alcohol [52]. A range of trans-cinnamic acids

Scheme 4.10 Heck coupling of alkenes with aryl iodides.

Scheme 4.11 Heck couplings using an oxime-derived palladacycle.

Scheme 4.12 Heck couplings using ultra-low palladium catalyst concentrations.
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and trans-cinnamyl alcohols were rapidly produced (20–60 s) in good yields (78–95%)
using old-fashioned PdCl2 as precatalyst in a domestic microwave oven
(Scheme 4.13).
Recently, microwave irradiation has been used to promote the internal Heck

arylation of ethylene glycol vinyl ether with aryl chlorides in water [53]. A regiose-
lective reaction protocol comprising 5% of (DIPPP)2Pd(0) [DIPPP¼ 1,3-bis(diiso-
propylphosphino)propane] and K2CO3 provided good yields of the coupling of
activated aryl chlorides; however, unactivated aryl chlorides gave poorer yields
(Scheme 4.14). The products were isolated as the corresponding acetophenones
after acid hydrolysis.

4.6
Carbonylation Reactions

Over the past years, the use of solid-phase reagents in high-throughput chemistry has
been an area of rapid growth and the importance of these methods in modern
chemistry is nowbeyond question [54, 55].Metal-catalyzed carbonylation reactions are
also of great value in organic chemistry, both in industrial processes and on the
laboratory scale in the preparation of aldehydes, ketones or different carboxylic acid
derivatives [56, 57]. Despite the power of carbonylative transformations, there is a
considerable degree of effort required in settingup andperforming reactions in sealed
vessels with gaseous reactants [58]. To address this issue in carbonylation chemistry,
molybdenumhexacarbonyl was identified as an easy to handle, solid reagent for the in
situ release of carbon monoxide upon heating [59]. Applications of Mo(CO)6 include
palladium(0)-catalyzed aminocarbonylation, amidocarbonylation, hydrazidocarbony-
lation, alkoxycarbonylation and hydroxycarbonylation of aryl halides [59].
In 2006, Silvani�s group presented a microwave-assisted palladium-catalyzed

hydroxycarbonylation of aryl and vinyl triflates employing Mo(CO)6 as the CO
source [60]. They reported that organic triflates were converted to the correspond-
ing acids in water with pyridine as base and Pd(OAc)2–DPPF as the catalytic

Scheme 4.13 Heck couplings using hypervalent iodonium salts.

Scheme 4.14 Internal Heck arylations.
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system within 20min of microwave heating at 150 �C [Scheme 4.15; DPPF¼
1,10-bis(diphenylphosphino)ferrocene]. Surprisingly, 4-bromophenyl triflate was
selectively converted to 4-bromobenzoic acid with no hydroxycarbonylation
resulting from addition of Pd(0) into the Ar�Br bond [60].
The possibility of carrying out chemoselective Mo(CO)6-promoted aminocarbo-

nylations in pure water was examined by Wu and co-workers in two papers in
2005 [61] and 2006 [62]. Rewardingly, aryl iodides, bromides and chlorides were all
transformed, within 15min, into benzamides using an appropriate catalytic system
under microwave conditions (Scheme 4.16). Aminocarbonylation strongly dominat-
ed over hydroxycarbonylation, despite the use of water as solvent, providing good
yields of both secondary and tertiary amides. Impressively, more than 90 different
aminocarbonylations were reported in these two investigations [61, 62].

Lately, hydroxycarbonylations of aryl iodides were performed using water as both
the nucleophile and the solvent in sealed microwave transparent tubes preloaded
with 14 bar of CO. Microwave processing delivered high yields of benzoic acid
products after 20min of heating at 165 �C employing only 0.01% or 1 mol% of
Pd(OAc)2 as the catalyst (Scheme 4.17) [63].

Scheme 4.15 Hydroxycarbonylation of aryl and vinyl triflates.

Scheme 4.16 Chemoselective Mo(CO)6-promoted aminocarbonylations.

Scheme 4.17 Hydroxycarbonylations of aryl iodides.
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4.7
The Sonogashira Reaction

The copper- and palladium-catalyzed cross-coupling of terminal alkynes with aryl/
vinyl halides, known as the Sonogashira reaction, is a general and reliablemethod for
the generation of substituted alkynes [64].
Similar to their reports on the Suzuki reaction (Section 4.2), Leadbeater et al. have also

describedamicrowave-assisted, �transitionmetal-free� Sonogashirareactionprotocol [65].
Theyused sodiumhydroxide as the base, PEGas aPTCandwater as the solvent to couple
anumberof arylhalideswithphenylacetyleneand twoaliphatic alkynes (Scheme4.18). In
general, aryl iodides were found to give better yields than aryl bromides and phenyla-
cetylene was a more effective coupling partner than the aliphatic alkynes. In the light of
their subsequent reassessment of the Suzuki reaction, it is likely that these Sonogashira
reactions were also catalyzed by ultra-low level Pd contaminations.

Gil-Moltó et al. have used monomeric (H) and polymeric (I) di(2-pyridyl)methyl-
amine-based PdCl2 complexes to perform aqueous, copper-free Sonogashira cou-
plings of aryl halides with phenylacetylene [66]. Specifically, microwave irradiation
was utilized in the chemoselective coupling of 4-chlorobromobenzene and pheny-
lacetylene, with higher yields obtained using the monomeric catalyst complex H
(66% vs 47%) (Scheme 4.19).

Recently, Chen et al. have reported a palladium-free, copper-catalyzed method for
the coupling of aryl iodides and terminal alkynes in neat water [67]. A reaction system

Scheme 4.18 �Transition metal-free� Sonogashira reactions.

Scheme 4.19 Chemoselective coupling of 4-chlorobromobenzene and phenylacetylene.
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comprising 10%CuI, 20%PPh3, 1 equiv. of TBAB and 2 equiv. of K2CO3was found to
efficiently promote the reaction after 20–40min of microwave irradiation at 120 �C
(Scheme 4.20). The same reactions could also be carried out under classical heating
conditions; however, significantly increased reaction times (16–24 h) were required.

4.8
Aryl–Nitrogen Couplings

The pioneering work by the groups of Hartwig and Buchwald in the end of the last
century spurred substantial researcharoundC�Nbond formationand inparticular on
palladium(0)-catalyzed aryl amination chemistry [68, 69]. Today, copper-catalyzed
N–aryl bond formations also rank among the most powerful methods in organic
synthesis due to theirmild and base-free reaction conditions [70]. Catalytic aryl amine
couplingsaregenerallyslowprocesses,especiallywhencoppercatalysisisapplied,often
demandingdaysforcompletion.Thusseveralmicrowave-enhancedmethodshavebeen
developed in the wake of all the newly discovered catalytic protocols in this area [12].
In the work done by Yadav et al., using a single-mode cavity microwave reactor

andpressurizedvessels,N-arylationsofamines,amides, imidesandb-lactamswitharyl
halideswereperformedwithgoodresultsinaqueousmedia(yields68–91%)[71].Active
copper and a cumbersome intermittent 3–5� 2 min irradiation–mixing cycle (with
thorough mixing outside the reactor) was found to be themost efficient protocol. It is
noteworthy that the method was also successful with cyclizations of b-lactam deriva-
tives, providing sensitive penem and cephem analogues (Scheme 4.21) [71].

In 2007, a fast copper-catalyzed process for the N-arylation of free and protected
amino acids inwater was reported [72]. Various amino acid esters could beN-arylated
with simultaneous deprotection, generating the free acid product with less than 6%
racemization (Scheme 4.22).

Scheme 4.20 Palladium-free copper-catalyzed coupling of aryl iodides.

Scheme 4.21 Copper-catalyzed cyclization of a b-lactam.
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4.9
Aryl–Oxygen Couplings

Nowadays, the coupling of organohydroxyls with aryl halides, using copper or
palladium as catalyst, is a routine method to synthesize aryl ethers [73]. In
contrast, the copper salt-catalyzed direct conversion of aryl halides to the corre-
sponding phenols in one step generally involves long reaction times and high
temperatures. To improve this methodology, Kormos and Leadbeater decided to
use water as both the reaction medium and the nucleophile under microwave
irradiation at high-temperature (�200 �C) and at near-critical temperature (�300
C) [74]. All reactions conducted at 300 �C were processed in a dedicated multi-
mode reactor equipped with heavy-walled quartz reaction vessels with an operat-
ing pressure limit of 80 bar. The best results were obtained with 10% CuI, 5%
L-proline and 1.5M NaOH at 300 �C for 30min (ArBr and ArCl) or, alternatively,
by heating the reaction cocktail to 300 �C and then allowing it to cool (ArI)
(Scheme 4.23).

4.10
Miscellaneous Transformations

Matsubara and co-workers have developed a ruthenium-catalyzed protocol for the
isomerization of alkenols to alkanones via a C�C double bond migration [75].
RuCl2(PPh3)3 was found to be the most efficient catalyst and good yields of the
desired products were obtained after 60 min of microwave irradiation at 185 �C
(Scheme 4.24). Crucial to the success of these reactions was the use of water as
solvent. An otherwise identical reaction, carried out in dioxane, failed to give any
saturated ketone and only isomerization of the alkene group was observed. Acid-

Scheme 4.22 N-Arylations of protected amino acids.

Scheme 4.23 Direct transformation of aryl halides to phenols at 300 �C.
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sensitive substrates required the use of 0.1M NaOH as solvent as the catalyst was
hydrolyzed under the reaction conditions to formhydrochloric acid. The authors also
demonstrated that the addition of 10% MeOH was essential for the isomerization
of ether-protected alcohols into their corresponding ketones. Furthermore, the
dimethoxyalkene 1 could be selectively converted into the methoxy ketone 2 via this
isomerization reaction (Scheme 4.24).
Tu and co-workers reported a high-yielding method to generate propargylamines

via a copper-catalyzed three-component coupling of an aldehyde, an alkyne and an
amine (Scheme 4.25) [76]. The reactions were conducted in an unmodified domestic
oven operating at 40% power with 1min irradiation–cooling cycles. In contrast, the
corresponding classical heating reaction required more than 5 days to reach
completion. Furthermore, high diastereoselectivity (95 : 5) could be obtained when
(S)-proline methyl ester was employed as a chiral amine.

Recently, Lerebours and Wolf discovered that palladium–phosphinous acids
catalyze the 1,4-addition of arylsiloxanes to a,b-unsaturated substrates [77]. Using
5mol% of catalyst J, b-substituted ketones, aldehydes, esters, nitriles and nitroalk-
anes could be obtained, in good to excellent yields, after 4 h of microwave irradiation
at 120 �C (Scheme 4.26).
More recently, Larhed�s group have disclosed a microwave-enhanced method for

thea-arylation of a protected glycine in neat water [78]. Using this protocol, a range of
substituted phenylglycine derivatives were produced in moderate to good yields,
under non-inert conditions (Scheme 4.27).

Scheme 4.25 Preparation of propargylamines via copper-catalyzed three-component reaction.

Scheme 4.24 Ruthenium-catalyzed isomerizations of alkenols and amethylated alkenol to ketones.

4.10 Miscellaneous Transformations j93



4.11
Conclusion

The development of microwave-assisted reactions catalyzed by homogeneous metal
catalysts inwater has been fast during the last 5 years– from thefirst reports at the turn
of the century, to more than 40 publications in the end of 2007. Indeed, it is possible
today to performmostmetal-catalyzed reactions in neat waterwithmicrowave heating
provided that the substrate, base and nucleophile are stable in water. The interest has
grown in parallel with the improvements in performance, control, reproducibility and
safety of the marketed microwave instrumentation. There is little doubt that this
development will continue, since the use of water as a non-toxic reaction medium, in
combinationwith the employment of energy-efficientmicrowave heating and catalytic
methods, must be considered to be both a highly promising and an enabling green
alternative. Finally, although we have presented only laboratory-scale reactions, we
believe the combination of energy-efficient microwave heating and metal catalysis in
water also holds a large future potential for green large-scale synthesis, provided that
suitable microwave reactors are developed and marketed.
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5
Ionic Liquids and Catalysis: the IFP Biphasic Difasol Process
H�el�ene Olivier-Bourbigou, Fr�ed�eric Favre, Alain Foresti�ere, and François Hugues

5.1
Introduction

The driving forces for the introduction of new industrial processes are economic
considerations which depend mainly on production costs and on product quality.
Increasing demand for pure products requires higher selectivity. Optimal exploita-
tion of rawmaterials, energy savings and the environmental friendliness of processes
nowadays take a major place. All this implies better use of raw materials, less
formation of side products and, if possible, simplified separation work-up steps.
Stricter environmental requirements will probably lead to the development ofmilder
reaction conditions for operations in the manufacture of products with high atom
efficiency or E-factor.
In this economic and environmental context, homogeneous catalysis, which still

contributes to the inventory of bulk chemicals and high-value chemicalmanufacture,
offers many advantages and great potential for future challenges [1]. Homogeneous
processes are usually easy to scale up for industrial practice. In a continuous process,
the ease of mixing and removal of the reaction heat of such systems ensure good
temperature control and restricts mass transfer limitations. Flexibility of operations
renders homogeneous processes easy to operate. The catalyst rate can be adjusted to
the reaction feed rate, taking into account thepresence of feed impurities, tomaintain
both conversion and selectivity.
While the solubility of the organometallic catalysts in common organic solvents

appears to be an advantage in terms of site availability and tunability, it becomes a
major drawback in terms of catalyst and solvent separation and recycling. The quest
for new catalyst immobilization or recovery strategies to facilitate its reuse is still a
paramount challenge [2]. There is, of course, no single solution to this issue and the
search for innovative approaches continues.
One of themost successful approaches to bridging the gap between homogeneous

and heterogeneous catalysis ismultiphasic catalysis. In its simplest version, there are
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only two liquid phases (�biphasic� catalysis or �two-phase� catalysis). The catalyst is
dissolved in one phase (generally a polar phase) while the products and the substrates
remain mainly in the second phase. The catalyst can be separated by simple settling
and recycled under mild conditions.
During the last 20 years, water has emerged as a new useful reaction medium.

Despite its �green nature�, its utilization is still limited because of the low solubility of
organic hydrophobic compounds. In addition, water cannot be regarded as an inert
solvent. More recently, other media such as supercritical fluids, fluorous phases and
organic polymer supports have proven their utility for some organic and catalytic
reactions. Ionic liquids have recently emerged as a new class of solvents, offering
large opportunities for the development of a biphasic (multiphasic) approach [3].
In this chapter, Ni-catalyzed olefin oligomerization is described. Starting from the

original industrial homogeneous Dimersol process, the emergence of the biphasic
Difasol system using ionic liquids as the catalyst solvent is detailed. This biphasic
process was designed and developed with the aim of reducing catalyst consumption,
waste and chemicals, all in an economically feasible manner.

5.2
The Solvent in Catalytic Reactions

Most chemical transformations occur in the liquid phase and the solvent is a strategic
parameter on both the laboratory and industrial scales. Solvent effectsmay be limited
to �physical effects� in just making possible the dissolution of reagents, helping to
bring them into contact at suitable concentrations, but with no direct interactionwith
the catalytic center. However, solvents can also interact through specific forces, such
as hydrogenbonds,with reaction intermediates and transition states. The presence of
such a solvent can alter the reaction mechanism, modify the reaction rate and
influence the selectivity. In homogeneous catalysis involving an unsaturated cationic
transition metal center, the solvent should be able to dissolve and stabilize the metal,
while maintaining its ionic character through weak and labile metal–solvent
bonding. Highly polar organic solvents are mostly used but they are often too
strongly coordinating and may deactivate the catalytic center.
From an industrial point of view, choosing a selective solvent for a catalytic reaction

is probably one of the trickiest steps in process development. The use of a solvent not
only impacts the handling and operation of the catalyst, it also determines the
conception and design ofwork-up procedures and technologies and the recycling and
disposal strategies.Within the framework of green chemistry, innovative concepts for
the replacement of volatile organic solvents in catalytic processes has become a topic
of interdisciplinary research. When possible, industrial processes are performed
solventless. This can be an alternative to remove product contamination, solvent
separation and recycling, which are often energy consuming.
However, in many cases, particularly in the fine chemistry and pharmaceutical

industries, solventless reactions are not always feasible. The selection of the solvent is
then influenced not only by considerations focused on practical and economic
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benefits, but also on safety issues and environmental concerns, which are becoming
more and more stringent. The whole life cycle of the solvent has to be taken into
account: manufacture, storage, use, separation, recycling, destruction, disposal,
toxicity and biodegradability. Recent years have seen enormous interest in the search
for alternative solvents. Promising approaches include catalysis in water, fluorinated
phases, thermoregulated systems, supercriticalfluids, agro-solvents andnon-aqueous
ionic liquids [3, 4].

5.2.1
Non-Aqueous Ionic Liquids

In contrast to molecular organic solvents which contain only molecules, ionic
liquids are liquids fully composed of ions. For the last 10 years, ionic liquids have
attracted growing attention from the scientific and industrial community. This has
been demonstrated by the exponential growth of the number of publications and
patents in this area [5]. The ionic liquids known today are based on many different
combinations of organic cations and inorganic or organic anions (Figure 5.1). Over
the years, different generations of ionic liquids have been developed, from water-
sensitive chloroaluminates to biodegradable eutectic mixtures based on choline
chloride and task-specific ionic liquids. So, why is there such an interest in these
media?
Ionic liquids have the advantages over conventional solvents of being liquid over a

large range of temperatures and of having a non-volatile character. This latter
property has probably been one of the driving forces for their development as an
environmentally friendly alternative commonly termed �green solvents�, even if their
toxicity and biodegradability are not always proven. In fact, the intense interest in
these media really originates from their unique and fascinating wide range of

Figure 5.1 Different generations of ionic liquids.
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physicochemical properties. Their tunable polarity and hard/soft character, their
negligible vapor pressure and their adjustable solvating abilitymake themcompletely
different fromclassical organic solvents. As a consequence, the development of novel
technologies is possible. By a judicious combination of cations and anions, it is
possible to adjust the solvent properties to the requirements of the applications, thus
creating an almost indefinite set of �designer solvents�. Most ionic liquids are now
commercially available, which contributes to the development of their applications.
The diversity of their properties is demonstrated by their broad range of potential
applications, extending from organic drug synthesis to high-capacity batteries, novel
specialty chemicals, novel materials and engineering fluids [6]

5.2.2
Applications of Non-Aqueous Ionic Liquids in Catalysis

The main challenge when using ionic liquids in catalysis is probably the selection
of the right anion–cation combination from among the huge diversity of
possible associations. Even though the physicochemical properties of ionic liquids
tend to be well known they remain very complex solvents, leading to different
possible kinds of interactions. It is very difficult to classify these media into the
different categories of the conventional organic solvents and to anticipate their
effect on reactions.
Nevertheless, due to the great versatility of ionic liquids, the range of homoge-

neous catalytic reactions that has been developed in these media is probably wider
than that in supercritical CO2 and fluorous solvents [7]. Most of these reactions have
been performed on the bench scale. In many cases, the focus is made on the
possibility of recycling the homogeneous catalyst without loss of activity/selectivity
and with a minimum loss of catalyst. Ionic liquids offer the advantages of traditional
solvents plus the possibility of simple product separation and catalyst phase
recycling. This is all the more important when costly ligands and metals are used.
In some cases, specific solvent effects have been observed, such as transfer of
chirality [8]. Just a few examples of pilot-scale (or commercial) applications of ionic
liquids have been described (Figure 5.2). The selection of ionic liquids for an
industrial reaction raises a series of specific problems which have already been
reported [9]. The main factors worth mentioning here are probably the possible
solubility of ionic liquids in the reaction products, leading to product contamination
and ionic liquid loss, and the incomplete immobilization of transition metal
catalysts in the ionic liquid phase.

5.3
The Catalytic Oligomerization of Olefins

Refinery cracking processes, such as steam cracking or catalytic cracking, produce
significant amounts of light olefin streams as co-products of ethylene/propylene or
gasoline.
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Dimerization and oligomerization reactions are widely used on an industrial scale
to upgrade these light olefin streams or olefins coming from hydrocarbon forming
processes (e.g. Fischer–Tropsch synthesis) into heavier products that find applica-
tions as fuels or as valuable petrochemicals [10].
Several years ago, dimerization was essentially operated by means of acid

catalysts (liquids or solids). Organometallics of highly electropositive metals
(Al, K) afford better selectivities than acid catalysts, but their specific and poor
activity restrict their use to some specific applications. In 1953, Ziegler and Natta
initiated a new age when they demonstrated the effectiveness of titanium complexes
associated with alkylaluminum compounds to promote ethylene polymerization.
The possibility of tailor-made ligands involved in coordination catalysts offers a
broader spectrum of reactivities and diversified selectivities. Industrial olefin
oligomerization processes catalyzed by coordination complexes (Ti, Zr, Ni or Cr)
are generally performed in homogeneous systems with or without solvents
(Table 5.1).
When costly catalysts are used, catalyst recycling is advantageous to make

industrial processes economically viable. The Shell Higher Olefin Process (SHOP)
was the first industrial catalytic process to benefit from two-phase liquid–liquid
technology. The P�O chelate Ni complex operates in butanediol in which the
a-olefins produced by ethylene oligomerization are only partially soluble. The
Ni-containing butanediol polar phase can then be separated from the reaction
products by decantation and recycled to the reaction section. It is interesting to
highlight here the solvent effect on the reaction selectivity: a-olefins are obtained
when the reaction is performed both in toluene (single-phase system) and in
butanediol (biphasic system), but polyethylene is produced in biphasic systems
when water is the solvent of the Ni catalyst.

Figure 5.2 Diversity of applications of ionic liquids.
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5.3.1
The Homogeneous Dimersol Process

5.3.1.1 The Reaction
The olefin dimerization reaction catalyzed by Ni complexes activated by an alkyla-
luminum derivatives was originally described in 1955 [11]. Later, in 1966,Wilke et al.
showed that the well-defined cationic h3-allylnickel complex was able to catalyze the
reaction [12].
The reactionmechanismwas confirmed to be an olefin polyaddition reaction to an

Ni�H and an Ni�C bond. The formation of the active cationic Ni�H or Ni�C
species results from the transfer of an alkyl group from the aluminum to the NiII

catalyst precursor, followed by a b-H elimination. The successive steps are illustrated
in the Scheme 5.1 in the case of propylene, but can be written similarly in the case of
butenes. The position of the double bond inside the structure dependsmainly on the
catalytic system composition and on the olefin conversion.
Olefin dimers predominate in the reaction products due to high rate of b-H

elimination. Trimers and tetramers can be formed by either parallel reaction or
consecutive reaction of the formed dimers with the monomers. Thus at high
monomer conversion, the dimer selectivity decreases. The type of reactor (perfectly
mixed batch reactor or plug flow) can influence these consecutive reactions, but has
no effect on the parallel reactions. The reactivity of olefins decreases in the order
ethylene > propylene > butenes� hexenes, octenes. The kinetics of the reaction can
be described by Equation 5.1, where the reaction rate is first order in the catalyst (Ni)
and second order in the monomer (Cn, n¼number of carbons in the monomer):

R ¼ k2½Cn�2½Ni� ð5:1Þ

Table 5.1 Transition metal-catalyzed oligomerization processes.

Process Catalytic system Solvent Products Ref.

Alphabutol (IFP)a Ti (ligand)–AlEt3 None 1-Butene [13b], [13d]
Dimersol (IFP)a Ni–EtAlCl2 None C6 or C8 [13a], [13d]
SHOP (Shell)a Ni (ligand P–O) Butanediol (biphasic) a-Olefins:

C4–C30

[14d]

Chevron-Phillipsa Cr–(ligand) Cyclohexane 1-Hexene [13e]
Idemitsua AlEtxCl(3�x)–Zr

(ligand)
Cyclohexane a-Olefins:

C6–C30

[13f ], [13g]

Alphaselect (IFP)b AlEtxCl(3�x)–Zr
(ligand)

Aromatic
hydrocarbon

a-Olefins:
C4–C10

[13d]

AlphaSabLin
(Sabic)b

AlEtxCl(3�x)–Zr
(ligand)

Toluene a-Olefins [13h]

Linear-1 (UOP)b Ni (ligand) Polar solvent
(biphasic)

a-Olefins: C4–C10 [13i]

aIndustrial.
bCommercialized.
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5.3.1.2 The Process
In themid-1970s, IFP developed such a process, Dimersol, involving a homogeneous
catalyst (Scheme 5.2). The industrial unit can be set out in different manners inside
refinery and petrochemical complexes, depending on the available feedstock and
desired products [13a–d].

. DimersolG converts aC3 cut into a gasoline effluentwith excellent octane blending
properties. In this way, the dimerization reaction increases the yield of high
research octane number (RON) gasoline that can be obtained from a cracker. It
is interesting that the RONs of olefins are much less sensitive to branching than
those of the corresponding alkanes.

Scheme 5.2 Dimersol units to upgrade light olefin cuts.

Scheme 5.1 Propylene dimerization scheme.
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. Dimersol E is used to upgrade C2 þ C3 fuel gas. Co-oligomerization of ethylene
and propylene leads to a gasoline stream very similar to the Dimersol G product.
Mixed butenes are also obtained with Dimersol E (from ethylene dimerization).
They can be used in paraffinic alkylation or tomake propene through a subsequent
cross-metathesis reaction with ethylene.

. TheDimersol X process has been developed to produce octenes as rawmaterial for
the manufacture of isononanols through a hydroformylation reaction. In a typical
refinery/petrochemical scheme, the crude cracker�s C4 cut is freed from its
butadiene and selectively hydrogenated to remove acetylenics. The resulting
raffinate-1 C4 stream obtained is sent to an MTBE (methyl tert-butyl ether) unit,
removing isobutene by reaction with methanol. The resulting raffinate-2, some-
times after de-isobutanization, is a good feedstock for the Dimersol X unit
(Scheme 5.3).

5.3.1.3 Effect of Some Parameters
Due to the ionic nature of the Ni catalyst, the reaction rate can be increased by using
polar solvents such as chlorobenzene. However, the industrial process is operated in
one liquid phase without any a solvent. This choice was essentially driven by
economic reasons.
The temperature of the reaction section has been optimized in order to satisfy two

competitive effects: the normal reaction activation and the deactivation of the catalytic
system as the temperature increases. The reaction is operated at 40–60 �C. The
pressure is controlled in order to maintain the reactor content in the liquid phase.
The concentration ratio between dimers and monomer in the reactor strongly

influences thedimer selectivity. This ratio depends on themonomer conversion. This
olefin conversion level is highly dependent on its initial concentration.
Finally, the catalytic system is strongly sensitive to two types of impurities: the

polyunsaturated compounds and the polar compounds which can be present in the
different feedstocks. Fortunately, a light pretreatment is usually sufficient to
remove such impurities. Furthermore, the Dimersol unit operation is fairly
flexible: the catalyst rate can be adjusted to the feed rate tomaintain both conversion
and selectivity if contamination of the feed occurs. This cannot be operated with
units using heterogeneous catalysts, where contamination of the feed can be
irreversible and where a higher and constant purity of the feed is required.

Scheme 5.3 Dimerization of olefins: the Dimersol process.
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5.3.1.4 Process Performance: the Case of Dimersol X (Transformation of Butenes)
The typical C4 cut feeding a Dimersol X plant contains 60–90wt% olefins, the
remaining part being paraffins. The butenes conversion level is related to their initial
concentration. With 70wt% butenes in the feed, commercial Dimersol X technology
achieves 80% conversion of butenes with up to 85% octene selectivity. Aprocess flow
diagram is depicted in Figure 5.3. The reaction takes place at low temperature in a
series (three or four) of well-mixed reactors. The pressure (1.5MPa) is chosen to
maintain all reactants and products in the liquid phase. Mixing and heat removal are
ensured by an external recirculation loop over a heat exchanger system. The two
components of the catalytic system (Ni and Al) are injected separately into this
reaction loop under flow control.
At the outlet of the finishing reactor, the active catalyst is neutralized and the

products are washed with caustic soda and water to remove the deactivated catalyst.
The product stream is finally distilled to remove the C4 unreacted olefins and inert
paraffins, which can be used as such (LPG) or sent back to the cracker. The octenes
produced are finally distilled from the heavier oligomers.
Without any particular ligand introduced into the catalytic system and for an

isobutene-free feed, the C8 isomers produced have the following distribution:

. n-octenes 7wt%

. methylheptenes 58wt%

. dimethylhexenes 35wt%.

5.3.1.5 Economics of the Dimersol X Process
Typical economic data are given in Table 5.2.
Thirty-five Dimersol units treating various olefinic C3 and C4 cuts have been

licensed and 25 are still in operation. Typical dimer capacities range from 20 000 up
to 90 000 t per year.
In its present commercial form, Dimersol X produces octenes with low branching

index. This product quality allows higher reaction rates in subsequent hydroformyla-
tionunits engaging octenes. It also leads to less branched isononyl alcohols andbetter
plasticizer quality for PVC production.

Figure 5.3 Dimersol process scheme.
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5.3.1.6 Dimersol Process Limitations
Despite all the advantages of the Dimersol process, some limitations remain:

. No recycling of the catalyst and continuous catalyst carry-over by the products imply
extensive loss of nickel and aluminum catalysts and continuous waste disposal.

. The reaction is sensitive to the concentration of monomer in the feed, so it cannot
be used with feedstocks that have a low olefin content (typically less than 60%). The
selectivity is decreased at higher conversions (above 85%) as a result of sequential
reactions to form higher oligomers.

. Large reactor volumes are needed.

In the early 1990s, biphasic liquid catalysis appeared as a highly attractive approach
to solve some of these problems, especially active catalyst recovery. However, using
such an approachmeans identifying a solvent that will allow catalyst solubilization to
be achieved, with no impact on its activity and with a low solubility with the reaction
products. Two of these solvents are now used in industrial liquid–liquid biphasic
catalytic processes: butane-1,4-diol in Shell Oil�s Shop oligomerization process and
water in the Ruhrchemie/Rhône-Poulenc olefin hydroformylation process [14].
Due to moisture sensitiveness and reactivity of the Dimersol alkylaluminum co-

catalyst, protic media such as butanediol and water are not suitable at all. Chauvin
et al. nearly 20 years ago anticipated that chloroaluminate ionic liquids could meet
biphasic liquid–liquid solvent requirements [15].

5.3.2
The Biphasic Approach

5.3.2.1 The Choice of the Ionic Liquid
Chloroaluminates (mixtures of AlCl3 and an organic pyridinium or imidazolium
chloride) were developed several years before by electrochemists who were seeking
liquid electrolytes with large electrochemical windows for batteries [16] (Figure 5.4).

Table 5.2 Dimersol X process: economic data.

Feed Raffinate-2 cut (75wt% n-butenes) Capacity 50 000 t yr�1

Products LPG 18,200 t yr�1

Octenes 27,000 t yr�1

Dodecenes 3,200 t yr�1

Fuels 1,600 t yr�1

Battery limit costsa US$6 million
Utilitiesb Electricity 30 kWh

Cooling water 50m3

MP steam 0.5 t
Catalyst and chemicalsb US$60

aIBSL 2002 for a Gulf Coast Basis, excluding licenser fees and detailed engineering.
bPer ton of octenes produced.
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However, it was the first time that chloroaluminates were used as a combination of
solvent and co-catalyst for a chemical reaction [15].
Raman spectroscopy showed that at AlCl3 : dialkylimidazolium chloride molar

ratios > 1, polynuclear Al2Cl7� and Al3Cl10
� anions appear. They can dissociate into

AlCl4
� and the AlCl3 Lewis acid.

When themolar fraction of aluminumchloride (denotedX ) is<0.5, the ionic liquid
contains an excess of free Cl� anions and can be considered as basic material. When
X is >0.5, the salt can be considered as an acidic material.
Ionic liquids indeed present several advantages for the Ni-catalyzed oligomeriza-

tion reaction

. They are non-protic solvents and therefore compatible with the metal–carbon or
metal–hydride bond active species.

. They are liquid over a large range of composition (see Figure 5.4).

. They are poorly miscible with hexenes, octenes and longer chain olefins (which,
actually, is the first prerequisite to form a biphasic system).

. The solubility of propene and butenes is sufficient to stabilize the nickel active
species and ensure high catalytic activity.

. Chloroaluminates can easily be prepared from commercially available N-alkyli-
midazole, alkyl chloride and aluminum chloride.

. The chloroaluminate anions proved to be weakly coordinating towards the nickel
complex catalyst involved in our system. Moreover, the nickel active species is effi-
ciently stabilized in the ionic medium, without the need for further modification.

. Chloroaluminate ionic liquids could be extended to chloroalkylaluminum deriva-
tives; the ionic liquids play the role of both solvent and co-catalyst.

. Chloroaluminate ionic liquids can be turned acidic by adjusting the amount of
aluminum chloride.

The challenge was to choose the right selection of both cation and anion.
In addition to the physicochemical properties described above, the chemical

Figure 5.4 EMIC–AlCl3 phase diagram. X(AlCl3)¼molar fraction in AlCl3.
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composition proved to be of the utmost importance. The first observation indicated
that the oligomerization reaction did not occur in basic chloroaluminates. These ionic
liquids contain an excess of coordinating chloride anions that inhibit the Ni catalyst
activity by forming stable blue tetrahedral [NiCl4]

2� anions (Equation 5.2).

NiX2 þ 2Cl� !NiX2Cl2
2� ðinactive complexÞ ð5:2Þ

On the other hand, acidic chloroaluminates seemed particularly suitable. For
practical reasons, it is necessary to generate the active Ni catalyst �in situ� in the
ionic liquid starting from an air-stable commercial NiII salt (Equation 5.3). This is the
reason why attention had been focused on the organochloroaluminates based on a
mixture of ethylaluminum dichloride (EADC) and 1-methyl-3-butylimidazolium
chloride (BMIC).

NiX2 þEtAlCl3
� ! ½Ni�Et�þ ½AlCl3X2�� ðactive catalystÞ ð5:3Þ

The nature of the anion associated with the cationic nickel catalyst greatly influences
the activity of the system. Themore basic the anion, the less active is the catalyst. For
example, in [BMIC]–EtAlCl2 ionic liquids (1 : 1.2 molar ratio), dimerization of
propylene with NiCl2.2L as the precatalyst is slower than in [BMIC]–AlCl3–EtAlCl2
(1 : 1.2 : 0.11) mixture. In addition, in the organochloroaluminate ionic liquid
[BMIC]–EtAlCl2, deactivation of the catalyst is observed. This deactivation is ascribed
to a change in the nature of the anion present in the ionic liquid in the presence of a
hydrocarbon layer.
However, at that time, these organochloroaluminate ionic liquids were

new and their acid–base properties, so important for the catalytic processes,
were not known. A new research effort was therefore initiated to determine the
species formed in such mixtures as a function of the compositions and then to
deduce the acid–base equilibria involved. Themajor investigations were made at the
Analytical Chemistry and Electrochemistry Laboratory of the University of
Li�ege [17].
From this study, it appeared that organochloroaluminate salts based on mixtures

of (Et)nAlCl(3�n) (n¼ 1–3) with 1-methyl-3-butylimidazolium chloride (BMIC) are
liquid near room temperature over a very large composition range. The structural
properties of all these mixtures have been studied by Raman spectroscopy
and compared with those of classical chloroaluminate melts [17] (Table 5.3).
The ethylaluminum derivatives mixed with N,N0-dialkylimidazolium chloride
thus form a new class of ionic mixtures containing both mono- and polynuclear
anions. A whole new family of species has been identified. The tendency of these
species to form polynuclear anions declines with increase in the number of ethyl
groups.
It has also been shown that, for a same global aluminummolar fraction, the global

acidity level of BMIC–[EtAlCl2 þ AlCl3] mixtures was higher than that of BMIC–
EtAlCl2 mixtures [18]. Since the activity of the nickel system is dependent on this
Lewis acidity, ionic liquids based onmixtures of EtAlCl2 þ AlCl3 emerged as the best
solution. An accurate adjustment of the EtAlCl2 to AlCl3 ratio was the key to
optimizing the catalytic system efficiency.
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5.3.2.2 Production of the Ionic Liquid
The chloroaluminate ionic liquid used in the Difasol reaction section can easily be
prepared in two steps. The first is the reaction of an alkyl chloride with N-alkylimi-
dazole. The second is the direct reaction of the resulting N,N0-dialkylimidazolium
chloride with aluminum chloride (Scheme 5.4). This synthesis has already been
scaled up to several tens of kilograms using IFP-Lyon standard pilot plant facilities.
The reaction conditions chosen allow easy control of reaction exothermicity. Impu-
rities or excess of volatile starting materials are removed during the reaction. Good-
quality ionic liquids are obtained and the production is ready for industrial scale-up.
(unpublished results).

5.4
The Biphasic Difasol Process

The first laboratory experiments [15] were performed with an NiII salt and the
BMIC–AlCl3–EtAlCl2 ionic liquid in a semi-batchmanner to evaluate the activity and

Scheme 5.4 Synthesis of acidic chloroaluminate ionic liquids.

Table 5.3 Anionic species identified from the Raman spectra as a
function of the molar fraction of (Et)nAlCl(3�n).

a

n
Mole fraction of (Et)nAlCl(3�n) (n¼ 0–3), N

0 0.50 0.67 0.75 1.0

0 Cl� AlCl4
� Al2Cl7

� Mixed species
AlCl4

� Al2Cl7
� Al3Cl10

�

1 Cl� (EADC)Cl� (EADC)2Cl
� (EADC)3Cl

� (AlCl3)(EADC)Cl
–

(EADC)Cl� (EADC)2Cl
� (EADC)3Cl

�

2 Cl� (DEAC)Cl� (DEAC)2Cl
� (DEAC)2Cl

� (EADC)(DEAC)Cl–

(DEAC)Cl� (DEAC)2Cl
� DEAC DEAC

3 Cl� (TEA)Cl� (TEA)2Cl
� (EADC)(DEAC)

(TEA)Cl� (TEA)2Cl
� TEA

aEADC¼EtAlCl2; DEAC¼Et2AlCl; TEA¼Et3Al.
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selectivity of the system into dimers. These experiments showed that theNi catalyst is
dissolved and remains immobilized in the ionic liquid where the reaction products
are poorly soluble. The reactant miscibility remains adequate to ensure reaction.
No catalytic activity occurs in the organic phase. Experiments also showed that raising
the mixing efficiency increases the reaction rate but does not change the dimer
selectivity. Excellent mixing is necessary to ensure good conversion by rapid mass
transfer and efficient interaction of the ionic catalyst with the substrate. No
co-miscibility between the products and the ionic liquids was observed; product
separation could be operated by simple decantation of the two phases.
In order to demonstrate the recyclability and the lifetime of the catalytic system,

a continuous flow pilot plant was operated.

5.4.1
The Biphasic Transformation of Butenes (Pilot Development)

The continuous experiments were run with a representative industrial C4 raffinate-2
cut composed of 70% butenes (27% of which is 1-butene) and 1.5% isobutene
(the remainder being n-butane and isobutane). These reactants are introduced
continuously into awell-stirred reactor operated full of liquid. The effluent (amixture
of the two liquid phases) leaves the reactor via an overflow and is transferred to a
phase separator (Figure 5.5). The separation of the ionic liquid (density around
1200 g L�1) and the oligomers occurs rapidly and completely (favored by the differ-
ence in densities). The ionic liquid containing theNi catalyst is recycled to the reactor,
while the product stream is recovered and analyzed on-line. The test was conducted
continuously over a period of 5500 h, after which it was deliberately stopped. No
additional fresh ionic liquid was required during the test. No ionic liquid can be
detected in the products (nitrogen analysis). The volume of ionic liquid recovered
after the 5500 h was identical with that engaged. Throughout the whole test, the
butene conversion was maintained above 70wt%.
Very small amounts of Al and Ni catalyst components are carried over by the

organic stream. It appeared necessary to introduce continuously some nickel catalyst
precursor and alkylaluminum co-catalyst at a small rate to counterbalance this

Figure 5.5 Biphasic system.
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leaching. The injection flow rates of nickel and alkylaluminum are defined to
maintain the butenes conversion constant. It must be emphasized that in this case,
the nickel and aluminum consumption is lower than in a Dimersol system.
Butenes are converted into octenes with high selectivity (95wt% of octenes relative

to the total products). In such a system, consecutive side reactions (octenes þ
butenes) areminimized due to the lower solubility of octenes comparedwith butenes
in the ionic liquid.Moreover, unlike what is observed in theDimersol process, octene
selectivity remains higher than 90%, even at 80% butene conversion, easily obtained
by increasing the Ni catalyst concentration.
Whatever the butene conversion, for less than 2wt% of isobutene in the feed, the

C8 isomer distribution proved to be equivalent to the distribution classically reported
for the industrial Dimerol process.
This continuous pilot test definitely demonstrated the stability of chloroaluminates

under dimerization conditions. The main advantage of the biphasic Difasol process
remains in the easy product separation that can be performed in a subsequent step.
The product separation by settling does not require heating and results in energy
savings plus reduced catalyst consumption.
Another interesting result is the excellent activity obtained when diluted feedstock

is used. With Dimersol X technology, olefin conversion is highly dependent on its
concentration in the feed. In contrast, Difasol performances are maintained over a
wide range of butene concentration, with the same catalyst consumption (Table 5.4).

5.4.1.1 The Difasol Process: Different Process Schemes and Estimated Performances
Owing to the solubility of the catalyst in the ionic liquid and to the poor miscibility of
the products, the unit is essentially reduced to a well-stirred reactor followed by a
phase separator.
The Difasol reaction section involves a reactor and two settlers (Figure 5.6). An

injection of fresh catalyst components is adjusted to compensate for a slight catalyst
carryover by the organic phase. Nickel and alkylaluminum injections are defined so
as to maintain the butene conversion constant.
TheDifasol catalyst is concentrated and operates in the ionic phase ormaybe at the

phase boundary. The reaction volume is therefore much lower than in the conven-
tional one-phase Dimersol process, where the catalyst concentration is very low.
Different process schemes including this Difasol reaction section have been

envisioned so far.

Table 5.4 Effect of butene feed dilution on Difasol catalytic performance.

Concentration
of butenes (wt%)

Conversion
(wt%)

Dimer
selectivity
(wt%)

20 65–70 >92
40 65–70 >92
60 65–70 >92
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Difasol IntegratedConcept: [DimersolþDifasol] Combination As the biphasic Difasol
process can be operated on diluted feedstock, the biphasic reactor can ideally be
integrated as a finishing reaction section after a Dimersol reactor.
In this first scheme, the design consists of a first homogeneous Dimersol dimeriza-

tion step (1), a vaporization–condensation section (2) and a biphasic dimerization
section (3) (Figure 5.7). The catalyst injection rate is decreased in the one-phase
Dimersol reactor to provide low butene conversion. The effluent from the Dimersol
reactor is partly vaporized to separate unconverted C4s from octenes. Products and
catalyst are sent to the neutralization section while the vapor phase is condensed and
sent to the Difasol reactor. Butene conversion is achieved with less catalyst andmore
selectivity thanks to the biphasic system. This [Dimersol þ Difasol] combination,
which uses the same Dimersol catalytic system, improves the yield of octenes by
about 10wt% with a lower consumption of nickel.

Figure 5.7 Dimersol þ Difasol package reaction section
scheme. (1) Dimersol reactor; (2) vaporisation–condensation;
(3) Difasol reactor.

Figure 5.6 Difasol reaction and decantation.

116j 5 Ionic Liquids and Catalysis: the IFP Biphasic Difasol Process



It should be noted that, in such a combination, the one-phase Dimersol reaction
totally purifies theDifasol feed from impurities that could potentially be accumulated
in the ionic liquid.
This particular combination of one-phase and two-phase technologies is possible

because of the high Difasol efficiency on the diluted feed issued from the Dimersol
reactor. This arrangement is suitable either to grassroots units or to upgrading of
existing Dimersol X units. It considerably reduces the overall unit volume compared
with existing Dimersol X units. It also induces lower catalyst consumption, which
means lower catalyst and disposal costs (Table 5.5).

Difasol Standalone Concept: Comparisonwith [Dimersol þ Difasol] Combination In a
second scheme, there could be only one Difasol reaction section. For such a grassroots
unit, Difasol standalone, the main concern is how to protect the chloroaluminate
ionic liquid from feedstock impurities. The proper pretreatments are highly
dependent on the origin of the feed. Fortunately, the current poisons of chloroa-
luminates are the same as those of the well-known Dimersol catalyst. The lower the
content of these pollutants in standalone Difasol feedstock, the longer is the
chloroaluminate ionic liquid lifetime. The best arrangement, to remove these
poisons as completely as possible, includes a water wash with condensed or feed
boiling water, followed by a water removal device. Currently a simple azeotropic and
partial de-isobutane fractionator is recommended. The dry feed is then treated with
the proper molecular sieves in order to remove both oxygenates and sulfur
compounds. It should be noted that all these feedstock treatments are also
recommended to minimize classical Dimersol catalyst consumption, but using
the standalone Difasol process leads to more severe treatments and therefore higher
investment and chemical expense.
Rather than a purification section, a standalone Difasol plant also requires a larger

biphasic reactor than a [Dimersol þ Difasol] unit. For instance, a 160 000 t per year
C4 cut unit requires a 50m

3 Difasol reactor when it operates in standalone mode but
only a 30m3 reactor when it works as a finishing reaction conversion after Dimersol.
Table 5.6 shows a simplified mass balance comparison for the Dimersol process,

Dimersol-Difasol arrangement and a standalone Difasol unit.

Table 5.5 Comparison of performances.a

Dimersol
(4 reactors)

DimersolþDifasol
integrated concept (1 Dimersolþ 1
Difasol reactor)

Yield of octenes 0.66 0.73
Relative nickel consumption 1.0 0.70
Total reactor volumea 4· 120m3 1 · 120m3 (Dimerol)þ 30m3 (Difasol)

aOn 75wt% butenes feed, for 20 t h�1 feed rate.
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5.4.1.2 Economics of the Difasol Process
Both butene conversion and octene selectivity are clearly improved using the
[Dimersol þ Difasol] arrangement, whereas the standalone Difasol process appears
to be able to achieve the best octenes selectivity with lower butene conversions.
Calculations were done for iso-investment on a grassroots unit. The standalone
Difasol process can achieve higher butene conversion (more than 85wt% is feasible)
with still 91% octene selectivity. Table 5.7 gives a Capex (capital expenditure)
comparison for the three unit arrangements mentioned above, taking into account
the same constraint: all units have the same Capex per ton of octenes.
Table 5.8 gives the operating expenditure (unit operating costs or Opex) for the

three unit arrangements mentioned above using the same constraint.
In conclusion, clearly, both the [Dimersol þ Difasol] and standalone Difasol

processes furnish an interesting Opex economy. The standalone Difasol process

Table 5.7 Unit Capex estimation.a

Dimersol
(4 reactors)

Dimersol
(1 reactor)
þDifasol

Difasol
standalone

Feed purification section (%) 10 10 26
Reaction section (%) 47 42 24
Distillation section (%) 20 20 20
Catalyst section (%) 5 5 5
Catalyst removal section (%) 18 18 18
Difasol cooling section (%) 8 11
Total unit investment (%) (a) 100 103 104
Butenes conversion (wt%) 80 82 75
Octenes selectivity (wt%) 82 90 91
Octenes yield (wt%) (b) 66 73 68
Relative Capex per ton of octenes: (a)/(b) 1.5 1.4 1.5

aFeed 160 000 t yr�1; 75wt% butenes; iso-investment per ton of octenes.

Table 5.6 Comparison of unit performances.a

[Dimersol (1 reactor)þDifasol]

Dimersol
(4 reactors)

Dimersol
reactor

Difasol
reactor

Global
arrangement

Difasol
standalone

Conversion (wt%) 80 50 75 82 75

Selectivity (wt%):
Octenes 82 89 91 90 91
Dodecenes 14 10 8.5 9 8.5
Hexadecenes 4 1 0.5 1 0.5

aFeed 160 000 t yr�1; 75wt% butenes; iso-investment per ton of octenes.
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allows interesting chemical consumption and flexibility in terms of octene produc-
tion just by tuning the chemical consumption, in comparison with the classical
Dimersol process. The [Dimersol þ Difasol] combination gives the best octene
yields and fairly low operating costs.
To summarize the advantages of theDifasol process, one can include the following

main benefits:

. The overall octene selectivity is higher than that for the homogeneous process.

. The dimer selectivity does not decrease much at high conversion.

. The overall yield of C8 octenes is higher than in thehomogeneous process (by about
10wt%)

. The system can be run with poorly concentrated alkene feeds (as low as 20wt%
butenes) and hence streams such as raffinate-2 are suitable feeds.

. The nickel loss is much less than the consumption in the homogeneous process.

. Although some loss of [EtAlCl2] occurs, it is much less than in the homogeneous
system.

. No ionic liquid can be detected in the products.

. A much smaller reactor can give the same throughput of octenes.

. Dimersol Ni commercial catalyst precursor can be used without modification.

. Substrate preparation and product purification are similar to that used in the
Dimersol process (but withmuch less NaOH consumption and waste generation).

5.4.2
The Biphasic Transformation of Propylene

The dimerization of propylene with a nickel catalyst precursor that does not contain
any phosphine ligand usually gives oligomers with uncontrolled regioselectivity
(typically a mixture of dimethylbutenes, methylpentenes and hexenes), as described
in Schemes 5.1 and 5.3. The addition of bulky and basic phosphine ligands such as
triisopropylphosphine or tricyclohexylphosphine can drive the reaction to high
selectivity in 2,3-dimethylbutenes (2,3-DMB-1 and 2,3-DMB-2) [19].

Table 5.8 Chemicals and utilities consumption.a

Dimersol
(4 reactors)

Dimersol
(2 reactors)
þDifasol

Difasol
standalone

Cooling water (%) 2 2 12
Steam MP (distillation) (%) 6.5 10 8
Electricity (%) 0.5 1 1
Difasol cooling (%) 4 11
Total unit (%) 100 91 68
Consumption per ton of octenes 1.5 1.3 1.0

aFeed 160 000 t yr�1; 75wt% butenes; iso-investment per ton of octenes.
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2,3-Dimethylbutenes are especially important since they can be used as key
starting olefins for fine chemical intermediates. 2,3-DMB-2 is used for the synthesis
of Danitol, which is a high-performance pyrethroid insecticide developed by
Sumitomo in 1976, and to produce other intermediates (e.g. pinacolone). 2,3-DMB-1
is a key intermediate for the production of musk fragrances (Tonalid) [20].
Numerous studies have been performed on these Ni–phosphine catalytic systems

in order to improve the activity and the selectivity, not only by varying the phosphine
ligand, but also by varying the additives. The anchorage of Ni complexes on solid
supports was also reported [21]. Fluorinated biphasic systems were also applied to try
to immobilize nickel b-diketonate complexes modified with a long perfluorinated
alkyl chain. However, the polar character of the Ni active species was not favorable to
the non-polar fluorinated layer [22].
More promising is the use of ionic liquids. Regioselective propylene dimerization

can be performed in acidic chloroaluminates. The phosphine effect can be main-
tained with the right adjustment of the ionic liquid acidity [23]. The reaction has been
carried out in a semi-continuous way in a glass apparatus. The main issue was to
maintain constant the 2,3-DMB selectivity with time. The 2,3-DMB selectivity
decreases rapidly if no phosphine is added. This has been ascribed to a competition
for the basic phosphine between the �soft� Ni catalyst and the �hard� aluminum
chloride potentially present in the acidic ionic liquid. To prevent this loss of
phosphine effect, different organic bases have been added to the ionic liquid to
�buffer� their Lewis acidity. Aromatic hydrocarbons proved to be ideal basic additives.
Thanks to their poor basicity, they do not interfere strongly with the Ni active center
and do not decrease the catalytic activity. They can be considered as buffers, thus
stabilizing the �phosphine effect�.
The propylene dimerizationwas then performed semi-continuously in an effective

way using acidic chloroaluminate as the catalyst solvent and aromatic hydrocarbons
as additives. Propylene is introduced through a valve in the reactor in the vapor phase
under pressure control. The reaction consumes the propylene to produce liquid
hexenes mixture rich in 2,3-DMB-1. When the reactor is full of liquid, the organic
upper phase can be withdrawn without stopping the reaction. The reaction has been
performed continuously duringmore than 50 hwithout loss of 2,3-DMB-1 selectivity.
The hexene selectivity was maintained constant at around 75–80wt% hexenes/total
products and the 2,3-DMB-1wasmaintained at 70–75wt% relative to the total hexene
content (Figures 5.8 and 5.9).
Aprocess scheme including a reaction section and an effluentwashing sectionwas

then designed to produce, in a continuous way, a stream in which 2,3-DMB-1 is the
major component (Figure 5.10).
As in the Dimersol process, the heat of the reaction is released thanks to a pump-

around. The temperature of the reactor is controlled by a refrigerant flow on the
pump-around cooler. The product stream is sent to a hydrocarbon/ionic liquid settler
in which the ionic liquid decants and is sent back to the reactor under level control.
Part of the unreacted propylene is recycled, under pressure control, to the reactor
after vaporization. The products arefinallywashed in a similarway as in theDimersol
process. A material balance (weight) is given in Table 5.9.
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Figure 5.9 Semi-continuous dimerization of propene Ionic liquid:
15 mL, propene: atmospheric pressure, duration: 60 hours
(24 fractions of 250 mL each), production: 11 L of products; C6
selectivity: 80–81%/products; 2,3-DMB-1 selectivity: 70–75%/C6.

Figure 5.8 Regioselective dimerization of propylene: propylene
consumption as a function of time. 15mL chloroaluminate ionic
liquid; T¼�15 �C; catalytic system: NiII–PCy3 (1 : 1 molar ratio).
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5.5
Conclusion

The Difasol process has been developed to transform the butenes cut into octenes
used as raw materials for the manufacture of isononanols. In comparison with the
homogeneous industrial Dimersol process, the biphasic Difasol process can be
shown to have lower capital investment because of the smaller reactor size
required, higher selectivity, higher yield, faster throughput and greater environ-
mental acceptability (lower E-factor) as a result of reduced catalyst waste
production.
Another option of the biphasic Difasol process concerns the regioselective

dimerization of propylene for the production of hexene effluent rich in 2,3-DMB-
1, a high-value intermediate used in fine chemistry. In this option, the biphasic
process leads to a high 2,3-DMB-1 yield with reduced catalyst and costly ligand
consumption due to catalyst recycling.

List of Abbreviations

BMIC 1-methyl-3-butylimidazolium chloride
EADC ethylaluminum dichloride
EMIC 1-ethyl-3-methylimidazolium chloride

References

1 (a) Cornils, B. (2002) in Applied
Homogeneous Catalysis with Organometallic
CompoundsVol. 1, 2nd edn (eds B. Cornils
and W.A. Herrmann), Wiley-VCH Verlag
GmbH, Weinheim, pp. 1–24;
(b) Cornils, B. andHerrmann,W.A. (2003)
Journal of Catalysis, 216, 23–31.

2 Gladysz, J.A. (2002)Chemical Reviews, 102,
3215–3216.

3 (a) Cornils, B., Herrmann, W.A., Horvath,
I.T., Leitner, W., Mecking, S., Olivier-
Bourbigou, H. and Vogt, D. (2005)
inMultiphaseHomogeneousCatalysis, Vol. 1
(eds B. Cornils, W.A. Herrmann, I.T.
Horvath, W. Leitner, S. Mecking, H.
Olivier-Bourbigou and D. Vogt), Wiley-
VCH Verlag GmbH, Weinheim,
pp. 1–23;
(b) Cornils, B. and Kunz, E. (2004) in
Aqueous-phase Organometallic Catalysis:

Concept and Applications, 2nd edn.
(eds B. Cornils and A.W. Herrmann),
Wiley-VCH Verlag GmbH, Weinheim,
pp. 351–364; (c) Kuntz, E.G. (1987)
Chemtech, 570–575.

4 (a) Reichardt, C. (2003) in Solvent and
Solvent Effects in Organic Chemistry, 3rd
edn. (ed. C. Reichardt), Wiley-VCH Verlag
GmbH, Weinheim, pp. 147–329; (b)
Cornils, B. (1999) Topics in Current
Chemistry, 106, 133–152; (c) Constable,
D.J.C., Jimenez-Gonzalez, C. and
Henderson, R.K. (2007) Organic Process
Research & Development, 11, 133–137.

5 (a) Zhang, S., Sun, N., He, X., Lu, X. and
Zhang, X. (2006) Journal Physical And
Chemical Reference Data, 35, 1475–1517;
(b) Welton, T. (2005) in Multiphasic
Homogeneous Catalysis, Vol 2 (eds B.
Cornils, W.A. Herrmann, I.T. Horvath, W.

124j 5 Ionic Liquids and Catalysis: the IFP Biphasic Difasol Process



Leitner, S. Mecking, H. Olivier-Bourbigou
and D. Vogt), Wiley-VCH Verlag GmbH,
Weinheim, pp. 431–455; (c) Olivier-
Bourbigou, H. and Magna, L. (2002) J Mol
Catal A, 182–183, 419–437; (d) Dupont, J.,
de Souza, R.F. and Suarez, P.A.Z. (2002)
Chemical Reviews, 102, 3667–3692;
(e) Zhao, D., Wu, M., Kou, Y. and Min, E.
(2002) Catalysis Today, 74, 157–189;
(f ) Gordon, C.M. (2001) Applied Catalysis
A-General, 222, 101–117; (g)Wasserscheid,
P. and Keim, W. (2000) Angewandte
Chemie-International Edition, 39,
3773–3789; (h) Sheldon, R. (2001)
Chemical Communications, 2399–2407;
(i) Chauvin, Y. and Olivier, H. (1995)
Chemtech, 9 (25), 26–38.

6 (a) Freemantle, M. (2007) Chemical &
Engineering News, 85 (1), 23–26;
(b) Rodgers, R. and Seddon, K. (2003)
Science, 302, 792–793; (c) Short, P.L.
(2006) Chemical & Engineering News,
84 (17), 15–21; (d) Plechklova, N.
and Seddon, K. (2008) Chemical
Society Reviews, in press.

7 (a) Zhang, Z. (2006) Advances in Catalysis,
49, 153–237; (b) Welton, T. (2004)
Coordination Chemistry Reviews, 248,
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6
Immobilization and Compartmentalization of Homogeneous
Catalysts
Christian M€uller and Dieter Vogt

6.1
Introduction

The contribution of soluble transition metal complexes as selective homogeneous
catalysts for a number of chemical transformations under mild reaction conditions
has increased significantly in recent decades. A number of important large-scale
processes, such as the production of adiponitrile, a-olefins (SHOP process), acetic
acid, acetic anhydride andbutanal, are nowadays based onhomogeneous catalysis [1].
Nevertheless, the separation and recovery of the catalyst from the product mixture
remains a crucial feature for the commercialization of a catalytic process. Conse-
quently, there is considerable interest in the development of organometallic catalysts
anchored on various supports.
Several concepts for the immobilization of homogeneous catalysts have been

developed and investigated, including ionic liquids [2], solid supports [3], supramo-
lecular architectures and applications in supercritical CO2 [4]. This chapter focuses
exclusively on soluble dendritic and polymeric supports for homogeneous catalysts
for the purpose of molecular weight enlargement or multiphase catalysis. Examples
and highlights of their performance are presented, with emphasis on their applica-
tion in continuous homogeneous catalysis by membrane filtration and catalyst
separation/recovery by means of precipitation/filtration techniques. Recent devel-
opments in true heterogenization of homogeneous catalysts on solid supports,
Merrifield resins, mesoporous materials, insoluble polymers, grafting on polyvinyl-
pyridines and encapsulation by imprinting in polymers are outwith the scope
of this chapter. A number of excellent review articles on recoverable catalysts
using recyclable polymer- and dendrimer-based supports have also recently been
published [5].
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6.2
Soluble Dendrimer-bound Homogeneous Catalysts

6.2.1
Covalently Linked Dendrimer-bound Catalysts

Since the pioneering work on dendritic structures by V€ogtle and co-workers [6],
dendrimers have attracted much attention. The synthesis and investigation of
their structural properties became a new field in science. The application of
dendrimers as support molecules for homogeneous catalysts was first reported by
the groups of van Koten and van Leeuwen in 1994 [7]. In contrast to polymers,
dendrimers have the advantage of a perfectly defined molecular structure and
their catalytic properties can be investigated by standard high-resolution spectro-
scopic techniques in solution. However, detailed studies on the macromolecular
structure of dendrimers have revealed that they do not always adopt the ideal
spherical structures that their drawings suggest; especially amphiphilic dendri-
mers have structures that are far from spherical [8]. As a disadvantage, their
syntheses are usually tedious and expensive and, correspondingly, commercial
applications of dendrimers are scarce.
In principle, dendritic catalysts can show the kinetic behavior and thus the activity

and selectivity of a conventional homogeneous catalyst. In periphery-functionalized
systems the transition metals are located on the outer sphere and are directly
accessible for the substrates, which allows for reaction rates that are comparable
to those in ordinary homogeneous systems. On the other hand, multiple reaction
sites in close proximity to one another result in extremely high local catalyst and
ligand concentrations. For example, a second-generation carbosilane dendrimer
functionalized with 36 terminal phosphines, results theoretically in local concentra-
tions of 8M of ligand and 4M of catalyst. In reactions where excess ligand is required
to stabilize the catalyst, this local concentration effect can indeed result in stable
systems. However, several deactivation processes can operate by a bimetallic mecha-
nism. Examples are ruthenium-catalyzed metathesis [9], palladium-catalyzed reduc-
tive coupling of benzene and chlorobenzene [10] and reactions that involve radicals
[11].
A difficult problem in the use of dendrimers is leaching. Two forms of leaching

are known: leaching of the dendritic catalyst through the membrane and metal
leaching from the dendrimer into the solution and further leaching of the active
metal through the membrane, usually in the form of small homogenized com-
plexes. For industrial applications, the overall retention of the dendritic catalyst
must be extremely good to maintain high activity in a continuous reactor for longer
reaction times. The required retention obviously depends on the application, since
processes for the bulk industry generally require more efficient catalyst recycling –
higher turnover numbers (TONs) – than those for fine chemicals. Generally, a
retention of at least 99.99% is required to obtain a catalyst system that remains
in the reactor for a prolonged period of time, even for fine chemical production
processes.
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Most commonly, carbosilane, polyphenylene, poly(benzyl ether), DAB, PANAM
and PPI dendrimers have been applied for the immobilization of transition metal
complexes [12].

6.2.1.1 Carbosilane Dendrimers as Soluble Supports
Soluble dendritic Ni catalysts of the type 1 for the atom-transfer radical addition
(ATRA, i.e. polyhalogenated alkane addition to olefins, Kharasch addition) were
investigated by van Koten and co-workers. G0 and G1 carbosilane dendrimers,
functionalized with NCN pincer-nickel(II) groups, were synthesized and applied as
homogeneous catalysts for the additionof organic halides to alkenes (Scheme6.1) [13].
Pd complexes of soluble P,O-functionalized carbosilane dendrimers, such as 2

(Scheme 6.2) were used by Vogt and co-workers for the hydrovinylation reaction
(codimerization of ethene and styrene). This C�C coupling reaction is of high
interest, because it opens up an easy access to building blocks for fine chemicals and
also pharmaceuticals [14].
For the codimerization of ethene and styrene, a pressure membrane reactor was

developed and the reaction ran almost without any isomerization to amixture of theE
and Z isomers of 2-phenyl-2-butenes or formation of any side products, which are
usually observed at high conversions. Nevertheless, the space–time yield dropped to
zero within 15 residence times and low retention of the dendrimer and precipitation
of palladium on themembrane were observed. Larger dendritic catalysts with higher
retentions did not showmuch improvement, indicating that catalyst deactivationwas
indeed the major problem.
The core-functionalized dendritic dppf analogue 3 (dppf¼ diphenylphos-

phinoferrocene) was reported by van Leeuwen and co-workers [15]. While the

Scheme 6.1 Dendritic NCN-pincer-Ni(II) complex for the Kharasch addition reaction.
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corresponding rhodium complex could only be applied in a batch-wise hydroformyla-
tion reaction [the hydroformylation reaction is typically performed at elevated tem-
perature (40–80PC) andalsounder a syngas pressure of 10–20 bar], thehydrogenation
of dimethyl itaconate could be performed under continuous reaction conditions
(Scheme6.3). Interestingly, nodeactivationof the catalyst occurred during the catalytic
experiment, which has often been observed in continuous palladium-catalyzed
reactions. The drop in conversion (77% after 35 exchanged reactor volumes) could
be fully explained by the retention of the dendritic system (99.8%) [15].

Scheme 6.2 Dendritic Pd–allyl complex for the hydrovinylation reaction.
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Van Leeuwen and co-workers also investigated the preparation and application of
dendrimer-substituted P,O ligands in the Ni-catalyzed oligomerization and polymer-
ization of ethene (SHOP-process) [16]. Interestingly, a clear positive dendritic effect
was observed: The dendritic system 4 showed a much higher productivity in toluene
as the solvent compared with the non-supported o-hydroxytriphenylphosphine–Ni
catalyst (Figure 6.1). In more polar solvents (methanol, THF), the parent compound
was catalytically inactive due to the formation of Ni bischelates, while the molecular
enlarged system produced mainly oligoethenes. Interestingly, the presence of
primarily monoligated dendritic Ni species and the suppression of bischelates due
to the dendrimer substituents under catalytic conditions could be verified by high-
pressure NMR spectroscopy.
P,N-type ligands substituted with second-generation carbosilane dendrimers,

such as 5, were reported by Reek and co-workers [17]. These systems (�ClickPhine�)
were prepared by a Cu(I)-catalyzed azide–alkyne �click� cycloaddition reaction, a
concept previously developed by Sharpless and co-workers. The corresponding

Scheme 6.3 Core-functionalized dendritic dppf analogue for
hydroformylation and hydrogenation reactions.
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cationic Pd–allyl complexes were investigated in the allylic alkylation of cinnamyl
acetate, showing high conversion (91%) and high selectivity (98%) for the linear
cis-product (Scheme 6.4).

6.2.1.2 Poly(Benzyl Ether) Dendrimers as Soluble Supports
Bolm and co-workers studied the diethylzinc addition to benzaldehyde with soluble
polymeric catalysts [18]. Dendritic chiral catalysts consisting of poly(benzyl ethers) (6)
and chiral pyridyl alcohols were used as organocatalysts for the asymmetric C�C
linkage reaction (Scheme 6.5).
The enantiocontrol by the dendritic systems was slightly lower compared with the

parent pyridyl alcohols [2–3% drop in enantiomeric excess (ee)], but the conversion
towards the chiral secondary alcohol was actually slightly higher for the largest
hyperbranched catalyst (84% versus 80% yield after a 3 h reaction time).

Figure 6.1 Dendritic P,O�Ni complex for the oligomerization and polymerization of ethene.
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DoubleMichael addition reactions betweenmethyl vinyl ketone (MVK) and ethyl
a-cyanoacetate under continuous conditions (dead-end reactor) were performed
with the dodecakis(NCN–PdII) catalyst 7 by van Koten�s group [19] (Scheme 6.6).
High productivity and retention (99.5%) of the catalyst for more than 24 h were
observed, but slow deactivation of the system occurred after reaching stable
conversion.

6.2.1.3 DAB Dendrimers as Soluble Supports
Commercially available DAB dendrimers of the fourth and fifth generation were
functionalized with diphenylphosphino groups at the periphery by Reetz and
co-workers [20]. The corresponding Pd complexes, such as 8, were used for the
Pd-catalyzed allylic amination between cinnamyl acetate and morpholine to yield
N-(3-phenyl-2-propenyl)morpholine in a continuousmembrane reactor (Scheme 6.7).

Scheme 6.5 Dendritic poly(benzyl ether) catalyst for the diethylzinc addition to benzaldehyde.

Scheme 6.4 Dendritic �ClickPhine� ligand for Pd-catalyzed allylic alkylation reactions.
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Fourth- and fifth-generation phosphine-functionalized DAB dendrimers were
applied, for which 100% conversion was obtained at the beginning. A 20% decrease
was observed after 100 h and also palladium leaching between 0.07 and 0.14% per
residence time. The soluble support, on the other hand, was completely retained in
the membrane reactor.

6.2.1.4 PAMAM Dendrimers as Soluble Supports
Dendrimer-based organophosphites, organophosphonites and organophosphinites,
such as 9, and also their correspondingmetal complexes, were described and patented
by Tulchinsky and Miller for the hydroformylation of propene in batch processes [21].
The recovery of the catalysts by means of nanofiltration was described for phosphite-
substituted PAMAM dendrimers of generations G0–G4 (Scheme 6.8).
After the hydroformylation run, the reaction mixture was passed through nano-

filtration membranes (reverse osmosis) of the MPF-50 type or cross-linked GKSS
membranes. The dendrimers were stable under hydroformylation conditions and no
detectable amount of dendritic material was found in the permeate solutions. The
highest retention for Rh (99.96%) was achieved by using GKSS (10mm)membranes
and the third-generation PAMAM dendrimer. Even higher Rh retentions and flux
rates were found for nanofiltration experiments using a 50A

�
ultrafiltration mem-

brane and the fourth-generation PAMAM system (99.997%).

6.2.1.5 PPI Dendrimers as Soluble Supports
The first application of dendrimers in a thermomorphic system was described
by Kaneda and co-workers [22]. Polypropylenimine (PPI) dendrimer-bound Pd(0)
complexes of the type 10 were synthesized by reduction of dendritic Pd(II) systems
with hydrazine and used for allylic substitution reactions (Scheme 6.9). The Pd
complexes were efficiently recycled by running the reaction in a thermomorphic

Scheme 6.6 Dendritic poly(benzyl ether)-based dodecakis
(NCN–PdII) catalyst for Michael addition reactions.
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system at 75 �C; under these conditions, a biphasic system consisting of DMF and
heptane became homogeneous. Phase separation occurred again by cooling the
reaction medium to room temperature. The dendritic catalyst system was almost
completely insoluble in heptane and was transferred to the polar DMF phase, while
the heptane solution containing the products could easily be decanted. Furthermore,
the stereoselectivity for the cis-product in the amination of cis-3-acetoxy-5-carbo-
methoxycyclohex-1-ene with morpholine increased with the generation of the

Scheme 6.7 DAB dendrimer-based Pd complexes for allylic amination reactions.
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dendrimers. Up to 94% cis selectivity was observed for the fifth-generation dendri-
mer, whereas only a slight excess of cis-product was observed for the non-supported
Pd(PPh3)4 complex. As an explanation, steric congestion at the periphery of the
dendrimerwas suggested, which leads to steric steering of the nucleophilic attack to a
surface (p-allyl)Pd intermediate and strongly shielding from the endo attack of the
nucleophile at the active center.

6.2.2
Non-covalently Linked Dendrimer-bound Catalysts

Dendritic host–guest catalysts stabilized by hydrogen bonding and ionic interactions
were studied by van Leeuwen and co-workers [23]. The non-covalently functionalized
dendrimer 11 containing 32 phosphine ligands was generated by reaction of PPI
dendrimers equipped with urea adamantyl groups and phosphorus ligands functio-
nalized with urea acetic groups (Scheme 6.10).

Scheme 6.8 PAMAM-based phosphite ligands for Rh-catalyzed hydroformylations.

Scheme 6.9 Polypropylenimine (PPI) based Pd(0) complexes for allylic amination reactions.
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This supramolecular complex was applied in the Pd-catalyzed reaction between
crotyl acetate and piperidine, showing a very fast reaction, which indicates that every
active site on the dendrimer acts as an independent catalyst. Furthermore, the same
selectivities were found compared with the unbound monomeric analogue. Under
continuous conditions, a maximum conversion of approximately 80% was reached
after 1.5 h and only a slight decrease in conversion was observed during the course of
the experiment due to slow catalyst deactivation. Remarkably, a retention of 99.4% for
the supramolecular host–guest–Pd complex was found, which demonstrates that the
non-covalently assembled systems are indeed suitable soluble supports for continu-
ous flow applications.
The immobilization of the perfluoro-tagged palladium catalyst 12 on a dendritic

polyglycerol ester containing a perfluorinated shell was investigated by Haag and
co-workers [24]. This supramolecular Pd complex showed good solubility in organic
solvents andwas applied in a Suzuki coupling reaction (Scheme 6.11). The supported

Scheme 6.10 Supramolecular host–guest complexes for Pd-catalyzed allylic amination reactions.

Scheme 6.11 Perfluorinated host–guest complexes for Pd-catalyzed Suzuki reactions.
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catalyst could be separated from the product by simple precipitation using a DME–-
water mixture and recycling and multiple use proved to be straightforward.

6.3
Polymer-bound Homogeneous Catalysts

Because of the often tedious synthesis of dendrimers, many research groups are
working on the use of polymers as supports for homogeneous catalysts. Polymers
have the advantage of easy and cheap synthesis, while the resulting catalyst still often
acts as a true homogeneous system without the problems usually related to hetero-
geneous systems such as mass transfer limitation and lower activity. First examples
on the concept of binding catalytically active metal complexes to soluble supports
were reported in the 1970s, when Rh-containing soluble polymers were successfully
applied as hydrogenation catalysts [25]. Later, functionalized soluble polystyrenes
[26], poly(ethylene glycol)s [27], poly(methyl methacrylate)s [28], polyvinylpyrroli-
dines [28], polyethene oligomers [28], poly(vinyl chloride)s [28], hyperbranched
polymers [29] and polyelectrolytes [30] were applied as soluble polymeric supports
for transition metal complexes. In this section, catalytic systems using polymeric
supports and possible applications are discussed, with the focus on two concepts:
covalently and electrostatically linked homogeneous catalysts. The immobilization of
homogeneous catalysts on truly solid supports such as resins, fibers, silica and
zeolites is outwith the scope of this chapter and will be mentioned only briefly.

6.3.1
Covalently Linked Polymer-bound Catalysts

6.3.1.1 Molecular Weight Enlargement for Continuous Homogeneous Catalysis
First attempts at the concept of binding catalytically activemetal complexes to soluble
supports were reported by Manassen in the early 1970s, where Rh-containing
polymers were successfully applied as hydrogenation catalysts [25a] Soon afterwards,
Bayer and Schurig reported the use of soluble polymers as supports for homoge-
neous catalysts [25b] They used non-cross-linked linear polystyrene (Mw ca 100 000),
which was chloromethylated and converted by treatment with potassium diphenyl-
phosphide into soluble polydiphenyl(styrylmethyl)phosphines. Soluble macromo-
lecular metal complexes were prepared by addition of various metal precursors, e.g.
[Rh(PPh3)Cl] (13) and [RhH(CO)(PPh3)3] (14) (Scheme 6.12). 1-Pentene was hydro-
formylated to C6-aldehydes (77% n-hexanal and 23% methylpentanal), without any
hydrogenation, isomerization or hydrogenation toC6 alcohols at 22 �Cunder 1 atmof
H2�CO. After 72 h, the reaction mixture was filtered through a polyamide mem-
brane and the catalysts could be recycled. Instead ofmembranefiltration, the catalysts
could also be separated by precipitationwith n-hexane. The precipitates retained both
their original solubility properties and, after re-dissolution, their catalytic activity. In
the hydrogenation of 1-pentene at 22 �C and 1 atm of H2, the reaction mixture was
filtered through a polyamide membrane after 24 h (50% conversion in 3 h) and the
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catalyst could be retained quantitatively in the membrane filtration cell and was
recycled five times.
Kragl and Dreisbach reported the asymmetric addition of diethylzinc to benzalde-

hyde using a chiral homogeneous catalyst of the type 15 supported on a soluble
polymethacrylate (Scheme 6.13) [31]. a,a-Diphenyl-L-prolinol was bound to a copol-
ymer from 2-hydroxyethyl methacrylate and octadecyl methacrylate forming a
soluble catalyst with an Mw of 96 000.

Membrane filtration using a polyaramide membrane showed a retention of more
than 99.8%. Application of this catalyst in a continuously operatedmembrane reactor
showed conversion for more than 150 h. The ee dropped from 80% at the beginning
(non-bonded analogue 97%) to about 20% after 150 h. The average ee for the first
80 h was 50%.
Another soluble polymer-enlarged catalyst was synthesized and tested byWandrey

and co-workers [32]. The catalyst 16 was prepared by coupling of an oxazaborolidine
via a hydrosilylation reaction to a methylhydrosiloxane–dimethylsiloxane copolymer
(Scheme 6.14) and was used in the enantioselective borane reduction of ketones.

Scheme 6.13 Polymethacrylate-bound prolinol catalysts for diethylzinc addition reactions.

Scheme 6.12 Soluble polystyrene-based ligands for Rh-catalyzed
hydroformylation and hydrogenation reactions.

Scheme 6.14 Immobilized oxazaborolidines for borane reduction of ketones.
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The reduction of acetophenone was carried out at room temperature, giving an
86% yield with an ee of 97%. This is similar to the ee obtained with unbound anal-
ogues. A limited study was conducted on the retention of the catalyst by nanofiltra-
tion. It was found that the compound could be retained in the membrane reactor
but no specific details were given about these measurements.
The use of such an oxazaborolidine system in a continuously operated membrane

reactor was demonstrated by Kragl and co-workers [33]. Various oxazaborolidine
catalysts of the type 17 were prepared with polystyrene-based soluble supports. The
catalysts were tested in a dead-end setup for the reduction of ketones (Scheme 6.14).
These experiments showed higher ees than batch experiments in which the ketone
was added in one portion. The ees vary from 84% for the reduction of propiophenone
to up to >99% for the reduction of a-tetralone. The catalyst showed only a slight
deactivation under the reaction conditions. TheTTONcould be increased from10 for
the monomeric system to 560 for the polymer-bound catalyst.
Liese and co-workers attached a transfer-hydrogenation catalyst to a soluble

polymer and applied this system (18) in a continuously operated membrane reac-
tor [34]. A Gao–Noyori catalyst was bound to a soluble polysiloxane polymer via a
hydrosilylation reaction (Scheme 6.15).

Application of this system in the continuous transfer-hydrogenation reaction of
acetophenone gave a stable conversion of about 87%, an ee of 94% and a space–time
yield of 255 g L�1 d�1. A continuous dosage of isopropoxide was necessary in order to
compensate for deactivation caused by traces ofwater in the feed stream.Under these
circumstances, a TTON of 2360 was reached. Comparison of this system with an
enzymatic process showed that both approaches offer different advantages and are
therefore complementary.
Plenio and co-workers tested the soluble polystyrene-bound adamantylphosphine

ligand 19 (Scheme 6.16) in various palladium-catalyzed C�C coupling reactions [35].
The retentions of metal complexes of the polymer-bound phosphine ligand were
determined to be higher than 99.95%.
A complex prepared from this ligand system and [Pd(PhCN)2Cl2] was tested in

Sonogashira coupling, showing high yields. After the reaction, the solution was
filtered through a hydrophobic membrane composed of a dense polydimethylsilox-
ane layer cast on a porous sublayer of polyacrylonitrile. The catalyst was recycled

Scheme 6.15 Polysiloxane-immobilized Gao–Noyori catalyst for transfer-hydrogenation reactions.
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seven times, resulting in a slight decrease in conversion from 98 to 80% in the last
cycle. The Pd(OAc)2 complexes of the same polymeric ligand were tested in Suzuki
coupling, also showing high yields with a slowly decreasing conversion overmultiple
cycles. Using [Pd(dba)2] as the metal source, the system was tested in the Heck
coupling reaction. Yields between 87 and 80% were obtained. However, on attempt-
ing the nanofiltration of the NMP solution, the membrane immediately suffered
severe damage. No suitable solvent could be found for this system. Nanofiltration
experiments were conducted with the NMP solutions diluted with large amounts of
cyclohexane. However, low yields and deactivation of the catalyst resulted.
Van Koten and co-workers used a hyperbranched polytriallylsilane as the support

for palladium-pincer complexes [36]. The supported palladium-pincer complexes of
the type 20 were applied in the catalytic aldol condensation of benzaldehyde and
methyl isocyanate (Scheme 6.17). Their activity was similar to that of single-site Pd
catalysts. The hyperbranched polymeric systems showed similar properties to

Scheme 6.16 Polystyrene-bound phosphines for Pd-catalyzed C�C coupling reactions.

Scheme 6.17 Hyperbranched polysilane support for Pd-catalyzed aldol condensations.
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analogous dendritic compounds, indicating that structural perfection is not always
required. The polymers were purified by means of dialysis, showing a potential
application in continuous flow membrane reactors.
Yao [37] described stable and soluble poly(ethylene glycol)-bound Ru catalysts of

the type 21 for the ring-closing metathesis (RCM) of a variety of a,w-dienes
(Scheme 6.18). Bidentate non-phosphine ligands are in fact promising candidates
for the recycling of Ru–carbene complexes, since the formation of chelates is
entropically favored at the end of the reaction.

Indeed, Ru complexes which could be repeatedly reused in the metathesis of
various diene substrates could be prepared and showed only a slight decrease in
activity during recycle experiments. However, this concept cannot be applied for
continuous conditions: the intermediate in the ring-closing metathesis reaction is
not necessarily bound to the chelate, because one ligand has to dissociate from theRu
center in order to provide a free coordination site for the incoming alkene. Therefore,
a constant stream of substrate would ultimately lead to a loss of catalyst across the
membrane.
Similar to this concept is the recycling of polymer-supported organolanthanide

hydroamination catalysts, reported by Zhao and Marks [38]. Complexes of the
type Cp02SmCH(SiMe3)2, Cp02LaCH(SiMe3)2 (Cp0 ¼h5-Me5C5) and CGCSmN
(SiMe3)2fCGC ¼ Me2Si½ðh5-Me4C5ÞðtBuNÞ�g were immobilized on a series of di-
vinylbenzene cross-linked amino-functionalized polystyrene resins such as amino-
methylated polystyrenes of varying mesh size and used for the intramolecular
hydroamination/cyclization reaction (Scheme 6.19). During the catalytic cycle, the
metal complex is released from the support, functioning as a true homogeneous

Scheme 6.18 Poly(ethylene glycol)-supported Ru catalyst for ring-closing metathesis reactions.

142j 6 Immobilization and Compartmentalization of Homogeneous Catalysts



catalyst with consequently comparable activities. Upon substrate consumption, the
catalystswere readsorbed on the solid supports and could be recycledwith onlyminor
to moderate loss of activity.
Soluble, poly(ethylene glycol)-supported bisoxazolines of the type 22 were used as

ligands for enantioselective Diels–Alder reactions, and also for cyclopropanation and
ene reactions (Scheme 6.20) [39].

In combination with Cu(II) and Cu(I) salts, the polymer-anchored enantiomeri-
cally pure bisoxazolines showed only poor enantioselectivity in the Diels–Alder
cycloaddition between N-acryloyloxazolidinone and cyclopentadiene (up to 45% ee).
Better stereocontrol was found in the cyclopropanations of styrene and 1,1-diphe-
nylethene with ethyl diazoacetate (up to 93% ee) and in the ene reactions between
ethyl glyoxalate and a-methylstyrene or methylenecyclohexane (up to 95% ee), which
was comparable to the structurally related, unsupported ligands. Only a slight
decrease in activity and in stereocontrol was observed upon recovery and recycling
of the catalyst. The catalytic transformations were as efficient as performed with
corresponding catalysts supported on insoluble polymers.

Scheme 6.19 Polymer-supported organolanthanide catalyst for
intramolecular hydroamination/cyclization reactions.

Scheme 6.20 Poly(ethylene glycol)-supported bisoxazolines for
Cu-catalyzed cyclopropanation and ene reactions.
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Michael additions of 2-nitropropane to methyl acrylate with soluble, triphenyl-
phosphine-functionalized poly(4-tert-butylstyrene) copolymers (23) as nucleophilic
catalysts were investigated by Bergbreiter and Li (Scheme 6.21) [26b].
The catalytic reactions were performed in a monophasic system consisting of a

mixture of ethanol and heptane at room temperature. After 24 h, a small amount of
water was added and phase separation occurred. With this water-induced liquid–
liquid-phase separation, the polymeric catalyst could be recycled and successfully
applied again in a catalytic cycle.UV–visible spectroscopy showed that the catalystwas
quantitatively dissolved in the apolar, heptane-rich phase.

6.3.1.2 Soluble Polymer-supported Catalysts for Liquid–Liquid Recovery of Catalysts
Avery elegant strategy to design recoverable catalysts is the use of polymers that show
phase-selective solubility under biphasic conditions. Soluble polymer-supported
homogeneous catalysts can be applied under biphasic reaction conditions bymaking
use of, for example, aqueous–organic (see below), fluorous–organic or other biphasic
systems [40]. Alternatively, thermomorphic or latent biphasic systems can be used
under monophasic reaction conditions if the mixture is heated to the upper critical
solution temperature (UCTS), leading to a homogeneous solution. After completion
of the reaction, phase separation occurs upon cooling to ambient temperature and the
catalyst can be recovered.
Water as perhaps themost environmentally benign solvent has been considered to

be an ideal reaction medium for this purpose. Due to the high partition coefficient
between water and most organic solvents, ideal separation often occurs under
biphasic reaction conditions. Jin and co-workers used thermoregulated phase-
transfer catalysts for the hydroformylation of higher olefins in an aqueous–organic
biphasic system (Figure 6.2) [41]. Due to a thermoregulated solubility, their solubility
in water decreases as the temperature increases. In the presence of an organic
solvent, the soluble polymer-supported catalysts moves form the aqueous phase to
the organic phase as a function of temperature. This property is very attractive
because mass transfer limitations are eliminated since the polymer-supported
catalyst is soluble in the same phase as the substrate. Upon cooling, the catalyst
moves back into the water phase allowing easy separation of the product from the
catalyst.

Scheme 6.21 Poly(4-tert-butylstyrene) copolymers as
nucleophilic catalysts for Michael addition reactions.
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Several non-ionic water-soluble triphenylphosphine derivatives have been re-
ported by Jin and co-workers, which are substituted by polyoxyethene moieties as
hydrophilic groups (e.g. 23, 24; Figure 6.2) [41] These ligands demonstrate inverse
temperature-dependent solubility inwater, similar to that of non-ionic surfactants. At
room temperature, their metal complexes are soluble in water, whereas they become
soluble in an organic phase at higher temperature. In the Rh-catalyzed hydroformy-
lation of higher olefins, such as 1-decene, good activities (TOF¼ 470 h�1, conversion
94.6%, time¼ 2 h, T¼ 120 �C, l/b¼ 0.64) were reached with the system Rh–DPPPA
in the solvent mixture H2O–toluene.
Thermomorphic systems are systems which are miscible at higher temperature,

but immiscible at lower temperature. As an example, mixtures of heptane with polar
solvents such as N,N-dimethylformamide, N,N-dimethylacetamide and 90% aque-
ous ethanol are biphasic at 25 �C but are monophasic at 70 �C. Using these
phenomena in homogeneous catalysis thus allows reactions in a completely homo-
geneous environment, avoiding at the same time mass-transfer limitations in
combination with easy catalyst separation under biphasic conditions. Bergbreiter
et al. developed this concept by making use of the temperature-dependent solubility
of polymeric phosphine ligands. Early work reported on Rh(I) complexes, which
were immobilized on poly(N-isopropylacrylamide) (PNIPAM) to produce supported
versions of Wilkinson�s catalysts 25 [42]. These catalysts were applied in the
hydrogenation of 1-octadecene or 1-dodecene in a heptane–90% aqueous ethanol
thermomorphic system (Figure 6.3). The soluble polymer-bound catalyst had com-
parable activity to the lowmolecular weight analogue and the polymeric catalyst could
be recycled four times with no decrease in catalytic activity.
This concept has been extended to other catalytic C�C coupling reactions,

oxidations and hydrogenation reactions, such as Pd-catalyzed cross-coupling and
allylic substitution reactions, Rh-catalyzed hydroformylations and Ru-catalyzed
Kharasch reactions, with satisfactory activities, recyclability and little catalyst loss
[5a] Nevertheless, it should be kept in mind that the preparation of these catalyst

Figure 6.2 Thermoregulated phase-transfer catalysts for the hydroformylation of higher olefins.
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systems is generally time consuming and that classical homogeneous catalysts have
also been applied in temperature-dependent multicomponent solvent systems with
efficient catalyst recycling properties [43].

6.3.2
Electrostatically Bound Catalysts

The immobilization of homogeneous catalysts via electrostatic interactions with a
suitable support, rather than covalent tethering, is a very attractive strategy as it
circumvents the need for time-consuming and often difficult ligand modifica-
tion [44]. Anchoring transition metal compounds via non-covalent binding to
polymeric supports has attracted relatively little attention to date.
To avoid even the synthetic challenges associated with the introduction of ionic

substituents in (phosphine) ligands, Vogt and co-workers investigated the concept of
non-covalent binding of a transition metal complex carrying a cationic charge on the
metal itself [45]. The catalyst carriers, based on a polymerizable borate anion, were
easily obtained as stable and redispersible polystyrene latices 26 (Figure 6.4; see also

Figure 6.3 Thermomorphic systems for Rh-catalyzed hydrogenation reactions.

Figure 6.4 Borate-containing polystyrene latices as supports for
cationic Rh hydrogenation catalysts.
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the TEM image in the inset) by aqueous emulsion polymerization. As a first proof of
principle in terms of applicability, the authors showed that a rhodium complex
supported on coagulated latex has constant catalytic activity in the hydrogenation of a
model substrate during several recycles, with very low metal leaching (Figure 6.4).
Future work is focusing on asymmetric hydrogenation, exploring the full scope
of this approach and on the use of functionalized latices in continuously operated
membrane reactors.
Schwab and Mecking also reported on hydroformylation reactions with Rh

(I) complexes electrostatically fixed to soluble polyelectrolytes of the type 27
(Scheme 6.22) [30]. The non-covalently bound catalyst was prepared by reacting
poly(diallyldimethylammonium chloride) (PDADMA-Cl) with NaBArF to form
PDAMA-BArF. By reaction with [HRh(CO)(NaTPPTS)3], multiple BArF� anions
were exchanged and a methanol-soluble polymer with electrostatically bound Rh(I)
fragments was thus generated. In the hydroformylation of 1-hexene, an activity in
the range TOF¼ 160mol h�1 was found, which is comparable to a non-supported
catalyst. The catalyst was subsequently separated from the products by means of
ultrafiltration, using a poly(ether sulfone) membrane supplied by Sartorius with a
molecular weight cutoff (MWCO) of 50 kDa. Interestingly, a retention of 99.8% was
found and repetitive recycling experiments in which virtually the same catalytic
activity was observed showed a 2–7% loss of rhodium, most likely due to partial
oxidation of the phosphine ligand.

Zr(IV)–Fe(III) catalysts of the type 28 immobilized on N-(polystyrylbutyl)
pyridinium triflylimides were reported by Ishihara and co-workers [46]. These solid
catalysts were used for the esterification of an equimolar mixture of carboxylic acids
and alcohols and could be reused repeatedly without any loss of activity. Interestingly,
it was found that the Zr(IV)–Fe(III) catalyst was released from the supporting
polystyrene polymer in the presence of the carboxylic acid, acting as a homogeneous
catalyst. After full consumption of the substrates the catalyst was re-immobilized on
its support and could thus be recycled (Scheme 6.23).

Scheme 6.22 Polyelectrolytes as ionic support for Rh hydroformylation catalysts.
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The possibility of polystyrene-based latices acting as phase-transfer agents in the
aqueous-phase hydroformylation of 1-octene was investigated by Vogt and co-work-
ers [47]. Polystyrene-based latices composed of different styryl salts (29) showed a
significant influence on the conversion of 1-octene. In the absence of any latex
particles, the hydroformylation of 1-octene with CO�H2 (1 : 1) in water using
NaTPPTS–[Rh(acac)(CO)2] at 80 �C and 20 bar pressure showed no conversion at
all. The addition of 29.1a to the reactionmixture increased the conversion of 1-octene
to 9% during the 140 h reaction time and with 29.1b to 11%. Interestingly, when the
same reaction was carried out using 29.1c as phase-transfer agent, the conversion of
1-octene increased to 70%. By using a higher amount of phase-transfer agent, the
conversion of 1-octene increased to 100% with an observed turnover frequency of
150 h�1 (Figure 6.5). The observed strikingly better performance of the styrylam-
monium-modified latexmay be explained by a preferred association of the sulfonated

Figure 6.5 Polystyrene-based latices as phase transfer agents in
the aqueous-phase hydroformylation of 1-octene.

Scheme 6.23 N-(Polystyrylbutyl)pyridinium triflylimide-
supported Zr(IV)–Fe(III) catalysts for esterification.
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catalyst complex with these latex particles, thereby associating the catalyst with the
phase-transfer agent and thus enhancing the hydroformylation reaction. This
association might be described as a combination of electrostatic, van der Waals and
hydrophobic interactions. These catalytic systems might provide new options in the
field of continuous aqueous organometallic catalysis.

6.4
Conclusion and Outlook

Over recent years, the knowledge about immobilized catalyst systems has increased
considerably. Most of the time, this development has been curiosity driven and
performed by academic groups. However, with an ever-growing interest in sustain-
able production methods, making more efficient use of raw materials and reducing
waste production, industry has become aware of the economic benefits that process
intensification can bring about. Rapidly increasing prices of most metals, not only
noble metals, used as catalysts, incidentally contribute to the development and
acceptance of new catalysis technologies. Also, the fast development of solvent-
resistantmembranematerials in recent years has helped to spur this process. For the
near future, we foresee the implementation of a number of commercial applications
of homogeneous catalyst immobilization and compartmentalization. Recently, Evo-
nik Oxeno has announced a pilot production-scale commercial use of organophilic
membranes for the immobilization of Rh catalysts on a large industrial scale [48].
Evenwith retentions of only slightlymore than 90%, this can be feasible at a rhodium
price of nowmore thanD120 000 kg�1. A lotmore research has to be carried out both
in academia and in industrial research laboratories to develop thismethodology to its
full potential. We should keep inmind that for the problem of homogeneous catalyst
recovery and recycling, there is no such thing as the ultimate method. Typically, each
process, meaning not only a certain type of conversion, but each substrate and
product, might need a different approach. Therefore, a whole range of generic
procedures are needed to tackle the demands of new technology because undoubt-
edly catalysis is the key technology for the future of chemical production.

References

1 (a) Cornils, B. and Herrmann, W.A. (2002)
Applied Homogeneous Catalysis with
OrganometallicCompounds, 2nd edn,Wiley-
VCH Verlag GmbH; (b) Vogt, D. (2004) in
Aqueous Phase Organometallic Catalysis –
Concepts and Application, 2nd edn
(eds Cornils, B. and Herrmann, W.A.),
Wiley-VCH Verlag GmbH, pp. 541–547.

2 (a) Hamers, B., B€auerlein, P., M€uller, C.
and Vogt, D. (2008) Advanced Synthesis

and Catalysis, 350, 322. (b) Wasserscheid,
P. and Keim, W. (2000) Angewandte
Chemie-International Edition, 39, 3772;
(c) Bronger, R.P.J., Silva, S.M., Kamer,
P.C.J. and van Leeuwen, P.W.N.M.
(2004) Dalton Transactions, 10, 1590;
(d) Silva, S.M., Bronger, R.P.J., Freixa, Z.,
Dupont, J. and van Leeuwen, P.W.N.M.
(2003) New Journal of Chemistry, 27, 1294;
(e) Wang, Y.Y., Luo, M.M., Lin, Q., Chen,

References j149



H. and Li, X.J. (2006) Green Chemistry, 8,
545; (f) Miao, W. and Chan, T.H. (2006)
Accounts of Chemical Research, 39, 897.

3 Corma, A. and Garcia, H. (2006) Advanced
Synthesis and Catalysis, 348, 1391.

4 (a)Bektesevic, S., Tack, T.,Mason,M.R. and
Abraham, M.A. (2005) Industrial &
Engineering Chemistry Research, 44, 4973;
(b) Stephenson, P., Kondor, B., Licence, P.,
Scovell, K., Ross, S.K. and Poliakoff, M.,
(2006) Advanced Synthesis and Catalysis,
348, 1605.

5 (a) Bergbreiter, D.E. (2002) Chemical
Reviews, 102, 3345; (b) Br€ase, S.,
Lauterwasser, F. and Ziegert, R.E. (2003)
Advanced Synthesis and Catalysis, 345, 869;
(c) McNamara, C.A., Dixon, M.J. and
Bradley, M. (2002) Chemical Reviews, 102,
3275; (d) Dijkstra, H.P., van Klink, G.P.M.
and van Koten, G. (2002) Accounts of
Chemical Research, 35, 798; (e)W€oltinger, J.,
Drauz, K. and Bommarius, A.S. (2001)
Applied Catalysis A-General, 221, 171;
(f ) Cole-Hamilton, D.J. (2003) Science, 299,
1702; (g) Fan, Q.-H., Li, Y.-M. and Chan,
A.S.C. (2002) Chemical Reviews, 102, 3385;
(h) van Heerbeek, R., Kamer, P.C.J.,
van Leeuwen, P.W.N.M. and Reek, J.N.H.
(2002) Chemical Reviews, 102, 3717;
(i) Oosterom, G.E., Reek, J.N.H., Kamer,
P.C.J. and van Leeuwen, P.W.N.M. (2001)
Angewandte Chemie-International Edition,
40, 1828; (j) M€uller, C. and Vogt, D. (2005)
European Journal of Inorganic Chemistry,
4011; (k) M€uller, C. and Vogt, D. (2005) in
Multiphase Homogeneous Catalysis (eds B.
Cornils, W.A. Herrmann, I.T. Horv�ath, W.
Leitner, S.Mecking, H. Olivier-Bourbigou
and D. Vogt), Wiley-VCH Verlag GmbH,
Weinheim, Chapter 7. 4. 1, pp. 776–793;
(l)Ronde,N.J.andVogt,D.(2005)inRecovery
and Recycling of Homogeneous Catalysts
(eds D. Cole-Hamilton and R.P.Tooze),
Springer,Berlin,Chapter4,pp. 73–104; (m)
Dioos, B.M.L., Vankelecom, I.F.J. and
Jacobs, P.A. (2006) Advanced Synthesis and
Catalysis, 348, 1413.

6 Buhleier, E., Wehner, W. and V€ogtle, F.
(1978) Synthesis, 155.

7 Knapen, J.W.J., van der Made, A.W.,
de Wilde, J.C., van Leeuwen, P.W.N.M.,
Wijkens, P. and Grov, D.M. (1994) Nature,
372, 659.

8 Schenning, A.P.H.J., Elissen-Roman, C.,
Weener, J.-W., Baars, M.W.P.L., van der
Gaast, S.J. and Meijer, E.W. (1998)
Journal of the American Chemical Society,
120, 8199.

9 Ulman, M. and Grubbs, R.H. (1999) The
Journal of Organic Chemistry, 64, 7202.

10 Mukhopadhyah, S., Rothenberg, G.,
Gitis, D. and Sasson, Y. (2000) The
Journal of Organic Chemistry, 65, 3107.

11 van de Kuil, L.A., Grove, D.M.,
Gossage, R.A., Zwikker, J.W., Jenneskens,
L.W., Drenth, W. and van Koten, G. (1997)
Organometallics, 16, 4985.

12 (a) Dijkstra, H.P., van Klink, G.P.M. and
van Koten, G. (2002) Accounts of Chemical
Research, 35, 798; (b) van Heerbeek, R.,
Kamer, P.C.J., van Leeuwen, P.W.N.M. and
Reek, J.N.H. (2002) Chemical Reviews, 102,
3717; (c) Oosterom, G.E., Reek, J.N.H.,
Kamer, P.C.J. and van Leeuwen, P.W.N.M.
(2001) Angewandte Chemie-International
Edition, 40, 1828; (d) Frey, H. and Schlenk,
C. (2000) Topics in Current Chemistry,
210, 69–129.

13 (a) van Koten, G. and Jastrzebski, J.T.B.H.
(1999) Journal of Molecular Catalysis
A-Chemical, 146, 317; (b) Kleij, A.W.,
Gossage, R.A., Jastrzebski, J.T.B.H.,
Boersma, J. and van Koten, G. (2000)
Angewandte Chemie-International Edition,
39, 176; (c) Kleij, A.W., Gossage, R.A.,
Klein Gebbink, R.J.M., Brinkmann, N.,
Reijerse, E.J., Kragl, U., Lutz, M., Spek,
A.L. and van Koten, G. (2000) Journal of
the American Chemical Society, 122, 12112.

14 (a) Hovestad, N.J., Eggeling, E.B.,
Heidb€uchel, H.J., Jastrzebski, J.T.B.H.,
Kragl, U., Keim, W., Vogt, D. and van
Koten, G. (1999) Angewandte Chemie-
International Edition, 38, 1655;
(b) Eggeling, E.B., Hovestad, N.J.,
Jastrzebski, J.T.B.H., Vogt, D. and van
Koten, G. (2000) The Journal of Organic
Chemistry, 65, 8857.

150j 6 Immobilization and Compartmentalization of Homogeneous Catalysts



15 Oosterom, G.E., Steffens, S., Reek, J.N.H.,
Kamer, P.C.J. and van Leeuwen, P.W.N.M.
(2002) Topics in Catalysis, 19, 61.

16 M€uller, C., Ackerman, L., Reek, J.N.H.,
Kamer, P.C.J. and van Leeuwen, P.W.N.M.
(2004) Journal of the American Chemical
Society, 126, 14960.

17 Detz, R.J., Ar�evaloHeras, S., DeGelder, R.,
Van Leeuwen, P.W.N.M., Hiemstra, H.,
Reek, J.N.H. and Van Maarseveen, J.H.
(2006) Organic Letters, 8, 3227.

18 (a) Bolm, C., Derrien, N. and Seger, A.
(1996) Synlett, 387; (b) Bom, C., Dinter,
C.L., Seger, A., H€ocker, H. and Brozio, J.
(1999) The Journal of Organic Chemistry,
64, 5730.

19 Dijkstra, H.P., Ronde, N.J., van Klink,
G.P.M., Vogt, D. and van Koten, G. (2003)
Advanced Synthesis and Catalysis, 345, 364.

20 Brinkmann, N., Giebel, D., Lohmer, G.,
Reetz, M.T. and Kragl, U. (1999) Journal
of Catalysis, 183, 163.

21 (a) Tulchinsky, M.L. and Miller, D.J.
(2002) US Patent 6 350 819; (b) (2002)
Chemical Abstracts, 136, 200619.

22 Mizugaki, T.,Murata,M., Ooe,M., Ebitani,
K. and Kaneda, K. (2002) Chemical
Communications, 52.

23 de Groot, D., de Waal, B.F.M., Reek,
J.N.H., Schenning, A.P.H.J., Kamer,
P.C.J., Meijer, E.W. and van Leeuwen,
P.W.N.M. (2001) Journal of the American
Chemical Society, 123, 8453.

24 Garcia-Bernabe, A., Tzschucke, C.C.,
Bannwarth, W. and Haag, R. (2005)
AdvancedSynthesis andCatalysis,347, 1389.

25 (a) Manassen, J. (1971) Platinum Metals
Review, 15, 142; (b) Bayer, E. and Schurig,
V. (1975) Angewandte Chemie-International
Edition, 14, 493.

26 (a) McNamara, C.A., Dixon, M.J. and
Bradley, M. (2002) Chemical Reviews, 102,
3275; (b) Bergbreiter, D.E. and Li, C. (2003)
Organic Letters, 5, 2445.

27 (a) Yao, Q. (2000) Angewandte
Chemie-International Edition, 39, 3896;
(b) Annunziata, R., Benaglia,M., Cinquini,
M., Cozzi, F. and Pitillo, M. (2001) The
Journal of Organic Chemistry, 66, 3160.

28 Bergbreiter, D.E. (2002) Chemical Reviews,
102, 3345.

29 (a) Bolm, C., Derrien, N. and Seger, A.
(1996) Synlett, 387; (b) Bolm, C., Dinter,
C.L., Seger, A., H€ocker, H. and Brozio, J.
(1999) The Journal of Organic Chemistry,
64, 5730; (c) Schlenk, C., Kleij, A.W., Frey,
H. and van Koten, G. (2000) Angewandte
Chemie-International Edition, 39, 3445.

30 Schwab, E. and Mecking, S. (2001)
Organometallics, 20, 5504.

31 Kragl, U. and Dreisbach, C. (1996)
Angewandte Chemie-International Edition,
108, 684.

32 Felder, M., Giffels, G. and Wandrey, C.
(1997) Tetrahedron: Asymmetry, 8. 1975.

33 Giffels, G., Beliczey, J., Felder, M. and
Kragl, U. (1998) Tetrahedron: Asymmetry,
9, 691.

34 Laue, S., Greiner, L., W€oltinger, J. and
Liese, A. (2001) Advanced Synthesis and
Catalysis, 343, 711.

35 Datta, A., Ebert, K. and Plenio, H. (2003)
Organometallics, 22, 4685.

36 Schlenk, C., Kleij, A.W., Frey, H. and
van Koten G. (2000) Angewandte
Chemie-International Edition, 39, 3445.

37 Yao, Q. (2000) Angewandte Chemie-
International Edition, 39, 3896.

38 Zhao, J. and Marks, T.J. (2006)
Organometallics, 25, 4763.

39 Annunziata, R., Benaglia, M., Cinquini,
M., Cozzi, F. and Pitillo, M. (2001) The
Journal of Organic Chemistry, 66, 3160.

40 Bergbreiter, D.E. and Sung, S.D. (2006)
Advanced Synthesis andCatalysis,348, 1352.

41 (a) Wang, Y., Jiang, J., Miao, Q.,Wu, X. and
Jin,Z. (2002)Catalysis Today, 74, 85; (b) Liu,
C., Jiang, J., Wang, Y., Cheng, F. and Jin, Z.
(2003) Journal of Molecular Catalysis A-
Chemical, 198, 23.

42 Bergbreiter, D.E., Liu, Y.S. and Osburn,
P.L. (1998) Journal of the American
Chemical Society, 120, 4250.

43 Behr, A., Henze, G. and Schom€acker, R.
(2006) Advanced Synthesis and Catalysis,
348, 1485.

44 (a) Augustine, R., Tanielyan, S., Anderson,
S. and Yang, H. (1999) Chemical

References j151



Communications, 1257; (b) Simons, C.,
Hanefeld, U., Arends, I.W.C.E., Sheldon,
R.A. and Maschmeyer, T. (2004)
Chemistry - A European Journal, 10, 5829.

45 Sablong, R., van der Vlugt, J.I., Thomann,
R., Mecking, S. and Vogt, D. (2005)
Advanced Synthesis and Catalysis, 347, 633.

46 Nakamura, Y.,Maki, T.,Wang, X., Ishihara,
K. and Yamamoto, H. (2006) Advanced
Synthesis and Catalysis, 348, 1505.

47 Kunna, K., M€uller, C., Loos, J. and Vogt, D.
(2006) Angewandte Chemie-International
Edition, 45, 7289.

48 (a) Wiese, K.-D., Baumgarten, G.,
Kuppinger, F.-F., M€oller, O., Ortmann, D.,
Borgmann, C. and B€uschken, W.
(Oxeno Olefinchemie GmbH), Patent
WO 2007/036424; (2007) Chemical
Abstracts 146, 361048; (b) Elements,
(2007) Evonik-ScienceNewsletter, 18, 30.

152j 6 Immobilization and Compartmentalization of Homogeneous Catalysts



7
Industrial Applications of Homogeneous Enantioselective
Catalysts
Hans-Ulrich Blaser, Garrett Hoge, Benoît Pugin, and Felix Spindler

7.1
Introduction and Scope

For many applications of chiral compounds, the racemic forms will no longer be
accepted. Today, pharmaceuticals and vitamins [1], agrochemicals [2], flavors and
fragrances [3] and also functional materials [4a] are increasingly produced as
enantiomerically pure compounds. The reason for this development is the often
superior performance of the pure enantiomers and/or that regulations demand
the evaluation of both enantiomers of a biologically active compound before its
approval. This trend has made the economical enantioselective synthesis of chiral
performance chemicals a very important topic. Four general approaches for produc-
ing enantiopure [enantiomeric excess (ee) >99%] or enantioenriched compounds
have evolved [5a].
Separation of enantiomers via classical resolution, i.e. crystallization of diastereo-

meric adducts, probably still accounts for the production of the majority of en-
antioenriched drugs [6]. An emerging technology is separation by chiral high-
performance liquid chromatography (HPLC) using moving simulated bed technol-
ogy [7]. While crystallization of diastereomeric adducts can be applied on any scale,
separation via HPLC is probably most important in the early phase of product
development and is restricted to relatively small-scale, high-value products. In both
cases, large amounts of solvents have to be handled and, of course, at least 50% of the
material with thewrong absolute configuration has to be either recycled or discarded.
The chiral pool approach [8] uses chiral building blocks originating from natural

products for the construction of the final molecule. This approach is often chosen in
the early phases of drug development but, depending on the commercial availability
of the starting material, it can also be used for large-scale products. Because natural
products very often (but not always!) have high enantiomeric purity, no further
enrichment is usually necessary. A recent complication is the fact that products of
human or animal originmust be declared for themanufacture ofmedicinal products
in order to minimize the risk of transmitting animal spongiform encephalopathy.
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Enantioselective syntheses are performed with the help of covalently bound chiral
auxiliaries (often from the chiral pool). These are not incorporated in the target
molecule but are removed after the stereogenic centers have been established and
must be either recycled or discarded.
In many respects, the most elegant approach is enantioselective catalysis, where

prochiral starting materials are transformed to enantioenriched products with the
help of chiral catalysts. Effective catalysts are either synthetic (chemocatalysis) or can
be of natural origin (biocatalysis). In this discussion, we will focus on the application
of chemical catalysts, but the use of enzymatic and microbial transformations has in
many respects similar opportunities and concerns [9, 10a]. An important issue is
often the time needed to find and develop an efficient biocatalyst, especially when the
starting material is not a very close analogue to the natural substrate and the enzyme
has to be genetically engineered [10b, c]. In addition, product isolation can be a
serious problem since reactions are often carried out in a dilute aqueous solution.
However, as several recent publications convincingly show, these hurdles can be
overcome [9, 10].
Over the years, three types of enantioselective chemocatalysts have proven to be

synthetically useful. Themost versatile ones are homogeneous metal complexes contain-
ing bidentate ligands with a chiral backbone carrying two coordinating heteroatoms.
For noble metals, especially Rh, Pd, Ru, Ir and Os, these are P or N atoms; for metals
such as Ti, B, Zn, Co, Mn and Cu, ligands with coordinating O or N atoms are usually
preferred. This methodology has recently received its due recognition with the 2001
Nobel Prize to Knowles and Noyori for enantioselective hydrogenation and to
Sharpless for enantioselective oxidation catalysis [11]. Also useful for synthetic
application are heterogeneous metallic catalysts, modified with chiral auxiliaries [12].
Organocatalysis, i.e. the use of small organic molecules as catalysts, is at themoment a
very hot research topic with some potential for future industrial applications [13].
Chiral polymeric and gel-type materials [14a], phase-transfer catalysts [15] and im-
mobilized complexes [16] are not practically useful for synthetic purposes.
Although most applications described in this overview are asymmetric syntheses

starting from a prochiral substrate, kinetic resolution, i.e. the preferential transfor-
mation of one enantiomer of a racemic substrate, is of growing synthetic impor-
tance [17]. So far, relatively few enantioselective catalysts are used on an industrial
scale [9, 18, 19] and some of the reasons for this fact will be discussed below. A very
good overview on the scientific state of the art of enantioselective catalysis can be
found in two recent monographs, Comprehensive Asymmetric Catalysis edited by
Jacobsen, Yamamoto and Pfaltz [14] and Catalytic Asymmetric Synthesis edited by
Ojima [20]. Progress in enantioselective hydrogenation has been summarized in
several recent reviews [21–24] and a comprehensive monograph [19]. For the
compilation of industrial applications, we have relied on a monograph on large-
scale asymmetric catalysis [9] and several excellent up-to-date overviews [25–30]
describing applications of enantioselective technology, mainly in the pharmaceutical
industry. Since it is notoriously difficult to obtain precise information on industrial
processes, many references relate to rather informal sources such as Chemical and
Engineering News reports and proceedings of commercial meetings. This chapter is
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an amended and updated version of a paper written in 2001 [18]. The industrial
application of homogeneous hydrogenation catalysts has been reviewed in 2007 [19].
For this reason, we concentrate on the one hand on established manufacturing
processes either with a significant production volume or which are important for
historical reasons, and on the other on anupdate of newer results for pilot- and bench-
scale applications.

7.2
Critical Factors for the Technical Application of Homogeneous Enantioselective
Catalysts

The application of homogeneous enantioselective catalysts on a technical scale
presents some very special challenges and problems [4, 5, 9a, 18, 31]. Some of these
problems are due to the special manufacturing situation of the products involved,
others are due to the nature of the enantioselective catalytic processes.

7.2.1
Characteristics of the Manufacture of Enantiomerically Enriched Products

The manufacture of chiral fine chemicals and in particular of pharmaceuticals
and agrochemicals can be characterized as follows (typical numbers are given in
parentheses):

. Multifunctional molecules produced via multistep syntheses (10–15 steps for phar-
maceuticals and 3–7 steps for agrochemicals) with short product lives (often <20
years).

. Relatively small scale products (1–1000 t year�1 for pharmaceuticals, 500–10 000 t
year�1 for agrochemicals), usually produced in multipurpose batch equipment.

. High purity requirements (usually >99% and <50 ppm metal residue in
pharmaceuticals).

. High added values and therefore tolerant to higher process costs (especially for very
effective, small-scale products).

. The development time can be a hurdle, especially when the optimal catalyst has to yet
be developed or no commercial catalyst is available for a particular substrate
(substrate specificity) and/or when not much is known about the desired catalytic
transformation (technological maturity). When developing a process for a new
chemical entity (NCE) in the pharmaceutical or agrochemical industry, time
restraints can be severe. In these cases, it is more important to find a competitive
process on time than an optimal process too late. So-called second-generation
processes, e.g. for chiral switches, generic pharmaceuticals or the manufacture of
other fine chemicals, have different requirements; here the time factor is usually
not so important but a high-performance process is necessary.
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7.2.2
Characteristics of Enantioselective Catalytic Processes

Enantioselective catalysis is a relatively young but rapidly expandingfield.Up to 1985,
only a few catalysts affording enantioselectivities of more than 90%were known [32].
This has changed dramatically in recent years and there are now a large number of
chiral catalysts able to catalyze a variety of transformation with ees >98% [14, 20]. A
major challenge still remaining is the transfer of the results obtained for a particular
substrate to a close analog due to the low tolerance for structure variation evenwithin
a class of substrates (substrate specificity). The industrial application of enantiose-
lective catalysts is also often hampered by a lack of information on their synthetic
scope and limitations. In addition, catalyst activities or productivities are often not
given for new catalysts (in the literature enantioselectivity is still the dominant
criterion) and applications to the synthesis ofmultifunctional, �real-world� substrates
are rather scarce (usually simple model reaction are studied). Finally, many chiral
ligands and metal precursors are still expensive and/or in many cases not easily
available in technical quantities.

7.2.3
Critical Factors for the Application of Enantioselective Catalysts

In the final analysis, the choice of a specific catalytic step is usually determined by the
answer to two questions:

. Can the costs for the overall manufacturing process compete with alternative
routes?

. Can a robust catalytic process be developed in the given time frame?

As a consequence of the peculiarities of enantioselective catalysis described above,
the following critical factors often determine the viability of an enantioselective
process:

. The enantioselectivity, expressed as enantiomeric excess (% ee), i.e. % desired – %
undesired enantiomer. The ee of the catalytic reaction should be >99% for
pharmaceuticals if no purification is possible (via recrystallization or at a later
stage via separation of diastereomeric intermediates). This case is rare and ees
>90% are often acceptable; for agrochemicals ees >80% can be sufficient.

. The chemoselectivity and/or functional group tolerance will be very important when
multifunctional substrates are involved.

. The catalyst productivity, given as turnover number (TON), determines catalyst
costs. TONs ought to be >1000 for small-scale, high-value products and >50 000 for
large-scale or less expensive products (catalyst re-use increases the productivity).

. The catalyst activity, given as turnover frequency for >95% conversion (TOF, h�1),
determines the production capacity. For hydrogenations, TOFs ought to be
>500 h�1 for small-scale and >10 000 h�1 for large-scale products.
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. Availability and cost of ligands. In themajority of cases these are chiral diphosphines
that need special synthetic know-how and can be expensive. Typical prices are
UIS$200–1000 g�1 for laboratory quantities and from $10 000 to >$40 000 kg�1 on
a larger scale. Chiral ligands such as diamines or amino alcohols used for early
transition metals are usually cheaper.

. Intellectual property. Many chiral ligands and/or catalysts are patent protected. It is
essential to obtain the right to use proprietary catalysts on a commercial basis at
reasonable cost and conditions.

. Availability and cost of starting materials. Starting materials are often expensive and
difficult to manufacture on a large scale with the high purity required for catalytic
reactions.

. Development time. This can be crucial if an optimal ligand has to be developed for a
particular substrate (substrate specificity) and when not much know-how is
available on the catalytic process (technological maturity).

Whichof these criteriawill becritical for thedevelopment of a specificprocessdepends
onthespecificcatalystandtransformation.Thefollowingfactorshave tobeconsidered:
thefieldofapplicationand thepriceof theactivecompound(addedvalueof the catalytic
step); the scale of theprocess; the technical experience and theproduction facilities of a
company; thematurity of the catalytic process; and the chemistwhoplans thesynthesis
must be aware of the catalytic route!

7.2.4
Classification of Enantioselective Transformations

In a recent overview [33], we tried to classify enantioselective catalytic transforma-
tions according to their industrial potential and the conclusions are summarized in
Table 7.1.

7.3
Industrial Processes: General Comments

In 2001, we collected and tabulated information on processes operated in regular
production and also on those in the pilot- and bench-scale state [18]. The following
terms were defined and will also be used in this overview: Production processes are
(or have been) operated on a more or less regular basis, i.e. all relevant problems
concerning catalyst performance and separation, supply of materials, product isola-
tion and purification, noble metal recovery, etc., have been solved. Pilot-scale processes
are technically on a similar level especially concerning catalyst performance, they
have been carried out on multi-kilogram to ton scale (depending on the area of
application) but have not (yet) been applied on a regular basis. Bench-scale processes
have an optimized catalyst performance, have been carried out a few times on a small
scale but are for some reason not yet ready for production purposes. Feasibility studies
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very often demonstrate proof of principle (acceptable ee) without much optimization
of the catalytic performance.
An analysis of the processes described in the study showed that hydrogenation

of C¼C and C¼O functions is by far the predominant transformation applied
for industrial processes, followed by epoxidation and dihydroxylation reactions.
On the one hand, this is due to the broad scope of catalytic hydrogenation and on
the other it could be attributed to the early success of Knowles with the L-dopa
process, because for many years, most academic and industrial research was
focused on this transformation. The success with epoxidation and dihydroxylation
can essentially be attributed to the efforts of the groups of Sharpless, Katsuki and
Jacobsen. If one analyzes the structures of the starting materials, it is obvious that
many of these compounds are complex and multifunctional, i.e. the successful
catalytic systems are not only enantioselective but also tolerate many functional
groups.
The most often cited success factor by industrial developers was ligand design,

i.e. the desired transformation was possible because either a new ligand type was
found (or claimed to be designed) or because an existing ligand could be optimized
by adapting the coordinating groups to the needs of the reaction (electronic and/or
steric tuning). However, also the choice of the right metal precursor (especially for
Ru-catalyzed reactions) and/or anion together with the addition of promoters were

Table 7.1 Classification of industrial potential of selected transformations.

Existing applications, broad scope Hydrogenation of enamides and itaconates
Hydrogenation of b-functionalized C¼O

Existing applications, medium scope Hydrogenation of C¼C–COOR and C¼C�CH�OH
Hydrogenation of a-functionalized and aryl C¼O
Hydrogenation of C¼N�Ar

Existing applications, narrow scope,
niche applications

Hydrogenation/reduction of other C¼C and C¼O

Hydrogenation of and addition to various C¼N
Dihydroxylation and epoxidation of C¼C
Oxidation of aryl sulfides
Epoxide opening (kinetic resolution)
Isomerization, cyclopropanation,
hydrocyanation of C¼C

Broad substrate scope, good chance
for selected application

(Hetero) Diels–Alder

Michael additions, allylic alkylation
Aldol and ene reactions
Various addition reactions to C¼O and C¼N

Narrow substrate scope,
niche applications only

Aminohydroxylation of C¼C

Hydrocarbonylation, hydroboration,
hydrosilylation of C¼C
Cross-coupling, metathesis and Heck reactions
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reported to be decisive for high catalyst activity and productivity. Careful optimization
of the reaction conditions (temperature, pressure, solvent, concentrations, etc.) and
the ability to crystallize the product directly from the reaction solution with very
high ee were also mentioned several times to have been important for a successful
commercial process.
The following critical factors often made process development difficult. The

sensitivity of the catalyst towards impurities (by-products in the starting material,
oxygen, water, etc.) usually could be controlled with a strict purification protocol, but
in some cases a change of the overall synthetic route of the substrate was necessary.
Sometimes, the stability of the ligand or catalyst and its productivity (given as TON,
moles of product/moles of catalyst) or its activity (given as TOF, moles of product/
moles of catalyst per hour) were problematic, but careful optimization was often
successful in overcoming these problems.Other critical issues have beenmentioned:
the need for high pressures or very low temperatures (expensive equipment), lack of
commercial availability or difficult preparation of the ligand or catalyst and problems
with a patented ligand system. Surprisingly, despite the fact that homogeneous
catalystswere used inmost applications, catalyst separationwasmentioned only once
to have been a major obstacle. More of an issue were residual metals in the product,
especially for pharmaceutical applications and when the homogeneous catalyst was
used late in the synthesis.

7.4
Hydrogenation of C¼C Bonds

7.4.1
Hydrogenation of Dehydro-a-amino Acid Derivatives

There is little doubt that the hydrogenation of dehydro a-amino acids is the best
studied enantioselective catalytic reaction. This was initiated by the successful
development of the L-dopa process by Knowles (see below) and, for many years,
acetylated aminocinnamic acid derivatives were the model substrates to test most
newly developed ligands. Today, this is the transformation most often used for the
stereoselective synthesis of a variety of pharmaceutical and agrochemical targets,
even though the difficult and expensive preparation of the dehydroamino acid
derivatives precluded the manufacture of large-volume a-amino acids. Because of
their importance for the development of industrial asymmetric catalysis, we will
discuss several early applications in some detail, but will only summarize the results
obtained in other cases.

7.4.1.1 L-Dopa (Monsanto, VEB Isis-Chemie)
According to Knowles [9b, 34], Monsanto has been producing L-dopa, a drug for
the relief of Parkinson�s disease, on a scale of ca 1 t year�1 for many years. The
former East German company VEB Isis-Chemie also carried out this process on a
similar scale but terminated the production after a few years [35]. The key step in
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the synthesis is the enantioselective hydrogenation of an enamide intermediate
(Scheme 7.1).

Monsanto carried out the reaction in a water–2-propanol mixture at relatively
low temperature and pressure. Because the free ligand racemizes slowly, an isolated
[Rh(dipamp)(diene)]þBF4

� complex was used as the catalyst, showing a very good
performance: An ee of 95%, TON 10–20 000, TOF 1000 h�1. Today ee values of 95%
are no longer exceptional for the hydrogenation of enamides, but this was certainly
not the case at the time the process was developed. It is therefore not surprising
that for many years enamide hydrogenation was the standard test reaction for
new ligands. One of the key factors for success was, of course, the dipamp ligand
developed by Knowles and his team within an amazingly short time. Scheme 7.2
shows the concept of the Monsanto scientists: (i) a stereogenic phosphorous atom
with an anisyl groups and (ii) a bidentate structure with C2 symmetry. The VEB Isis
team chose a different approach by startingwith a (cheap) chiral poolmolecule for the
construction of the glup ligand, also with two coordinating P atoms. The Rh–glup
sulfate complex worked at 40 �C/1 bar; with ees of 91–92%, TONs of 2000 and TOFs
of �330 h�1; it did not quite reach the performance of Rh–dipamp.

A very important feature of the Monsanto process was the fact that the reaction
was started with a slurry of reactants and ended with a slurry of the pure product
with close to 100% ee, allowing the easy separation of both the catalyst and the
undesired racemate in one step. Critical issues for both the Monsanto and the VEB
Isis process were the quality of the starting material (enamide syntheses are often
problematic) and especially the concentration of oxygen and peroxides in the
reaction solution.

Scheme 7.1 The Monsanto L-dopa process.

Scheme 7.2 Ligands developed for the manufacture of L-dopa.
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AnRh–dipamp complex was later applied by NSC Technologies for the production
of several unnatural amino acids with good catalyst performances (ee 95–98%, TON
5–20 000) [9c] and was also very selective but with low activity (ee 98%, TON 20) in a
feasibility study for a synthesis of acromelobic acid by Abbott Laboratories [36]
(Scheme 7.3).

7.4.1.2 Aspartame (Enichem/Anic, Degussa)
Phenylalanine is an intermediate for the aspartame sweetener and, for a few years, it
was produced by Enichem/Anic [37] on a scale of ca 15 t, using a variant of the L-dopa
procedure as summarized in Scheme 7.4. The Rh–eniphos catalyst was considerably
less selective than Rh–dipamp but easier to prepare and much cheaper. Traces of Rh
were removed by treatment with a thiol containing resin and crystallization of the
ammonium salt gave product of >99% ee [38]. Due to the low stability of the ligand
(P�N bond cleavage), the reaction conditions had to be carefully controlled. A few
years later, Degussa developed a pilot process with an Rh–deguphos catalyst which
operated at 50 �C/15 bar and achieved ees up to 99% (TON10 000, TOF3000 h�1) [39].

7.4.1.3 Various Pilot- and Bench-Scale Processes for the Synthesis of a-Amino Acid
Derivatives
Processes for several a-amino acid derivatives with a variety of structural elements
were developed and carried out on a pilot or bench scale byDow/Chirotech [40–42]. In
addition to the three examples shown in Scheme 7.5, Dow regularly produces multi-
hundredkilogramsof variousa-aminoacidsusing itsRh–DuPhos technology [42, 43].
Interestingly, PhanePhos proved superior to DuPhos for the preparation of diphenyl

Scheme 7.4 Phenylalanine process.

Scheme 7.3 Target structures for Rh–dipamp catalyst.
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aniline derivatives. Solvias described the hydrogenation of a relatively hindered
enamide on a bench scale [44] also using an Rh–DuPhos catalysts (Scheme 7.5).
Tunable ferrocene-based diphosphines lead to effective catalysts for the production

of a-amino acid derivatives with less conventional structural elements. 2-Piperazi-
necarboxylic acid derivatives are interesting intermediates, e.g. for Crixivan, the well-
known HIV protease inhibitor from Merck. The hydrogenation of an unusually
substituted cyclic enamide was used by Lonza [45] to produce >200 kg of the
piperazine intermediate depicted in Scheme 7.6 using an optimized Rh–Josiphos
catalyst. Important for good catalyst performance were the choice of the ligand and
the substituents at the tetrahydropyrazine. Surprisingly, the same catalyst was also
able to hydrogenate a corresponding pyrazine amide with ees up to 77%, but much
lower activity [46].

Ru– and Rh–Josiphos complexes were selective for the hydrogenation of tetra-
substituted C¼C bonds, intermediates of taranabant, a CB-1 R inverse antagonist
(Merck [47]) and of an anthrax lethal factor inhibitor (Merck [48]), respectively, as

Scheme 7.6 Process for a 2-piperazinecarboxylic acid derivative.

Scheme 7.5 Substrates and ligands for the synthesis of various a-amino acid derivatives.
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depicted in Scheme 7.7. In the former case, the nitrile substituent had to be
transformed to an amide group since it inhibited the Rh catalyst and the reaction
had to be carried out in trifluoroethanol. Rh–Josiphos (Lonza [45]) and Rh–BoPhoz
(Eastman [49]) catalysts were effective for the hydrogenation of an exocyclic and a
cyclopropyl-substituted C¼C bond.

Earlier examples of pilot- and bench-scale processes are summarized in [18]:
several cases with high ees and medium activity using Rh–bppm ligands were
reported by Hoechst (now Sanofi Aventis) [50]; Ru–binap and Ru–biphep complexes
were also effective catalysts for cyclic and exocyclic dehydroamino acid derivatives.

7.4.2
Hydrogenation of Dehydro-b-amino Acid Derivatives

In contrast to dehydro-a-amino acids, the hydrogenation of acetylated dehydro-b-
amino acid derivatives has only recently attracted industrial interest and, accord-
ingly, only a few applications on a larger scale have been reported. Several ligands,
mostly of the phospholane type such as DuPhos and analogs, might have industrial
potential but up to now have only been tested on model substrates under standard
conditions [51]. Chiral Quest�s TangPhos and Binapine (Scheme 7.8) have been
shown to hydrogenate several acetylated dehydro-b-amino acid derivatives with ees
of 98–99% and TONs of 10 000 at room temperature, 1 bar [1, 52], and Pfizer has
reported the diastereoselective hydrogenation with 96% ee for a drug intermediate
using an unusual combination of Binapine (ee >98%, but not very active) and TCFP

Scheme 7.7 Substrates and ligands for the synthesis of various a-amino acid derivatives.
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(ee 94%, but highly active); the TCFP ligand was developed in its own laborato-
ries [53–55].

7.4.2.1 Sitagliptin (Merck)
With this background, the finding by Merck chemists [56] that unprotected dehydro-
b-amino acids are good substrates for Rh-catalyzed hydrogenations was both very
unexpected and very exciting. This discovery, which required the screening of dozens
of ligands and additives, led to a new synthesis for sitagliptin, a DPP-IV inhibitor for
the treatment of type 2 diabetes, now being marketed by Merck [47, 57]. Of special
importance for reproduciblemanufacture were the choice of the right ligand and the
presence of trace amounts of ammonium chloride. Interestingly, deuteration experi-
ments indicate that it is not the enamine C¼C bond which is reduced but the
tautomeric imine! The resulting optimized reaction is depicted in Scheme 7.9 and
over 20 t has been produced to date. Although the enantioselectivities are very good
(up to 98% ee), TONs and TOFs are relatively low. However, the overall synthesis is
superior to two alternative routeswith substrate- and auxiliary-controlled asymmetric
synthesis of the b-amino acid moiety.
Almost at the same time, Takasago [58, 59] reported that an Ru–segphos catalyst is

able to hydrogenate unprotected dehydro-b-amino esters with ees of 94–97%. Of
special industrial relevance is the fact that the Ru–segphos catalysts also work very
well for the reductive amination of a variety of b-keto esters to give the corresponding
b-amino ester in one stepwith ees up to 99%at a substrate to catalyst ratio (s/c) of 1000
with TOFs of �60 h�1 (Scheme 7.9).

7.4.3
Hydrogenation of Simple Enamides and Enol Acetates

The hydrogenation of enamides and enol acetates without an acid function is often
more demanding and is not applied widely. In addition to an early bench-scale
application by Rochewith anRu–biphep catalyst [60], three examples are of interest, a
pilot process for a cyclic enol acetate by Roche [60], a feasibility study by Bristol-Myers

Scheme 7.8 Hydrogenation of N-acetyldehydro-b-amino acid derivatives.
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Squibb [61], both using Rh–DuPhos catalysts, and a pilot process for an intermediate
of norsertraline developed byDow for Sepracor [62], with Rh–norphos giving the best
stereoselectivity(Scheme 7.10).

Scheme 7.10 Hydrogenation of enamides and enol acetates.

Scheme 7.9 Hydrogenation of dehydro-b-amino acid derivatives.
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7.4.4
Hydrogenation of Itaconic Acid Derivatives

Even though it was realized early on that, in analogy with enamides, itaconic acid
derivatives are also preferred substrates due to the presence of a second coordinating
group, industrial applications are still rare. Just as dehydroamino acids, substituted
itaconic derivatives exist asE andZ isomers, but several phospholane-type ligands are
able to accept E–Z mixtures. Two early examples using an Rh–deguphos and an
Rh–bpm catalyst, respectively, were described by Hoechst (now Sanofi Aventis) with
good to high ees but low TONs (for details, see [18, 50]).
In the last few years, several applications on the pilot and bench scales have been

reported (Scheme 7.11). Rh–DuPhos is among the most effective catalysts. Dow has
optimized the hydrogenation of dimethyl itaconate and of succinic acid monoamide
with very good catalyst performance [42]. BASF successfully applied its analogous
rophos ligands in a pilot process for the unsubstitutedmonoester of itaconic acidwith
high ee, TON and TOF [63]. Interestingly, in two cases not the otherwise very effective
Rh–phospholane complexes as successfully applied by Dow [64] but an Ru–binap
catalyst was selected for preparative purposes. As described by GlaxoSmithKline,
Rh–DuPhos actually gave higher ees in the ligand screening but the results were
not always reproducible and the Ru–binap catalyst was cheaper [65]. Pfizer obtained
good results for the Rh–FerroTANE-catalyzed hydrogenation of the free acid (ee 94%,
TON 1000), but in the end also chose an Ru–binap catalyst for scale-up [66].

Scheme 7.11 Hydrogenation of itaconic acid derivatives.
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7.4.5
Hydrogenation of Allylic Alcohols and a,b-Unsaturated Acids

The hydrogenation of allylic alcohols and a,b-unsaturated acids leads to products
with a very high synthetic potential and both transformations were used early on for
industrial applications. In both cases, Ru complexes with axially chiral biaryl ligands
(binap analogs) are the catalysts of choice.Wewill discuss two example in some detail
and summarize the results for other processes.

7.4.5.1 Hydrogenation of Allylic Alcohols (Scheme 7.12)
Citronellol, a fragrance and also an intermediate for vitamin E, can be prepared
starting with geraniol. This transformation requires a specific Ru precursor and is
highly chemoselective. It is carried out by Takasago on a 300 t year�1 scale [67]. Roche
has reported a similar pilot process which works at 20 �C and 60 bar using the same
Ru precursor with MeO-biphep as ligand, the ee is 99%, TON 30 000 and TOF
1500 h�1 [9d, 14b]. Pilot processeswith similar catalyst performanceswere developed
by Roche [9d, 14b] and Takasago [68] for the longer chain vitamin E intermediate.
Obviously, the existing stereogenic center does not affect the enantioselectivity of the
catalysts. Bench-scale processes for the hydrogenation of allylic alcohols using an
Ru–binap and an Ru–biphep catalyst, respectively, were reported by Roche earlier
(summarized in [18]) and a recent feasibility study showed that heterobiaryl ligands
can also be effective ligands for this transformation [69].

Scheme 7.12 Hydrogenation of various allylic alcohols.
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The hydrogenation of a racemic homoallylic alcohol is the key reaction for a
new synthetic route for producing paroxetine, recently reported by Ricordati [70]
(Scheme 7.13). Best results (>99% ee for both cis and trans product) were obtained
with a recrystallized [RuCl(p-cymene)(binap)]Cl complex in 2-propanol. The reaction
was carried out on a 100 kg batch size.

7.4.5.2 Hydrogenation of a,b-Unsaturated Acids
One of the first applications of the then newly developed Ru–binap catalysts for a,b-
unsaturated acids was for an alternative process for (S)-naproxen. (S)-Naproxen is a
large-scale anti-inflammatory drug and is actually produced via the resolution of a
racemate. For some time it was considered to be one of the most attractive goals
for asymmetric catalysis. Indeed, several catalytic syntheses have been developed
for the synthesis of (S)-naproxen intermediates in recent years (for a summary,
see [18]). Best results for the hydrogenation route were obtained by Takasago [71]
(Scheme 7.14), which recently reported that an Ru–H8-binap catalyst achieved even
higher activities (TON 5000, TOF 600 h�1 at 15 �C, 50 bar) [25]. However, despite
some fairly good catalytic results, it has become clear that the original resolution
variant will be the optimal process for some time since on the one-hand the Syntex
resolution process is extraordinarily efficient and on the other the startingmaterials
formost catalytic processes aremore expensive and an extra purification stepwould
be necessary [72].

Ru complexes containing biaryl-type ligands are often the catalysts of choice for
a,b-unsaturated acids and some relevant examples are depicted in Scheme 7.15.
The substrates range from tetrasubstituted C¼C bonds [14b, 73] to substrates with
OR substituents [74, 75] to exocyclic C¼C bonds [47, 76]. In the last case, it was

Scheme 7.14 Naproxen via enantioselective hydrogenation.

Scheme 7.13 Hydrogenation of a homoallylic alcohol.
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found that prior to hydrogenation, the exocyclic C¼C bond migrates into the ring.
A trifluoromethyl-substituted unsaturated acid (E–Z mixture) was hydrogenated by
Chemi in a 4000 L reactor on a 340 kg scale with tmbtp, a hetero binap analog [38, 77].
Dow disclosed a pilot process for the Ru-catalyzed hydrogenation of dihydrofuroic
acid with bulky DuPhos catalyst [42].
Recently, it was found that Rh complexes can also be used effectively for sterically

hindered a.b-unsaturated acids or salts, as evidenced by the processes depicted in
Schemes 7.16 and 7.17. Although the enantioselectivities of the catalysts in
Scheme 7.16 are adequate, the TON and TOF values are insufficient for a technical
synthesis of a PPAR antagonist by Lilly [78], of an endothelin receptor antagonists by
SmithKline Beecham [79] or of a neurodegenerative disease agent by Takeda
Chemical Industries [80]. Indeed, Takeda has developed an alternative technical
process. Interestingly, in some cases the addition of a base or the use of the Na salt
gave better results than the free acids.

7.4.5.3 Hydrogenation for Synthon A of Aliskiren (Speedel/Novartis)
Few details have been released of various scaled processes developed by Solvias [81],
DSM [82] and BASF [83] (Scheme 7.17) for producing a precursor of synthon A of the

Scheme 7.15 Ru-catalyzed hydrogenation of a,b-unsaturated acids.
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renin inhibitor aliskiren of Speedel/Novartis, but the transformation is being carried
out on a multi-ton scale. Whereas the process developed by Solvias is based on an
Rh–ferrocenyl diphosphine complex, DSM has developed a novel Rh–phosphora-
midite–P(3-Tol)3 catalyst with somewhat lower enantioselectivity and BASF has
patented a process with an Rh–phanephos catalyst using a E–Z substrate mixture.

Scheme 7.16 Rh-catalyzed hydrogenation of a,b-unsaturated acids.

Scheme 7.17 Processes for synthon A of aliskiren.
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7.4.6
Hydrogenation of Miscellaneous C¼C Systems

In addition to olefinswith privileged substitution patterns (enamides, allylic alcohols,
a,b-unsaturated acids), several complex C¼C substrates have been hydrogenated
with good to excellent success on a production scale. Here, we describe several
processes in some detail and summarize others without much comment.

7.4.6.1 Hydrogenation of a Biotin Intermediate (Lonza)
In the course of the development of a new technical synthesis at Lonza for biotin (a
water-soluble vitamin), the Rh–Josiphos-catalyzed diastereoselective hydrogenation
of a tetrasubstituted C¼C bond turned out to be a key step [45, 84] (Scheme 7.18).

Selected results of the process development are summarized in Table 7.2. It is
remarkable that homogeneous catalysts with most ligand classes gave even lower
selectivities than the achiral heterogeneous Rh–Al2O3 catalyst and Rh–Josiphos
complexes with aromatic R0 groups were inactive. The high effectiveness of catalysts
with J002 as ligandwas therefore evenmore surprising.While the feasibility studywas
carried out with s/c ratios of 50–100, optimization of the reaction resulted in TONs of
2000. The enantioselective hydrogenation [N-benzyl instead ofN-(R)-phenethyl)] with
Rh–J002 afforded the desired enantiomer with up to 90% ee. For the production
process, the diastereoselective variant was chosen and several tons of biotin were
manufactured with this process.

Scheme 7.18 Hydrogenation of a biotin intermediate.

Table 7.2 Selected results for the hydrogenation of the biotin intermediate.

Catalyst de (%) Comments/ligand structures

Rh–Al2O3 40 Heterogeneous
Rh–bdpp 50

Ph2P PPh2 PAr2

PAr2O

O
H

H

bdpp mod-diop
Ar = 3,5-Me2-4-(OMe)Ph

Rh–mod-diop 66
Rh–J101 No reaction
Rh–J001 88
Rh–J002 99
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7.4.6.2 Synthesis of (þ )-Methyl cis-Dihydrojasmonate (Firmenich)
Dihydrojasmonates are ubiquitous cheap perfume ingredients. Firmenich has
established that (þ )-methyl cis-dihydrojasmonate (Scheme 7.19) is the preferred
stereoisomer, has developed an enantioselective process and has started production
on a multi-tons per year scale [85]. A novel Ru precursor and a new reaction system
had to be found because the classical Ru complexes and conditions for the hydro-
genation of C¼C bonds did not work. In addition to the enantioselectivity, chemo-
and cis-selectivity and activity problems (tetrasubstituted C¼C) were solved on a very
good level. As summarized in Table 7.3, the ligand structure and s/c affect both the
cis/trans ratio and the ee value.

7.4.6.3 Intermediate for Tipranavir
The diastereoselective process depicted in Scheme 7.20 was developed by Chirotech
[26, 40] for Pharmacia & Upjohn [86] and is being carried out on a �production� scale.

Scheme 7.20 Hydrogenation of a tipranavir intermediate.

Table 7.3 Ligand effect on activity and selectivity.a

Ligand s/c TOF (h�1) cis/trans ee cis (%)

Me-DuPhos 300 5 99/1 69

P

P
PCy2

H
CH3

Ph2P

Me-DuPhos Josiphos J001

Fe

Josiphos 500 250 98/2 86
Me-DuPhos 2000 120 >97/3 60
Josiphos 2000 200 >97/3 90

aCatalyst: [Ru(H)(cyclooctatriene)(ligand)]BF4.

Scheme 7.19 Hydrogenation of a dihydrojasmonate intermediate.
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Essential was the addition of Na2CO3 as co-catalyst. The catalyst tolerates an E–Z
mixture of substrate and shows high chemoselectivity with respect to reduction of the
nitrogroup,which canbeaproblem.Analternativepilotprocesswas recently described
by Boehringer-Ingelheim using an Rh–catASium M catalyst, which achieved selectiv-
ities of >98% de and a TOF of ca 40 h�1 with an s/c ratio of 1000 at 60 �C/10bar [87].

7.4.6.4 Intermediate for Candoxatril
The a,b-unsaturated ester shown in Scheme 7.21 with a rather unusual substitution
pattern was hydrogenated successfully for the synthesis of the antihypertensive
candoxatril. The hydrogenation was carried out on 12 kg scale for Pfizer by Dow/
Chirotech, using a cationic Rh–DuPhos catalyst [88], and on 250 kg scale by PPG-
Sipsy with an Ru–biphep complex [89]. Both catalysts achieved very high enantios-
electivities and medium activities.

7.4.6.5 Intermediate for Pregabalin
The hydrogenation of the a,b-unsaturated nitrile (Scheme 7.22), an intermediate for
the anticonvulsant pregabalin of Pfizer, was carried out on a bench scale by Dow

Scheme 7.21 Hydrogenation of a candoxatril intermediate.

Scheme 7.22 Hydrogenation of pregabalin intermediate.
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using an Rh–DuPhos complex [90] and up to production scale with the TCFP ligand
developed by Pfizer [53, 55] with very high ee values.
Further C¼C substrates as depicted in Scheme 7.23 were hydrogenated with

acceptable to high enantioselectivities but the TON and TOF of most processes
are probably not (yet) sufficient for manufacturing purposes [14b, 91–97]. Indeed,
several of the papers explicitly mention that further development was stopped
either because another route proved to be superior or because the compound was
abandoned. Special mention is due to the rare case of an Ir–diphosphine catalyst,
developed by Bristol-Myers Squibb [91], the hydrogenation of an essentially
unfunctionalized C¼C bond with the asymmetrically substituted MeO-biphep1
[14b, 92] and the high ee achieved for a tetrasubstituted C¼C bond [97] by Roche.

Scheme 7.23 Hydrogenation of various functionalized olefins.
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7.5
Hydrogenation of C¼O Bonds

Most catalysts originally developed for C¼C bonds show a poor performance for the
hydrogenation of ketones. This changed dramatically when it was found that selected
Ru–binap and later Ru–binap–diamine complexes achieve excellent enantioselec-
tivities and very high TONs and TOFs for a variety of ketones [20a, 98a]. Since then, it
has been demonstrated that many a- and b-functionalized and aromatic ketones are
suitable substrates for hydrogenation with industrially viable catalytic results. For the
reduction of various ketones, biocatalytic methods are an industrially viable alterna-
tive to the use of chemocatalysts [9].

7.5.1
Hydrogenation of a-Functionalized Ketones

(R)-1,2-propanediol is an intermediate for (S)-oxfloxazin, a bactericide sold until
recently as the racemate. The (R)-diol is nowproduced by Takasago via hydrogenation
of hydroxyacetone as shown in Scheme 7.24 using an Ru–Tol-binap catalyst on a
50 t year�1 scale [98b]. Recently it was reported that segphos, a newly developed biaryl
diphosphine, shows even better results, achieving >98% ee and TON and TOF of
10 000 and �1400 h�1, respectively [25, 99].

The two production processes using a-amino ketone substrates depicted in
Scheme 7.25 were developed by Boehringer-Ingelheim to improve on existing
resolution syntheses for adrenaline and phenylephrine [100]. Both processes are
carried out with an Rh–mccpm catalyst with very high TONS and TOFs, albeit with
medium ees of 88–92%, which increase to >99% after precipitation of the free base.

Scheme 7.24 Hydrogenation of hydroxyacetone.

Scheme 7.25 Production processes for adrenaline (R¼OH) and
phenylephrine (R¼H) intermediates.
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The hydrogenation of a-amino ketones was also key step for the synthesis of
pharma-actives (Scheme 7.26). Roche [101] disclosed a pilot process involving the
hydrogenation–dynamic kinetic resolution of a cyclic a-amino ketone using an
optimized MeO-biphep ligand. The Ru-catalyzed reaction was carried out on a 9 kg
scalewith excellent enantio- and diastereoselectivities and very highTONandTOF.A
pilot process was reported by Solvias/Ciba-Geigy which was operated on amulti-tens
of kilograms scale involving an Rh–bppfoh-catalyzed hydrogenation of an interme-
diate for the antidepressant levoprotiline [102]. Important for successwas the fact that
crystallization of the product both enhanced ees and allowed the separation of the
catalyst from the product. Apilot processwas developed by Solvias forNovartis for the
hydrogenation of an a-amino-b0-phosphinate ester with moderate catalyst perfor-
mance using an Ru–MeO-biphep catalyst [103]. Obviously, this substrate could also
be considered to be an analog of a b-keto ester (see below).

The hydrogenation of a-keto acid derivatives is a promising route to a variety of
a-hydroxy and a-amino acids. Up to now, homogeneous catalysts achieved good ees
but only insufficient TONs andTOFs and, indeed, heterogeneous cinchona-modified
Pt catalysts are a viable alternative [9e, 21]. The hydrogenation of ketopantolactone
depicted in Scheme 7.27 was the key step for the enantioselective synthesis of
pantothenic acid. A pilot process was developed by Roche [14b] and (R)-pantolactone
was produced in multi-hundred kilogram quantities. An Rh–bpm catalyst proved to
be highly active with satisfactory selectivity. Important were the fine tuning of the
ligand and the choice of the anion; critical for the very good catalyst performancewere
the purity of the substrate, the solvent and hydrogen. For the production of kilogram

Scheme 7.26 Hydrogenation of various a-amino ketones.
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amounts of (S)-p-chloromandelic acid, an Ru–MeO-biphep catalyst achieved 90–93%
ee with acceptable TONs and TOFs, indicating that this hydrogenation might be
feasible for the productionof an agrochemical intermediate fromboth a technical and
an economic point of view [104].

7.5.2
Hydrogenation of b-Functionalized Ketones

b-Keto esters are certainly privileged substrates and several industrial processes rely
on this transformation. The most important is the hydrogenation–dynamic kinetic
resolution shown in Scheme 7.28 for the production of an intermediate for penem
antibiotics carried out by Takasago on a scale of 50–120 t year�1 [68, 98b, 105]. Similar
results (ee 98–99%, de 94%, TON 200, TOF�600 h�1 at 50 �C/100 bar) were obtained

Scheme 7.28 Hydrogenation–dynamic kinetic resolution of a penem intermediate.

Scheme 7.27 Hydrogenation of a-keto acid derivatives.
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by Chemi with an Ru–tmbtp catalyst [38, 106] and recently it was reported that an
optimized dtbm–segphos ligand can achieve even higher stereoselectivities with
>99% ee and 99% de (TON and TOF not specified) [25, 99].
Several processes using simple b-keto ester substrates were developed to various

stages. Someearly examples of bench scale processes usingRu–binapwere described
by Takasago and Aventis (for more information, see [18]). Lanxess has developed
similar technology for the hydrogenation of several substrates on the basis of its
ClMeO-biphep ligand, which is applied on a technical scale [1, 107] (Scheme 7.29).
Also depicted in Scheme 7.29 is the hydrogenation of a chlorinated b-keto ester
developed to the pilot stage and applied on amulti-hundred kilogram scale by Chemi
using its proprietary tmbtp ligand [77]. Roche has described a pilot process for the
long-chain b-keto ester, an intermediate for the anti-obesity drug orlistat [108].

7.5.3
Hydrogenation of Aromatic Ketones

The effective hydrogenation of ketones without a- or b-functionality has only
recently been developed into an important methodology with Noyori�s discovery of
the Ru-based transfer hydrogenation catalysts on the one hand and the very active
Ru–diphosphine–diamine systems on the other [98a]. Both methodologies rely on the
presence of anNHbond allowing an effective outer-sphere reductionmechanism. The
technology has been licensed by several companies using various diphosphines, but it
is not clear whether it is actually used for concrete manufacturing purposes.
Processes for the hydrogenation of a number of aromatic ketones are shown in

Scheme 7.30. Noyori�s very effective Ru–diphosphine–diamine technology was
developed by several companies. It is not clear on what scale the processes developed
by Takasago (dm-binap¼ 3,5-xylyl-binap) [25] and Dow/Chirotech [27, 109, 110] for
the reduction of substituted acetophenones are actually applied, but according to

Scheme 7.29 Hydrogenation of b-keto acid derivatives.
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Dow, several aromatic ketones have been reduced on a 100–750 kg scale [43]. Using
the Xyl-PhanePhos–dpen catalyst, a highly efficient bench scale process was devel-
oped for the hydrogenation of p-fluoroacetophenone (ee 98%, TON 100 000, TOF
50 000 h�1 at room temperature, 8 bar) [109]. Apilot processwas developed by Solvias
and carried out by Rohner for the production of 3,5-bis(trifluoromethyl)phenyletha-
nol using a newly developed Ru–(phosphinoferrocenyl)oxazoline complex [111].
Even though the complex does not contain anNHbond, it shows very high activity for
the hydrogenation of a variety of aryl ketones. Pilot-scale processes were reported by
Pfizer for the synthesis of the opioid receptor antagonist CJ-15,161 [112] and by
Merck for an intermediate of the CB-1R inverse agonist taranabant [113].
Several Ru-catalyzed transfer hydrogenations have been developed and operated on

a multi-tens of kilograms scale. Two variants are applied, one based on Ru–amino
alcohol complexes with i-PrOH and the other based on Ru–Ts-dpen complexes with
HCOOH–NEt3 as reducing system, respectively. As shown in Scheme 7.31, excellent
enantioselectivities have been obtained for several aryl ketones butwith lower activities
than for comparable hydrogenation reactions described above [compare, e.g., the
results for bis(trifluoromethyl)acetophenone in Scheme 7.30 with the process devel-
oped by Merck [114] in Scheme 7.31]. Avecia (now NPIL Pharma) developed transfer
hydrogenation technology under the term CATHy using Me5cp–Ru catalysts and

Scheme 7.30 Hydrogenation of aromatic ketones.
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claimed several applications on the multi-hundred kilograms scale [1, 115, 117].
Lanxess has applied Noyori�s Ru–Ts-dpen system to the reduction of aryl keto esters
on a scale of >2 t [107, 116]. Fairly complexmolecules are amenable to the catalysts, as
illustrated by the feasibility studies by Otsuka for the vasopressin V2 receptor
antagonist OPC-41061 [118] and Merck for a PDE4 inhibitor [119] (Scheme 7.32).

Finally, hydride reduction using BH3 in the presence of 1,2-amino alcohols (CBS
reduction) can be run catalytically, albeit with very lowTONs andTOFs. Furthermore,
compared with (transfer) hydrogenations, reductions with hydrides require more

Scheme 7.31 Transfer hydrogenation of aromatic ketones.

Scheme 7.32 Feasibility studies.
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complexwork-upprocedures and producemorewaste. Nevertheless, several processes
based on this technology have been developed and run on a scale of up to 50 kg
(for details, see [18]). Co–salen-catalyzed borohydride reductions are an alternative
technology which in special cases can give good results. An example is depicted in
Scheme 7.33 for the reduction of a heteroaryl ketone, an intermediate for a serotonin-2
receptor antagonist, albeit with relatively low ees, developed by Mitsui [120].

7.6
Hydrogenation of C¼N Bonds

The enantioselective hydrogenation of C¼N bonds is the least developed hydrogena-
tion reaction, even though many active ingredients contain chiral amine moieties.
The main reason for this situation is that effective catalysts, mainly Ir-diphosphine
complexes, were developed only in the last 10 years [121]. A major incentive for the
development of more active catalysts was the chiral switch of metolachlor made in
1997 by Ciba-Geigy [122, 123].

7.6.1
(S)-Metolachlor Process

Metolachlor is the active ingredient ofDual, oneof themost important grassherbicides
for use inmaize and a number of other crops. In 1997, after years of intensive research,
Dual Magnum with a content of approximately 90% (10S)-diastereomers and with the
same biological effect at about 65% of the use rate was introduced in the market. This
�chiral switch� wasmade possible by the new technical process that is briefly described
below. The key step of this new synthesis is the enantioselective hydrogenation of the
isolated MEA imine depicted in Scheme 7.34.

Scheme 7.33 Hydride reduction.

Scheme 7.34 Metolachlor hydrogenation process.
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The search for a commercially viable process took many years [123]. Several
approaches with Rh or Ir complexes using commercially available diphosphine
ligands were not successful. A critical breakthroughwas achievedwhen Ir complexes
with a new class of ferrocenyl-based ligands, now called Solvias Josiphos, were used.
Especially in presence of acid and iodide ions, extremely active and productive
catalysts were obtained. Different Josiphos ligands were tested and a selection of the
best results is given in Table 7.4.
The optimized process operates at 80 bar hydrogen and 50 �C with a catalyst

generated in situ from [Ir(cod)Cl]2 and the Josiphos ligand J005 (short nameXyliphos)
at an s/c of 2 000 000 in the presence of trace amounts of hydrogen iodide.
Complete conversion is reached within 3–4 h, initial TOFs exceed 1 800 000 h�1

and the ee is around 80%. This process is now operated by Syngenta on a scale of
>10 000 t year�1 [124].
After this success, a number of technical C¼N hydrogenation processes were

developed, as depicted in Scheme 7.35. Although the enantioselectivities are good to

Table 7.4 Most successful ligands for the hydrogenation of MEA
imine (for ligand structure, see Scheme 7.34).

R R0 TON TOF (h�1) ee Comments

Ph 3,5-Xylyl 2 000 000 >400 000 79 Production process
p-CF3Ph 3,5-Xylyl 800 400 82 Ligand screening
Ph 4-t-Bu-C6H4 5000 80 87 Low temperature
Ph 4-(n-Pr)2N-3,5-xyl 100 000 28 000 83 Optimized conditions

Scheme 7.35 Hydrogenation of a various C¼N bonds.
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excellent, the catalytic activities and productivities are far behind those for the
metolachlor process. An Ir-catalyzed hydrogenation developed by Lonza for an
intermediate of dextromethorphan was carried out on the >100 kg scale [45, 84].
Important success factors were fine tuning of the ligand and the use of a biphasic
system. Chemoselectivity is high but catalyst productivity rather low for an economic
technical application. Satoh et al. reported up to 90% ee for the hydrogenation of an
intermediate of the antibiotic levofloxacin using Ir–diphosphine complexes [125].
Best results were obtained with bppm and modified diop ligands in the presence of
bismuth iodide at low temperature.
In addition to Ir–diphosphines, two more catalyst systems showed promise for

industrial application. As mentioned above, the Rh–Josiphos-catalyzed hydro-
genation of unprotected dehydro-b-amino acid derivatives byMerck actually involves
the hydrogenation of a C¼N and not a C¼C bond (Scheme 7.9) [47, 53]. Noyori�s
Ru–PP/NN catalyst system also seems suitable for C¼N hydrogenation and was
successfully applied in a feasibility study by Dow/Chirotech for the hydrogenation of
a sulfonylamidine [126]; Avecia showed the viability of its CATHy catalyst also for the
transfer hydrogenation of phosphinylimines [115].

7.7
Oxidation Processes

Oxidation reactions are the second most important application of enantioselective
catalysts [18]. Important transformations are the oxidation of sulfides with cumyl
hydroperoxide (CHP) as oxidant, epoxidation [oxidants tert-butyl hydroperoxide
(TBHP), CHP or NaOCl] and the Sharpless dihydroxylation reaction of olefins with
K3Fe(CN)6 or N-methylmorpholine oxide (NMO) as most common oxidants. In
contrast to hydrogenation, the oxidants are often problematic and catalyst activity and
productivity are generally much lower. Despite some early successes, the application
of the epoxidation and dihydroxylation reactions developed by Sharpless [11], which
have been (and still are) used very much for preparative purposes on a laboratory
scale, has never really caught on in industry. As a consequence,most transformations
described in this sector are probably not being used for manufacturing purposes.

7.7.1
Sulfide Oxidation

7.7.1.1 Esomeprazole (AstraZeneca)
Esomeprazole is the (S)-enantiomer of omeprazole, the best selling anti-ulcer
compound, and is produced on a multi-tons per year scale. The key step of the new
synthesis is theTi-catalyzed oxidation of the sulfide intermediate (Scheme7.36) [127].
Although this idea looks straightforward, the development of a successful catalyst
system was difficult. Indeed, first attempts with the original Kagan method with
quasi-stoichiometric amounts of Ti–tartrate complexes and cumyl hydroperoxide led
to almost racemic products. In the course of the investigation, three measures gave
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significant improvements: (i) the preparation of the Ti complex from Ti(i-PrO)4,
diethyl tartrate (DET) and H2O in the presence of the sulfide, (ii) the equilibration of
the catalyst solution and (iii) the presence of a tertiary amine such asEtN(i-Pr)2 during
the oxidation. Taken together, these changes resulted in a process with ees between
91% (4% catalyst loading) and >94% (with 30mol% catalyst). The reaction is actually
run under the latter conditions (resulting in a more robust process) and the ee is
enhanced to >99% by crystallization of the Na salt from methyl isobutyl ketone and
acetonitrile. Critical issues are over-oxidation to sulfone and substrate purity.

In addition to this production process, several companies have described
sulfide oxidations using cumyl hydroperoxide in the presence of Ti catalysts on a
multi-kilogram scale for the synthesis of a variety of drug candidates [128–132]
(Scheme 7.37). The range of sulfides amenable to catalytic oxidation and the ee values
achieved are remarkable, but the TONs are low and in some cases stoichiometric
amounts of the Ti complex are needed for satisfactory reaction times and yields.

Scheme 7.37 Various sulfide oxidations.

Scheme 7.36 Esomeprazole synthesis.
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7.7.2
Sharpless Epoxidation

The epoxidation of allylic alcohols using Ti–diisopropyl tartrate (Ti–DIPT) or
Ti–diethyl tartrate (Ti–DET) catalysts with either TBHP or CHP as oxidant has
been applied in numerous multi-step syntheses of bioactive compounds [14c, 20b].
However, applications on a larger scale are still restricted to the two processes
described below. In the presence of molecular sieves, the catalyst is effective for a
variety of substituents at the C¼C bond and tolerates most functional groups with
good to high ees but low activity.

7.7.2.1 Glycidol (PPG-Sipsy)
In the late 1980s, the first large-scale application of the Sharpless epoxidation
technology was developed by Arco Chemical for the production of glycidol, a versatile
C3 building block (Scheme 7.38). A detailed account was published by Shum and
Cannarsa [4c]. The technologywas licensed to PPG-Sipsy,whichproduced glycidol on
a multi-tons per year scale by epoxidation of allylic alcohol using a Ti–diisopropyl
tartrate catalyst.
The reaction has been carefully optimized and was run with cumyl hydroperoxide

as oxidant in the presence of molecular sieves in order to reach high TONs. After
completion of the reaction, themolecular sieves were filtered off and the glycidol was
extracted into an aqueous solution and then distilled. The isolation of the glycidol is
very difficult and was a challenging aspect of process development. Residual
hydroperoxide had to be treated with a reducing agent before disposal. Other epoxy
alcohols can be prepared under similar conditions.

7.7.2.2 Disparlure (J.T. Baker)
The first commercial application of the very powerful Sharpless epoxidation tech-
nology has reportedly been an intermediate for disparlure (an insect pheromone) by
J.T. Baker (Scheme 7.39), probably on a very small scale of a few kilograms per
year [133]. On this scale, the rather low temperature and relatively high catalyst
loading of Ti–diisopropyl tartrate are not problematic.

Scheme 7.38 Production process for glycidol.

Scheme 7.39 Production process for disparlure.
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In addition to these twoproductionprocesses,Upjohn [134],Aventis [50], Esai [135]
and Pfizer [136] described small-scale applications for the epoxidation of simple
allylic alcohols depicted in Scheme 7.40. Enantioselectivities ranged from92 to >98%
and in some cases the use of molecular sieves proved beneficial 134].

7.7.3
Jacobsen Epoxidation

The Mn–salen-catalyzed epoxidation originally developed by Jacobsen is able to
convert olefins without any functional group to the corresponding epoxide.
Mn–salen-type catalysts give good results for terminal and cis-substituted olefins
with ees up to >97% and moderate to good catalytic activity [14d, 20c], often in high
yield and enantioselectivity. In the last few years, the epoxidation of unfunctiona-
lized olefins using cheap NaOCl as oxidizing agent has been developed industrially
by Rhodia Chirex in collaboration with Jacobsen [137].

7.7.3.1 Indene Oxide (ChiRex)
The epoxidation of indene (Scheme 7.41) is an attractive route to cis-1-amino-2-
indanol, an intermediate in the Crixivan synthesis (HIV protease inhibitor, Merck)

Scheme 7.40 Epoxidation of various allylic alcohols with TBHP.

Scheme 7.41 Applications of the Jacobsen epoxidation.
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and ligand for BH3 reductions of ketones. The reaction was optimized in a collab-
oration betweenMerck and ChiRex (now part of Rhodia) and is reportedly carried out
on a small scale [137, 138]. Decisive for good results of this biphasic (water–ClPh)
processwas the control of the pH (in order to decrease ligand decomposition) and the
addition of 3-phenylpropylpyridine N-oxide (P3NO) to increase catalyst activity and
stability.
Two industrial applications have been described by Bristol-Myers Squibb (using

NMO as oxidant) [139] and Merck [149] with relatively low ee.

7.7.4
Sharpless Dihydroxylation (AD) and Aminohydroxylation

The asymmetric dihydroxylation (AD) of olefins developed by Sharpless [11] leads to
cis-diols with high to very high ees using Os–cinchona alkaloid complexes (for a
representative structure, see Scheme 7.42) [14e, 20d]). This reaction has been applied
in numerous laboratory-scale syntheses and a catalyst–oxidant mixture (AD-mix) is
available from Strem. However, even though it has been developed by Rhodia
Chirex [141], its application on a large scale seems to be challenging and relatively
few cases have been published. K3Fe(CN)6–K2CO3, the oxidant used in the commer-
cially available AD-mixes, is problematic on a larger scale. The analogous aminohy-
droxylation reaction [20e] leading directly from olefins to 1,2-amino alcohols has a
similar synthetic potential but the additional problems of chemo- and regioselectivity
make synthetic and particularly industrial applications more difficult.
According to Rhodia ChiRex, the asymmetric dihydroxylation represents a robust

manufacturing technology, giving good chemical yields and enantioselectivities.
Several diols, such as 3-chlorophenylethanediol, have been manufactured on a scale

Scheme 7.42 Applications of the Sharpless dihydroxylation.
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of hundreds of kilograms [141] (Scheme 7.42). Furthermore, feasibility studies for
the application of the AD reaction to the synthesis of active ingredients have been
published byBristol-Myers Squibb (scaled up to the 10 kg scale) [139], Pfizer [142] and
Merck [143, 144]. Enantioselectivities ranged from 79 to >90% and s/c ratios of
around 100 were achieved. With the exception of bistrifluorostyrene (NMO), K3Fe
(CN)6 was used as oxidant.
We are aware of only one application of aminohydroxylation for the synthesis of

chiral building blocks on a kilogram scale reported by Merck (Scheme 7.43). The
original oxidant t-BuOCl was replaced by dichlorodimethylhydantoin and both
regioselectivities (from 2:1 to 8:1) and enantioselectivity were acceptable [145].

7.8
Miscellaneous Transformations (Isomerization, Addition Reactions to C¼C, C¼O
and C¼N Bonds, Opening of Oxacycles)

7.8.1
Isomerization, Allylic Alkylation

Although the isomerization of allylamines, which is operated on a very large scale in
the menthol process, has a rather narrow scope, nucleophilic allylic substitution
reactions [20f ] with C- and N-nucleophiles have been applied not just in model
studies but also for the synthesis of many natural products and pharmaceutically
relevant molecules [146]. However, even though Dow Chirotech [147] has commer-
cialized two ligands developed by Trost and produces them regularly on a kilogram
scale [43], to our knowledge no large-scale application has been reported up to now.

7.8.1.1 (�)-Menthol Process (Takasago)
As described by Akutagawa [67], Takasago produced 28 700 t of (�)-menthol between
1983 and 1996 using only 250 kg of the chiral ligand binap. The key step is the
enantioselective isomerization of diethylgeranylamine to the chiral enamine de-
picted in Scheme 7.44.
The history of the discovery of the Rh–binap catalyst and the first large-scale

enantioselective process have been well described in several reviews [5b, 20g, 67].
Decisive for the very high catalyst productivity were the purification of the starting
material (distillation andpretreatmentwith vitride) and the efficient catalyst recycling
after distillation. Catalyst loss with each recycle was reported to be ca 2%. In addition

Scheme 7.43 Sharpless aminohydroxylation
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to O2, H2O and CO2, the presence of amines in concentrations as low as 0.07% also
negatively affects the catalyst performance (Scheme 7.44). The following products
are being produced based on the isomerization technology [20g, 68]: L-menthol
(>1000 t year�1), 7-hydroxycitronellal (40 t year�1), D- and L- citronellol (20 t year�1

each), 7-methoxycitronellal (10–20 t year�1) and 3,7-dimethyloctanal (7 t year�1).

7.8.1.2 Various Alkylation Reactions
The allylic alkylation reaction was used by Merck chemists [148–150] for the gram to
multi-kilogram preparation of a variety of intermediates for active compounds
(Scheme 7.45). In all cases, the Trost ligand (licensed to Dow, produced on a
multi-kilogram scale [43]) was used and very good enantioselectivities but relatively
low TON were achieved. The classical Pd-based system was applied for the two
reactions with cyclopentenyl acetate whereas the Mo-based catalyst was used for the
unsymmetrical linear substrate.

7.8.2
Addition Reactions to C¼C Bonds

Addition reactions to olefins can be used both for the construction and the functio-
nalization of molecules. Accordingly, chiral catalysts have been developed for many
different types of reactions with often very high enantioselectivity. Despite the early
success of Sumitomo with cyclopropanation, most catalysts have either a narrow

Scheme 7.44 Isomerization of diethylgeranylamine and structure of commercialized products.
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synthetic scope or are not yet developed for immediate industrial application due to
insufficient activities and/or productivities, and most of the ligands are not available
on a technical scale and only few industrial applications have been reported [18].

7.8.2.1 Cilastatin (Sumitomo)
Ethyl dimethylcyclopropanecarboxylate is an intermediate for cilastatin, an inhibitor
for dehydropeptidase I, which is administered in combination with the carbapenem
antibiotic imipenemproducedby Sumitomoon a small scale via addition of a carbene
to isobutene. Sumitomo introduced this process almost at the same time as the L-dopa
process was put on-stream [14f, 151]. However, even though the reaction is really
remarkable, its impact on enantioselective catalysis was marginal. This could be
due to two reasons: first, cyclopropanes are relatively rare structural motifs, and,
second, Sumitomo, with the exception of the ligand design and optimization (see
Scheme 7.46), has not given much detail on the process except that preparation and
handling of the diazo compound are a critical issue.
In addition to this application, Bristol-Myers Squibb has described an Ru–pybox-

catalyzed cyclopropanation on the 500 kg scale to produce an intermediate for
melatonin antagonists which also included scale-up of the ligand [152], and Abbot
has used an Mg-catalyzed Michael reaction for the preparation of kilogram amounts
of an intermediate for a selective endothelin A receptor antagonist [153]
(Scheme 7.47). In both cases good ee and respectable TONs were achieved.

7.8.3
Addition Reactions to C¼O Bonds

Addition reactions to carbonyl groups are very important in synthetic methodology.
Even though a wealth of catalysts with high enantioselectivity have been developed in
recent years, there are only few industrial applications and some examples are

Scheme 7.45 Allylic alkylation reactions.
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depicted in Schemes 7.48 and 7.49. Most catalysts have low to medium catalytic
activity and TONs of 5–100.
The first industrial ene reaction was carried out by Roche [14b, 154] on a multi-

hundred kilogram scale to produce an intermediate for the collagenase inhibitor

Scheme 7.47 C�C bond-forming applications.

Scheme 7.46 Sumitomo cyclopropanation: optimized process
for cilastatin and results of the ligand optimization for ethyl
chrysanthemate.
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Trocade with very high ee. Critical for good results was the addition of molecular
sieves with a defined water content (6–10%). Eli Lilly [155] carried out the addition of
an organozinc species to an aromatic aldehyde on a kilogram scale, and Merck [156]
applied a similar reaction on the 500 g scale and, in a feasibility study, Mitsubushi
Rayon [157] added TMSCN to m-chlorobenzaldehyde (Al–binol, 90% ee). Enantios-
electivities varied between 90 and 98% and TONs up to 70 were achieved.
Two diastereoselective catalytic asymmetric aldol reactions are depicted in

Scheme7.49. Both have been carried out on a kilogramscale. The so-called gold–aldol
reaction developed by Ciba-Geigy is the shortest synthesis of MeBmt, cyclosporin�s
unusual amino acid [158]. The nitroaldol reaction for the preparation of erythro-
AHPA, a subunit of the promising HIV-protease inhibitors KNI-227 and KNI-272,
has been developed for industrial-scale application using an Al complex with three
binol ligands and will be carried out by Kaneka upon request [159].

7.8.4
Addition Reactions to C¼N Bonds

The same heterobimetallic catalysts developed by Shibasaki were also applied to the
asymmetric hydrophosphonylation used for the preparation of several a-aminopho-
sphonic acids on an industrial scale [160] (Scheme 7.50). This industrial process will
be carried out by Hokko Chemical Industry on request.

Scheme 7.48 Addition reactions to aldehydes.
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7.8.5
Ring-opening Reactions of Oxacycles

Finally, two ring-opening reaction have interesting potential and have already been
applied on a larger scale (Scheme 7.51). The first is the Co–salen-catalyzed hydrolytic
kinetic resolution (HKR of epoxides [9f, 161], a reaction which is inmany casesmore
economical for the preparation of enantiopure epoxides than asymmetric epoxida-
tion and often competitive with biocatalytic methods. Rhodia Chirex has developed a
catalytic system for resolving propene and styrene oxide and also epichlorohydrin on
amulti-hundred kilogramscale [9f ]. The catalyst used is the relatively cheapCo–salen
complex, which can be recycled. The amount of water and the presence of an acid
co-catalyst are critical. The two products can be separated via fractional distillation
and both are available with very high ee. The reaction is very general for almost all
terminal epoxides. The technologywas recently licensed toDaiso for epichlorohydrin
resolution on a multi-tons per year scale [161b].
The second transformation, the Rh–Josiphos-catalyzed opening of oxabicyclic

olefins, has not yet been applied on very large scale but is a very promising method

Scheme 7.50 Hydrophosphonylation of C¼N bond.

Scheme 7.49 Diastereoselective aldol reactions.
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for the synthesis of substituted dihydronaphthalenes, important building blocks in
medicinal chemistry [162]. The reaction works with various alcohols and N-nucleo-
philes. The s/c ratios were between 50 and 400 and reaction times varied from 6 to
>24h. At 100 �C and without solvent, s/c ratios up to 10000 are feasible (reaction time
1–8h)with similar ees. The catalytic systemhas been developed and scaled to themulti-
kilogram scale by Solvias and several building blocks are available on request [163].
The ring opening of an allylic epoxide (Scheme 7.52) was carried out by Dow

Chirotech on a kilogram scale using the Trost technologywith good ee andTON [164].

Scheme 7.52 Ring-opening reactions of oxacycles.

Scheme 7.51 Ring-opening reactions of oxacycles.
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7.9
Conclusions and Future Developments

Is homogeneous asymmetric catalysis a mature manufacturing technology? The
answer is �not yet� – with, maybe, the exception of the hydrogenation of a few
privileged substrate types. Our definition of a maturemanufacturing technology can
be summarized as follows:

. Well-defined and widely known scope and limitations (selectivity, activity, produc-
tivity, functional group tolerance).

. Many existing technical applications; required equipment widely available.

. Routinely considered in route design during process development.

. Relevant catalysts and auxiliaries are commercially available (including well-
defined handling of IP issues), both in large numbers for screening and in
technical quantities for production.

The results summarized in the preceding sections show that even for asymmetric
hydrogenation, the most advanced catalytic methodology, some of these require-
ments are �not quite fulfilled� or �not yet satisfactory�. However, in the last few years,
technical progress has accelerated and one of the most significant signs of this
development is the growing number of companies active in this exciting area of
chemical technology. The visibility of enantioselective hydrogenation as a superb
manufacturing tool for chiral intermediates and active products will certainly be
enhanced by their scientific/technical publications but also by their considerable
marketing efforts.
Since the first processes were implemented by Monsanto and Sumitomo in the

early 1970s, the number of production processes has grown only slowly and today
comprises only about 15–20 entries. Of these, 11 aremedium to large scale; all others
are applied on a scale of 1 t year�1 or less and several of them are no longer in
operation. In addition,manymore processes developed to the pilot or bench scale are
in principle ready for technical application.
There are several reasons for the rather slow progress. Maybe the most important

one is the very high attrition rate for new chemical entities in the pharmaceutical
industry, and also the relatively low number of new drugs introduced in the last
decade. Another reason is the fact that it takes more time (and money!) to find and
develop a catalytic process compared with classical organic transformations. Even
though we have shown that many enantioselective catalysts are very tolerant of
functional groups, the scope and limitations of valuable enantioselective catalysts are
not (yet) well known, making synthesis planning difficult. Further, some chiral
ligands have not been readily available in large quantities and are not trivial to
prepare.
Despite these hurdles, we are convinced that in the near future the industrial

application of enantioselective catalytic technologywill accelerate further, and there
are several pointers to strengthen this view. There is the usual time lag for any new
technology to be used in actual production – we think (or hope!) that we are at the
present moment right at the beginning of the steep part of the classical S-shaped
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curve. More and more medium and small companies have expertise in developing
catalytic syntheses and offer their services to companies who cannot or do not want
to develop such processes in-house. In addition, several companies now offer
several different chiral ligands or catalysts in quantities required for large-scale
processes.
On the chemical side, there is no doubt that new and more selective and active

catalysts will be developed for ever more types of transformations. It is hoped that
some of them will belong to the small, elite group of privileged catalysts able to
tolerate significant structural variations without loss in catalyst performance. In
addition, high-throughput experimentation will in many cases allowmore tests to be
carried out, thereby shortening the time needed for finding the right catalyst.
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8
Hydrogenation for C�C Bond Formation
John F. Bower and Michael J. Krische

8.1
By-product-free C�C Coupling and the Departure from Preformed Organometallic
Reagents

The formation of chemical bonds between carbon atoms is of fundamental signifi-
cance. A major goal in the emerging field of green chemistry involves the design of
by-product-free chemical processes, especially C�C bond-forming processes appli-
cable to renewable feedstocks [1]. This objective is aligned with longstanding
economic and aesthetic forces that have shaped the field of chemical synthesis and
which have given rise to such concepts as atom-economy [2], step-economy and the
�ideal synthesis� [3]. As revealed by the �E-factor� (kilogram of waste generated per
kilograms of product) [4], it is not surprising that an inverse correlation between
process volume and waste generation exists in the chemical industry. For large-
volume processes, where minute improvements in efficiency confer significant
economic return, by-product-free chemical processes are desirable as they mitigate
costs associated with waste disposal and product isolation. Here, �fiscal natural
selection� mandates the practice of green chemistry. In contrast, the fine chemical
and pharmaceutical industrial segments often engage inmulti-step syntheses where
the value of late-stage intermediates can easily exceed the cost of waste stream
disposal or product separation, undermining motivation to develop by-product-free
protocols (Table 8.1).
Must waste production generally increase with increasing molecular complexity?

What transformations would be practiced on a vast scale if only efficient by-product-
free variants were developed? In the specific case of C�C bond-forming processes,
especially those involving non-stabilized carbanions and their equivalents, a signifi-
cant cause of waste production resides in the use of stoichiometrically preformed
organometallic reagents, which give rise to equimolar quantities of chemical by-
products in the form of metal salts. For example, the vinylation and allylation of
carbonyl compounds and imines, which are core reactions in synthetic organic
chemistry, uniformly employ preformed vinylmetal and allylmetal reagents. The
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same is true for cross aldol and Mannich additions, which generally employ
preformed alkali metal enolates or enol derivatives. A hidden cost associated with
the use of such preformed organometallics is that they are often prepared via
transmetallation, hydrometallation or acid–base chemistry, where a series of metal-
lated precursors is used. For example, enol silane generation typically involves theuse
of butyllithium to prepare lithium diisopropylamide, which then serves as a base to
generate the lithium enolate, which, finally, upon exposure to a chlorosilane,
generates the enol silane. Here, three preformed organometallic reagents are used
stoichiometrically. Similarly, vinylmetal reagents and organoboron reagents, which
are now indispensable building blocks in pharmaceutical process chemistry [5], also
are typically prepared using multiple preformed organometallic reagents, resulting
in the generation ofmultiple stoichiometric by-products and thehandling ofmultiple
air- and moisture-sensitive materials. Notably, catalytic hydrogenations of enones,
alkynes and aryl halides are all postulated to proceed through analogous organome-
tallic intermediates, raising the question of whether catalytic intermediates of this
type can be intercepted and rerouted to products of C�C bond formation
(Scheme 8.1).

Scheme 8.1 The generation of preformed organometallics often
requires successive use of multiple organometallic reagents,
contributing to excessive waste generation.

Table 8.1 Consideration of the �E-factor� (kilogram of waste per
kilogram of product) for various segments of the chemical industry.

Industry segment Product tonnage E-factor

Oil refining 10[6]–10[8] <0.1
Commodity chemicals 10[4]–10[6] <1–5
Fine chemicals 10[2]–10[4] 5–50
Pharmaceuticals 10–10[3] 25–100
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Indeed, the recognition that the addition of non-stabilized carbanions to C¼X
(X¼O, NR) p-bonds represent reductions of the carbonyl or iminemoiety evokes the
possibility of corresponding catalytic reductive processes, and for catalytic reductive
coupling to proceed with complete atom economy, elemental hydrogen should be
used as the terminal reductant. In other words, organometallics arising transiently in
the course of catalytic hydrogenationmay provide an alternative to stoichiometrically
preformed organometallic reagents employed routinely in C¼X addition processes.
Because organic molecules, by their very definition, contain both carbon and
hydrogen, a broad new family of hydrogenative C�C couplings may be envisioned
wherein exposure of two ormoremolecules to gaseous hydrogen in the presence of a
metallic catalyst produces a single, more complex, product in a completely by-
product-free fashion. In this way, one may achieve by-product-free variants of
classical carbanionic transformations such as carbonyl vinylation, allylation and
aldol addition (Scheme 8.2).

Given the long history of catalytic hydrogenation and its enormous transformative
impact on society, the use of catalytic hydrogenation for reductive C�C bond
formation is remarkably underdeveloped. Catalytic hydrogenation has been known
for nearly 200 years and ranks among the first reported examples of metal catalysis.
Sir Humphrey Davy, in an 1817 lecture to the Royal Society of London, revealed that
mixtures of coal gas and air over platinum wire cause the wire to glow. This
heterogeneous catalytic oxidation led to the invention of a safety lamp for miners.
In 1822, JohannWolfgangD€obereiner disclosed amethod for the production of acetic
acid andwater, involving the air oxidation of alcohol in the presence of platinum. This
innovation formed the basis of the �Schtitzenbach quick vinegar process�. One year
later, D€obereiner reported thatmixtures of hydrogen and air ignite in the presence of

Scheme 8.2 Hydrogenative variants of classical carbonyl
additions employing preformed organometallic reagents are
by-product-free processes.
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platinum sponge [6, 7]. In 1823, D€obereiner devised a household lighter based upon
the platinum catalyzed hydrogenation of atmospheric oxygen [6, 7]. Discovered at a
time when fire was still created with flint and tinder, D€obereiner�s household lighter
capturedworldwide attention and served as a prototype for legion devices used for the
self-ignition of coal-gas burners. Interestingly, D€obereiner�s innovation preceded the
phenomenological recognition of catalysis [8]. Recognition that certain chemical
reactions will only take place in the presence of specific substances was articulated by
Eilhard Mitscherlich [8a]. However, it was the Swedish chemist Berzelius who first
recognized that certain substances, termed �catalysts�, will alter reaction rate and yet
remain unchanged themselves [8b]. Interestingly, Berzelius also coined the term
�organic� to define chemical substances characteristic of living organisms, and it was
his student W€ohler who contributed to the genesis of organic chemistry and demise
of vitalism by preparing synthetic urea in 1828. From their origins, catalysis and
organic chemistry were closely linked – a bond that persists today! The catalytic
hydrogenation of atmospheric nitrogen to produce ammonia, was reported byHaber
in 1905 [9]. Currently, over 108 tons of ammonia are produced annually through the
Haber–Bosch process, providing cost-effective routes to nitrogenous fertilizers and
increasing worldwide food production to unprecedented levels [10]. The hydrogena-
tion of C¼X (X¼C, N, O) p-bonds was first described by Paul Sabatier at the
University of Toulouse in the late 1890s [11]. Sabatier�s work led to the broad use
of heterogeneous hydrogenation in organic synthesis. However, it was not until the
1960s that the first catalysts for homogeneous hydrogenation were developed (prior
to the work of Halpern and Wilkinson, the first transformations recognized as
homogeneous hydrogenations involved the reduction of benzoquinone to the
corresponding hydroquinone [12]), largely driven by the work of Jack Halpern [13]
and Geoffrey Wilkinson [14]. Soon thereafter, enantioselective hydrogenations were
developed by Knowles [15], Kagan [16] and Noyori [17]. Clean, cost-effective and
powerful, asymmetric hydrogenation is currently the most broadly utilized catalytic
enantioselective process employed industrially (Scheme 8.3) [18].

It was not until 1923 that the formation of C�C bonds under hydrogenation
conditions was first observed by Fischer and Tropsch, who discovered that, under the
conditions of catalytic hydrogenation, carbon monoxide (coal gas) is subject to
reductive polymerization to deliver hydrocarbons [19]. The �Fischer–Tropsch process�
was broadly implemented by Germany in World War II, which in 1944 used this
process to produce over 6.5 million tons of synthetic petroleum [20]. With the rising
cost of crude oil, interest in Fischer–Tropsch chemistry has been rekindled, leading to

Scheme 8.3 Selected milestones in the catalytic hydrogenation of organic substrates.
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the development of improved catalytic systems [21]. In 1938, in the course of studies
on theFischer–Tropsch reaction,OttoRoelendiscovered another hydrogen-mediated
C�C coupling: alkene hydroformylation or the �oxo synthesis� [22]. Hydroformyla-
tion employs basic feedstocks as reactants (a-alkenes, carbon monoxide and hydro-
gen), combining themwith perfect atom economy – true green chemistry. The utility
of hydroformylation is borne out by the production of over 7 million metric tons of
aldehyde annually, making hydroformylation the largest volume application of
homogeneous metal catalysis [23].
The Fischer–Tropsch reaction and alkene hydroformylation may be viewed as the

prototypical C�C bond-forming hydrogenations. Subsequent to their discovery,
systematic efforts toward the development of related hydrogen-mediated C�C
couplings were absent for nearly 70 years. In 2001, the present author embarked
upon the first systematic investigation into the development of C�C bond-forming
hydrogenations beyond the Fischer–Tropsch reaction and hydroformylation. With
the exception of two isolated reports [24, 25], along with the infrequent detection of
reductive coupling side-products in catalytic hydrogenation (side-products of reduc-
tive C�C bond formation have been observed in catalytic hydrogenation on rare
occasions [26]), the field of hydrogenative C�C bond formation lay fallow. The fact
that hydroformylation is equivalent to a carbonylative hydrogenation, which suggests
that related insertion processesmay accompany hydrogenation, was not appreciated.
It is now known that diverse p-unsaturated partners engage in C�C coupling upon
exposure to hydrogenation or transfer hydrogenation conditions, offering a by-
product-free alternative to stoichiometrically preformed organometallic reagents in
an ever-increasing range of C¼X (X¼O, NR) addition processes (Scheme 8.4) [27].

In this chapter, the first systematic efforts toward hydrogen-mediated C�C
coupling beyond the Fischer–Tropsch reaction and alkene hydroformylation are

Scheme 8.4 Hydroformylation, which is equivalent to a
carbonylative hydrogenation, suggests that other insertion
processes may accompany hydrogenation.
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described. Whereas classical methods for the addition of C-nucleophiles to carbonyl
compounds and imines generally require stoichiometric use of potentially hazardous
air- and moisture-sensitive organometallic reagents, hydrogenative C�C coupling
combines p-unsaturated reactants under neutral conditions and with complete atom
economy. In this way, waste production is prevented at its source. In this emerging
field, only a small fraction of hydrogenation�s potential to serve as a method of C�C
bond formation has been realized. General methods for hydrogenative coupling
promise to add a broad, newdimension to catalytic hydrogenation, one of chemistry�s
oldest and most widely utilized processes.

8.2
Hydrogenative Vinylation of Carbonyl Compounds and Imines

Theutility of allylic alcohols and allylic amines as building blocks infine chemical and
pharmaceutical synthesis has inspired the development of methods for their prepa-
ration in optically enriched form [28, 29]. For example, metal-catalyzed allylic
substitution using O- and N-nucleophiles is a highly effective and versatile protocol
for the synthesis of chiral non-racemic allylic alcohols and allylic amines [30]. Another
potentially powerful approach, although far less developed, involves the enantiose-
lective catalytic vinylation of aldehydes and imines. The majority of work in this area
stems from the seminal studies of the groups of Oguni in 1984 [31a] and Noyori in
1986 [31b] on the enantioselective addition of dialkylzinc reagents to aldehydes [32].
The first asymmetric aldehyde vinylations of this type were reported in 1992 by
Oppolzer and co-workers [33a,34] and involve the generation of vinylzinc reagents via
alkyne hydroboration, followed by transmetallation of the resulting vinylboron
reagent to zinc using ZnMe2. A related strategy for asymmetric aldehyde vinylation
was reported by Wipf and Xu in 1994 and involves alkyne hydrozirconation–trans-
metallation en route to vinylzinc reagents [33d]. Following catalytic enantioselective
additions of alkylzinc and arylzinc reagents to ketones [32b–d] described by Ramón
and Yus in 1998 [35a,b] and Dosa and Fu in 1998 [35c], respectively, catalytic
asymmetric ketone vinylations were devised by Walsh and co-workers in 2004
[36]. Most recently, rhodium-catalyzed additions of vinylboronic acids have shown
promise as a method for aldehyde vinylation [37].
Corresponding efforts to develop enantioselective imine additions using pre-

formed metallic reagents reveal an additional set of challenges [38]. Pursuant to
Soai et al.�s seminal report in 1992 [39a], several organocatalysts for the enantio-
selective addition of organozinc reagents to imines emerged [39]. Because con-
ventional imines are generally less reactive than aldehydes with respect to
organocatalyzed organozinc addition, for example using amino alcohol-based
catalysts, these studies employ N-acyl and N-(diphenylphosphinoyl)imines. To
address further the issue of reactivity, metal-catalyzed enantioselective organozinc
additions to imines were developed [40], as first described by Tomioka and co-
workers in 2000, using a copper-based catalyst [40a]. Early transition metal
catalysts (Ti, Zr, Hf) [41] and late transition metal catalysts (Rh) [42] also have
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been found to promote highly enantioselective organozinc additions to imines.
Beyond organozinc reagents, the enantioselective addition of organolithium
reagents to imines catalyzed by chiral Lewis basic chelating agents has been
described [43]. Additionally, using rhodium catalysts, organotin [44a,b], organoti-
tanium [44c] and organoboron [44d–k] reagents participate in catalytic asymmetric
imine additions. Despite considerable effort, highly enantioselective vinyl transfer
to imines employing preformed organometallic reagents has not been achieved.
Catalyzed addition of vinylzirconocenes to imines is known, but enantioselective
variants have not been developed [45]. Enantioselective Ni-catalyzed alkyne, imine,
triethylborane three-component coupling has been reported, but modest selectiv-
ities [51–89% enantiomeric excess (ee)] are observed. For this method, vinylation is
accompanied by ethyl transfer [46].
Direct metal-catalyzed alkyne-C¼X (X¼O, NR) reductive coupling circumvents

the use of preformed organometallics [47, 48]. The first catalytic process of this
type, a rhodium-catalyzed reductive cyclization of acetylenic aldehydes mediated by
silane, was reported in 1994 by Ojima et al. [49]. In 1995, Crowe and Rachita
disclosed related silane-mediated titanocene catalyzed cyclizations [50]. Corre-
sponding nickel-catalyzed cyclizations were reported by Montgomery and co-
workers in 1997 [51a–c,e]. Finally, based on Montgomery and co-workers� finding,
intermolecular reductive alkyne–aldehyde coupling was achieved under the con-
ditions of nickel catalysis by Jamison and co-workers in 2000 [52]. Improved nickel
catalysts later were developed by Takai et al. [53] and Montgomery and co-workers
[51d]. While reductive couplings of this type signal a departure from the use of
preformed organometallic reagents, the aforementioned methods employ terminal
reductants such as hydrosilanes, hydrostannanes, organozinc reagents, organo-
boron reagents or chromium(II) chloride, which ultimately produce molar equiva-
lents of chemical by-products.
Under the conditions of catalytic hydrogenation, alkynes participate in completely

by-product-free reductive couplings to both carbonyl compounds and imines. The
first-generation catalytic systems developed for this purpose employ cationic rhodi-
umcomplexes and require theuse of conjugated alkynes as nucleophilic partners and
activated aldehydes and ketones in the form of vicinal dicarbonyl compounds as
electrophilic partners [54a–c]. Brønsted acid co-catalysts are required to enforce high
rates and conversions. In all cases, high levels of asymmetric induction are achieved
using catalysts modified by chiral chelating phosphine ligands, thus permitting
access to optically enriched a-hydroxy esters. Under related conditions, coupling to
heterocyclic aromatic aldehydes and ketones is observed, providing access to
heteroaryl-substituted carbinols [54d]. Notably, hydrogenative coupling allows access
to fully substituted carbinol stereocenters in highly optically enriched form through
asymmetric ketone additions. Further, although highly unsaturated diene- and
enyne-containing products are generated, over-reduction of the products under the
conditions of hydrogenative coupling is not observed. Presumably, upon consump-
tion of the electrophile, which is the limiting reagent, excess alkyne nonproductively
coordinates the catalyst and so retards the rate of further conventional hydrogenation
(Scheme 8.5).
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The collective data are consistent with a generalmechanism involving alkyne-C¼X
(X¼O, NR) oxidative coupling followed by direct or Brønsted acid co-catalyzed
hydrogenolysis of the resulting metallacycle. Cationic complexes of rhodium (or
iridium) are required. Unlike related neutral complexes, hydrogen activation is
slower for cationic rhodium precatalysts [55, 56], providing a greater kinetic window
for entry into alkyne-C¼X (X¼O, NR) oxidative coupling manifolds. Oxidative
coupling is promoted further by the coordinative unsaturation of cationic rhodium
complexes. As supported by theoretical studies [57], Brønsted acid co-catalysts likely
circumvent highly energetic four-centered transition structures A for s-bond me-
tathesis, as required for direct hydrogenolysis of metallacyclic intermediates, as
follows. Metallacycle protonolysis, which may itself occur through the six-centered
transition structure B, delivers a rhodium carboxylate, which then engages in
hydrogenolysis through the six-centered transition structure C (Scheme 8.6).

Scheme 8.5 First-generation catalysts for hydrogenative C�C
couplings based on rhodium allow direct, by-product-free
coupling of conjugated alkynes and activated carbonyl
compounds and imines.
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This interpretation of the catalytic mechanism is consistent with the results of
deuterium labeling. For example, reductive coupling of the indicated phenyl-substi-
tuted enyne to ethyl pyruvate under a deuterium atmosphere results in >95%
deuterium incorporation. Even when using 50mol% loadings of Brønsted acid
under otherwise standard conditions that involve 2mol% loadings of the rhodium
catalyst, cleanmonodeuteration persists. This result excludesmechanisms involving
protonolytic cleavage of the rhodium–carbon bond of the oxametallacycle, but is
consistent with protonolytic cleavage of the rhodium–oxygen bond. Oxidative cou-
pling is suggested further by ESI-MS analysis of reaction mixtures, where the most
abundant ion observed is consistent with the mass calculated for Rh(BIPHEP)
(metallacycle). Reductive coupling of 1-phenylbut-3-en-1-yne to 2-pyridinecarboxal-
dehyde performed using an achiral rhodium catalyst in the presence of a chiral
phosphoric acid derived from BINOL [58] leads to substantial levels of optical
enrichment (82% ee). This result requires intervention of the chiral Brønsted acid
co-catalyst during the enantiodetermining C�C coupling event. Notably, the chiral
Brønsted acid co-catalyst does not induce asymmetry in the coupling of enynes to
pyruvates or glyoxalates. These data suggest that protonation of 2-pyridinecarbox-
aldehyde, a more basic substrate, occurs in advance of oxidative coupling. Addition-
ally, substrate protonation or hydrogen-bond formation appears to accelerate oxida-
tive coupling by lowering the substrate LUMO, accounting for a noncompetitive
racemic background reaction (Scheme 8.7).
Couplings to ethyl (N-sulfinyl)iminoacetates, although studied prior to the discov-

ery of the Brønsted acid co-catalyst effect, are nevertheless fairly efficient [59]. By
simply hydrogenating conjugated enynes or diynes in the presence of appropriately
substituted (N-sulfinyl)iminoacetates, one generates the corresponding b, g-unsatu-
rated a-amino acid esters as single diastereomers. Exhaustive hydrogenation of the

Scheme 8.6 Plausible catalytic mechanism for hydrogenative
alkyne–carbonyl coupling accounting for the effect of Brønsted
acid co-catalysts.
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unsaturated side-chain permits access to b-substituted a-amino acids. Reductive
coupling under an atmosphere of deuterium provides the indicated monodeuter-
ated adduct. This result is again consistent with a catalytic mechanism involving
alkyne–imine oxidative coupling followed by hydrogenolysis of the resulting
metallacycle (Scheme 8.8).

Gaseous acetylene couples to aldehydes under hydrogenation conditions to
furnish products of (Z)-butadienylation [60]. Isotopic labeling and ESI-MS analysis
are consistent with a catalyticmechanism involving carbonyl insertion into a cationic
rhodacyclopentadiene [61] followed by Brønsted acid-assisted hydrogenolysis of the
resulting oxarhodacycloheptadiene. Using chirallymodified catalysts, allylic alcohols
are formed with high levels of optical enrichment. Similarly, N-arylsulfonyl aldi-
mines are converted to the corresponding (Z)-butadienyl allylic amines upon
rhodium-catalyzed hydrogenation in the presence of acetylene. Again, using chirally
modified catalysts, highly enantioselective coupling is observed [62]. Consistent with
the goals of green chemistry, these by-product-free couplings combine acetylene, an
abundant feedstock [63], with carbonyl compounds or imines to furnish chiral
adducts in the absence of any preformed organometallic reagents (Scheme 8.9).

Scheme 8.8 Unnatural a-amino acids via C�C bond-forming hydrogenation.

Scheme 8.7 The results of isotopic labeling and the observance of
asymmetric induction in connection with the use of a chiral
Brønsted acid co-catalyst.
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The coupling of unactivated 1,2-dialkyl-substituted alkynes is promoted by second-
generation catalysts based on iridium. Specifically, upon hydrogenation of 1,2-
dialkyl-substituted alkynes in the presence of N-arylsulfonylimines, trisubstituted
allylic amines are formed with complete levels of E:Z selectivity (�95:5) and, using
catalysts modified by (R)-Cl,MeO-BIPHEP, exceptional levels of asymmetric induc-
tion are observed [64]. With the use of non-symmetric alkynes, excellent regiocontrol
is observed. This by-product-free coupling provides trisubstituted allylic amines that
are not accessible via metal-catalyzed asymmetric allylic alkylation (Scheme 8.10).

A plausible stereochemical model accounting for the observed sense of absolute
stereoinduction and regioselectivity involves complexation of the alkyne and imine at
adjacent coordination sites of square planar iridium(I). Complexation of the

Scheme 8.10 Iridium-catalyzed asymmetric imine vinylation employing non-conjugated alkynes.

Scheme 8.9 Asymmetric carbonyl and imine (Z)-butadienylation
via hydrogenative coupling of acetylene (Ns¼ p-
nitrobenzenesulfonyl).

8.2 Hydrogenative Vinylation of Carbonyl Compounds and Imines j215



N-arylsulfonylimine is expected to occur in a bidentate fashion, wherein one of the
sulfoxide oxygens is bound at the apical coordination site of iridium. The bidentate
k2-mode of binding has been observed by single-crystal X-ray diffraction analysis for
a related palladium N-arylsulfonamidate complex [65]. As explained by the
Dewar–Chatt–Duncanson model [66], and as borne out by single-crystal X-ray
diffraction analysis of iridium(I)–alkyne complexes [alkyne complexation by iridi-
um(I) results in substantial deviation from linearity, as revealed by single-crystal
X-ray diffraction analysis] [67], coordination of the alkyne should confer iridacyclo-
propene character. Enantiodetermining insertion of the imine into the iridium–

carbon bond of the iridacyclopropene delivers the indicated aza-iridacyclopentene,
which upon Brønsted acid-assisted hydrogenolysis delivers the allylic amine.Where-
as non-bonded interactions of the arylsulfonyl moiety with the phenyl groups of (R)-
Cl,MeO-BIPHEP disfavor insertion on the pro-(R) imine p-face, such interactions are
absent in the alternative mode of approach involving insertion into the pro-(S) imine
p-face. Regioselective coupling requires the larger propargylic position of the alkyne
to reside distal to the metal center at the stage of the alkyne complex and incipient
metallacycle (Scheme 8.11).

The ability of iridium-based catalysts to activate non-conjugated alkynes may be
due to the fact that iridium is a stronger p-donor than rhodium, as a consequence of
relativistic effects [68]. The energy of infrared radiation absorbed by isostructural
carbonyl complexes of iridium and rhodium are consistent with this assertion:
(Ph3P)2M(Cl)(CO), M¼ Ir, nco¼ 1965 cm�1; M¼Rh, nco¼ 1980 cm�1 [69]. p-Back-
bonding in themetal–alkyne complex, as described by the Dewar–Chatt–Duncanson
model [66], may facilitate alkyne-C¼X (X¼O, NR) oxidative coupling by conferring
nucleophilic character to the bound alkyne. Hence iridium, a stronger p-donor than

Scheme 8.11 Stereochemical models accounting for the
observed sense of absolute stereoinduction and regioselectivity.
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rhodium, is capable of activating non-conjugated alkynes, which embody higher
lying LUMOs.

8.3
Hydrogenative Allylation of Carbonyl Compounds

Carbonyl allylation is of enormous importance to the field of synthetic organic
chemistry [70]. The first carbonyl allylation, employing an isolable preformed allyl
metal reagent, triallylborane, was reported by Mikhailov and Bubnov in 1964 [71a].
Hosomi and Sakurai reported that carbonyl compounds are subject to allylation upon
exposure to allylsilanes in the presence of Lewis acids in 1976 [71b]. The first chirally
modified allylmetal reagent, reportedbyHoffmannandHerold in1978 [72a,b], was an
allylboranederived fromcamphor. Subsequently, a host of chirallymodified allylmetal
reagents for asymmetric carbonyl allylation were disclosed. These include reagents
developed by the groups of Kumada (1982) [30c], Brown (1983) [30d], Roush (1985)
[30e], Reetz (1988) [30f ], Masamune (1989) [30g], Corey (1989) [30h], Seebach (1987)
[30i], Duthaler (1989) [30j], Panek (1991) [30k] and Leighton (2002) [30l,m]. Despite
exceptional enantioselectivities, the effort required to prepare such preformed allyl
metal reagents detracts from their utility. Further, such chirally modified allyl metal
reagents give rise to stoichiometric quantities of chemical by-products (Scheme 8.12).

Scheme 8.12 Chirally modified allyl metal reagents for enantioselective carbonyl allylation.
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Catalytic enantioselective carbonyl allylation has been achieved using chiral Lewis
acid catalysts, asfirst described byUmani-Ronchi and co-workers [73a] andKeck et al.
[73b] in 1993. Chiral Lewis bases also catalyze enantioselective carbonyl allylation, as
reported by Denmark and co-workers in 1994 [73c,d]. However, allylstannanes
employed in the former process generate stoichiometric quantities of tin by-products
and trichlorosilanes used in the latter process are highly moisture sensitive and
generate hydrochloric acid upon hydrolysis. Other methods for catalytic carbonyl
allylation include the reduction of metallo-p-allyls derived from allylic alcohols and
allylic carboxylates [74]. Here, stoichiometric quantities of metal-based terminal
reductants, for example SmI2, SnCl2 and Et2Zn, are required for catalytic turn-
over [75]. Finally, carbonyl–eneprocesses formproducts of carbonyl allylation [76, 77].
Although the development of general by-product-free methods for catalytic enantio-
selective carbonyl allylation remains a significant challenge, one potential solution
resides in the generation of transient allyl metal species via allene or 1,3-diene
hydrogenation and their capture by exogenous carbonyl electrophiles (Scheme 8.13).

The feasibility of hydrogenative carbonyl allylation is borne out by results recently
obtained by the present author, who reported that iridium-catalyzed hydrogenation of
commercially available dimethylallene in the presence of carbonyl electrophiles
delivers products of reverse prenylation [78]. Additionally, functional groups typically
considered to be �hydrogen labile�, such as benzylic ethers, nitroarenes and aryl
halides, are not subject to over-reduction under the conditions of hydrogenative
allylation. The basic additive Li2CO3 is found to suppress over-reduction of the
olefinic reverse prenyl side-chain. Alternative bases, KOAc, LiOH, Cs2CO3 and
i-Pr2NEt, were only slightly less effective at suppressing over-reduction. Most
importantly, unlike established methods for carbonyl allylation, preformed allyl
metal reagents are avoided, thus circumventing the stoichiometric generation of
metallic by-products (Scheme 8.14).

Scheme 8.13 Towards by-product-free catalytic enantioselective carbonyl allylation.
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A plausible catalytic mechanism involves allene hydrometallation to deliver the
primary s-allyliridium complex I, which engages the carbonyl partner in a closed six-
centered transition structure II. Carbonyl addition with allylic inversion, followed by
hydrogenolytic cleavage of the resulting iridium alkoxide III, accounts for the
formation of the reverse prenylated adducts. Under a deuterium atmosphere,
80% deuterium incorporation is observed at the vinylic position, consistent with
the proposed hydrometallative mechanism. However, mechanisms involving
allene–aldehyde oxidative coupling are potentially operative and cannot be excluded
on the basis of available data (Scheme 8.15).

The use of alcohols as hydrogen donors in transfer hydrogenation suggests the
feasibility of alcohol-mediatedC�Ccouplings. The use of alcohols as hydrogendonors
in reductive coupling, in turn, supports the feasibility of developing processes in
which an alcohol serves both as the reductant and as the electrophile precursor. That
is, direct allene–alcohol coupling is potentially achieved by simply shuffling hydro-
gen between reactants to generate nucleophile–electrophile pairs that engage in
by-product-free C�C coupling. Beyond the atom economy of this process, carbonyl
addition directly from the alcohol oxidation level circumvents the redox

Scheme 8.15 A plausible catalytic mechanism for iridium-
catalyzed hydrogenative allylation, as corroborated by deuterium
labeling.

Scheme 8.14 Catalytic carbonyl addition via iridium-catalyzed
hydrogenative coupling of dimethylallene.
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manipulations typically required to convert alcohols to aldehydes. The use of
alcohols as electrophiles in such �hydrogen auto-transfer processes� [79] was first
demonstrated by Guerbet in 1908 [80, 81]. Subsequently, it has been shown that
diverse nucleophiles (ketones [82], nitriles [81], activated methylene compounds [82]
and stabilized Wittig reagents [85]) may be alkylated by alcohols via hydrogen auto-
transfer in accordance with the following three fundamental steps: (a) alcohol
dehydrogenation to provide an aldehyde, which (b) undergoes condensation or
olefination to furnish an unsaturated adduct, which (c) re-accepts hydrogen to deliver
the saturated product. However, carbonyl addition under the conditions of hydrogen
auto-transfer has not been described (Scheme 8.16).

Remarkably, under transfer hydrogenation conditions employing 2-propanol as
the terminal reductant, iridium-catalyzed reductive coupling of 1,1-dimethylallene to
aldehydes occurs efficiently to deliver the products of reverse prenylation [86]. Even
more surprising, under identical conditions but in the absence of 2-propanol, 1,1-
dimethylallene engages in direct coupling to alcohols to furnish the very same set of
reverse prenylated adducts [86]. Whereas attempted allene–aldehyde reductive
coupling to furnish products of allylation and crotylation suffers from over-reduction
of the olefinic adduct under conditions that employ gaseous hydrogen as the terminal
reductant, under the conditions of transfer hydrogenation and hydrogen auto-
transfer over-reduction is not observed (Scheme 8.17).
Insight into the catalytic mechanism is provided by the following experi-

ments [86]. Coupling of dimethylallene to benzyl alcohol that is fully deuterated
at the methylene position under hydrogen auto-transfer conditions provides an
adduct that incorporates deuterium primarily at the internal vinylic position
(85%). A similar result is obtained for the analogous reaction performed under

Scheme 8.16 Condensation via hydrogen auto-transfer supports
the feasibility of related by-product-free carbonyl additions
including carbonyl allylation.
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Scheme 8.17 (a) Catalytic carbonyl allylation from the aldehyde
oxidation level via transfer hydrogenation. (b) Catalytic carbonyl
allylation from the alcohol oxidation level via hydrogen auto-
transfer.
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transfer hydrogenation conditions using 2-propanol-d8 as terminal reductant.
These data are consistent with a mechanism involving hydrogen donation from
the alcoholic reactant or sacrificial alcohol (i-PrOH). Related competition experi-
ments involving exposure of dimethylallene to equimolar quantities of p-nitro-
benzyl alcohol and benzaldehyde provide the indicated products of reverse
prenylation in a 4:1 ratio. An identical product distribution is observed upon
exposure of dimethylallene to equimolar quantities of p-nitrobenzaldehyde and
benzyl alcohol, suggesting rapid alcohol–aldehyde redox equilibration in advance
of C�C coupling. Indeed, on exposure of equimolar quantities of p-nitrobenzyl
alcohol and benzaldehyde or p-nitrobenzaldehyde and benzyl alcohol to standard
conditions, but in the absence of allene, an identical 4 : 1 : 1 : 4 p-nitrobenzyl
alcohol–p-nitrobenzaldehyde–benzyl alcohol–benzaldehyde mixture is observed
(Scheme 8.18).

Through transfer hydrogenation and hydrogen auto-transfer, there exists the
potential to develop a broad new family of catalytic C�C bond formations wherein
alcohols or aldehydes couple to diverse p-unsaturated reactants. Initial studies aimed
at exploring the scope of such processes auger well for the generality of this novel
approach to catalytic C�C coupling [87]. For example, upon exposure to the neutral
iridium precatalyst derived from [Ir(cod)Cl]2 and BIPHEP, 1,3-cyclohexadiene cou-
ples readily to aldehydes under the conditions of transfer hydrogenation employing
2-propanol as terminal reductant. Under similar conditions, the identical set of
carbonyl adducts may be prepared from the corresponding alcohols by way of
hydrogen auto-transfer. Hence, carbonyl addition is again achieved from the alde-
hyde or alcohol oxidation level and, in the latter case, completely by-product-free
coupling is achieved (Scheme 8.19).

Scheme8.18 Mechanistic studies on carbonyl allylation under the
conditions of transfer hydrogenation and hydrogen auto-transfer.
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More recently, ruthenium complexes have been found to catalyze transfer hydro-
genative C�C coupling and related auto-transfer processes [88]. For example,
isoprene couples to p-nitrobenzaldehyde in 73% isolated yield upon exposure to
RuHCl(CO)(PPh3)3 in the presence of 2-propanol, which again serves as terminal
reductant. The same complex promotes C�Ccoupling under hydrogen auto-transfer
conditions employing p-nitrobenzyl alcohol as both the reductant and electrophile
precursor. These collective data support the feasibility of developing a broad new
family of C�C couplings predicated on transfer hydrogenative C�C coupling and
related hydrogen auto-transfer processes (Scheme 8.20).

Scheme 8.19 (a) Catalytic coupling of 1,3-cyclohexadiene to
alcohols via iridium-catalyzedhydrogenauto-transfer. (b) Catalytic
coupling of 1,3-cyclohexadiene to aldehydes under the conditions
of iridium-catalyzed transfer hydrogenation. The ratio of the
indicated 1,4-olefinic alcohol and the isomeric 1,5-olefinic alcohol
is given in parentheses.
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8.4
Hydrogenative Aldol and Mannich Additions

Discovered over a century ago, the aldol reaction continues to challenge chemists,
inspiring increasingly selective protocols for aldol addition [89] (although largely
attributed to W€urtz, the aldol reaction was reported first by Borodin [90]; Borodin�s
earliest results are cited in [90]); The advent of metallic [91] and organic catalysts [92]
for �direct� asymmetric aldol addition of unmodified ketones represents an especially
significantmilestone, as these by-product-free processes herald a departure from the
use of chiral auxiliaries and preformed enol(ate) derivatives. Nevertheless, for direct
asymmetric aldol additions, the challenge of regioselective enolization remains
largely unresolved. Direct enantioselective aldol additions of non-symmetric ketones
generally favor activation of the less substituted enolizable position. For example,
direct aldol couplings of 2-butanone catalyzed by L-proline [93] (using amides of L-
proline, direct catalyzed aldol coupling of 2-butanone to p-nitrobenzaldehyde affords
mixtures of regioisomeric products [94]) or the heterobimetallic catalyst LaLi3-tris
(binaphthoxide) (LLB) furnish linear aldol adducts [95]. For construction of poly-
propionate motifs, methods for the stereoselective formation of the corresponding
branched aldol adducts would be highly desirable (Scheme 8.21).
For non-symmetric ketones possessing different degrees of substitution at the

a-positions, e.g.methylcyclohexanone, regioselective deprotonationmaybe achieved
by exploiting kinetic or thermodynamic control [96]. However, for non-symmetric
ketones that possess identical degrees of a-substitution, regioselective enolization
is problematic. A classic example involves the deprotonation of cholesterane-
3-one. The D3-enolate is thermodynamically preferred. The D2-enolate cannot be
formed cleanly via deprotonation under kinetic or thermodynamic conditions.
Introduction of 7,8-unsaturation inverts the thermodynamic preference. Now the
D3-enolate cannot be formed selectivity under kinetic or thermodynamic conditions
(Scheme 8.22) [97, 98].

Scheme 8.20 Ruthenium-catalyzed C�C couplings of isoprene
under the conditions of transfer hydrogenation and hydrogen
auto-transfer.
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As first reported by Stork et al. [99], regiospecific enolate generation may be
achieved via enone reduction. Specifically, dissolving metal reduction (Li–NH3) of
conjugated enones was found to promote regiospecific enolate formation, enabling
access to enolate isomers and adducts thereof, that cannot be formed by way of base-
mediated deprotonation (Scheme 8.23).

Subsequent to Stork et al.�s work, direct metal-catalyzed reductive couplings of
enones to aldehydes were devised, termed �reductive aldol reactions� [100]. To date,
numerous catalysts for reductive aldol coupling have been reported, including those
based on rhodium [101], cobalt [102], iridium [103], ruthenium [104], palladium [105],
copper [106, 107], nickel [108] and indium [109, 110]. Such transformations generally

Scheme 8.23 Regiospecific enolization via dissolving metal
reduction represents the first use of enones as latent enolates.

Scheme8.21 Directmethods for asymmetric aldol couplings of 2-
butanone do not provide the branched regioisomers necessary for
the construction of polypropionate motifs.

Scheme 8.22 Regioselective enolization of non-symmetric ketones via deprotonation.
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employ silanes or stannanes as the terminal reductant, resulting in the generation of
stoichiometric by-products. The use of elemental hydrogen as a terminal reductant
would allow completely by-product-free aldol coupling.
Reductive aldol coupling under hydrogenation conditions was first demonstrated

via cyclization of enone–aldehydes [111a]. Whereas catalytic hydrogenation of the
indicated enone–aldehyde using the neutral complex Rh(PPh3)3Cl primarily delivers
the product of conventional conjugate reduction, rhodium salts that embody in-
creased cationic character, such as Rh(cod)2OTf, provide nearly equal proportions of
aldol and 1,4-reduction products. When Rh(cod)2OTf is used in conjunction with
substoichiometric quantities of a basic additive, potassiumacetate, the aldol adduct is
formed as the major reaction product, with nearly complete suppression of the
competitive 1,4-reduction manifold. Under these conditions, a range of enone–al-
dehydes engage in cycloreduction to form five- and six-membered ring products
(Scheme 8.24).

Basic additives may partition aldol addition and conjugate reduction pathways by
disabling enolate–hydrogen reductive elimination pathways through deprotonation
of (hydrido)rhodium intermediates, thus promoting entry into monohydride-based
catalytic cycles where the formation of such intermediates is circumvented. The
observance of syn-aldol adducts is consistent with the intervention of a (Z)-enolate
and a closed Zimmerman–Traxler-type transition structure [112]. Re-exposure of the
1,4-reduction product to the reaction conditions does not result in aldolization, nor
does re-exposure of the aldol product to the reaction conditions result in retro-aldol
addition. Finally, exposure of the substrate to standard reaction conditions in the
absence of hydrogen does not provide products of Morita–Baylis–Hillman cyclization
(Scheme 8.25).
Although pathways involving enone–aldehyde oxidative coupling cannot be ex-

cluded on the basis of available data, the aforementioned mechanistic interpretation
finds support in studies of alkene hydrogenation using cationic rhodiumprecatalysts.

Scheme 8.24 Reductive aldol cyclization of aldo-enones via catalytic hydrogenation.
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Monohydride catalytic cycles initiated via deprotonation of cationic rhodium dihy-
drides have been postulated [113]. Here, basic additives are found to increase alkene
isomerization in advance of reduction. A bifurcated catalytic mechanism that
partitions dihydride and monohydride cycles by virtue of an acid–base equilibrium
between a cationic rhodium(III) dihydride and a neutral rhodium(I) monohydride
was postulated. The stoichiometric reaction of a cationic rhodium(I) complex with
elemental hydrogen to furnish a neutral rhodium(I) monohydride provides further
support for the indicated equilibrium and represents a formal heterolytic activation of
elemental hydrogen (H2 þ M�X ! M�H þ HX) [114]. Cationic rhodium hy-
drides, unlike their neutral counterparts, are especially acidic and, hence, are
particularly prone to heterolytic hydrogen activation (Scheme 8.26) [115].

Keto-enones engage in reductive aldol cyclization upon exposure tonearly identical
hydrogenation conditions [111b]. Both five- and six-membered ring syn-aldol adducts

Scheme 8.26 Equilibration between cationic rhodium dihydrides
and neutral rhodium monohydrides and the stoichiometric
formation of the latter through heterolytic hydrogen activation in
the presence of base.

Scheme 8.25 Bifurcated catalytic mechanism accounting for
the effect of basic additives on partitioning of conjugate reduction
and aldol addition pathways.
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are formed as single diastereomers, accompanied by substantial quantities of
conjugate reduction product. While aldolization proceeds readily at ambient tem-
perature, more reproducible ratios of aldol and 1,4-reduction product are observed at
80 �C. Again, retro-aldol products are not observed upon resubmission of the aldol
products to the reaction conditions. Aldol cyclization under an atmosphere of
deuterium results in deuterium incorporation exclusively at the former enone b-
position, but as a distribution of deuterated products, suggesting reversible enone
hydrometallation in the case of ketone acceptors, where reversible carbonyl addition
is expected (Scheme 8.27).

The preceding results suggest that ketones are only marginally less electrophilic
than required to suppress competitive 1,4-reduction manifolds fully. 1,3-Diones are
more electrophilic due to inductive effects and the relief of dipole–dipole interac-
tions. Exposure of enone-diones to standard hydrogenation conditions at ambient
temperature and pressure provides the corresponding aldol adducts as single
diastereomers. Only when forming a strained cis-decalone is competitive 1,4-reduc-
tion observed (Scheme 8.28) [111b].
A particularly challenging variant of the aldol reaction involves the addition of

aldehyde enolates to ketones. A single stoichiometric variant of this transformation is
known [116]. As aldolization is driven by chelation, intramolecular addition to afford
a robust transition metal aldolate may bias the enolate–aldolate equilibria toward the
latter [117]. The failure of tris(dialkylamino)sulfonium enolates to react with alde-
hydes is attributed to unfavorable enolate–aldolate equilibria [118]. Indeed, upon
exposure to basic hydrogenation conditions, keto-enal substrates provide the

Scheme 8.27 Reductive aldol cyclization of keto-enones via
catalytic hydrogenation. The yield of conjugate reduction product
is given in parentheses.
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corresponding cycloaldol products, though competitive 1,4-reduction is observed
(Scheme 8.29) [111c].

Intermolecular reductive aldol coupling of vinyl ketones under hydrogenation
conditions was first reported in 2002 [111a]. The catalyst initially employed, which is
derived from Rh(cod)2OTf and triphenylphosphine, provides good yields of the aldol
adducts as mixtures of diastereomers. As revealed through a ligand assay, p-acidic
ligands such as tri-2-furylphosphine [119] promote exceptional syn-diastereoselec-
tivity [111e]. Stereospecific (Z)-(O)-enolate formation by way of internal hydride
delivery to the enone s-cis conformer through a six-centered transition structure is
postulated. Consistent with internal hydride delivery to the enone s-cis conformer
through a six-centered transition structure, enones constrained in the s-trans

Scheme 8.29 Reductive aldol cyclization of enal-ketones via
catalytic hydrogenation. The yield of conjugate reduction product
is given in parentheses.

Scheme 8.28 Reductive aldol cyclization of enone-diones via
catalytic hydrogenation. The yield of conjugate reduction product
is given in parentheses.
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configuration, such as cyclohexenone, do not participate in hydrogen-mediated
reductive aldol coupling. Addition of the (Z)-(O)-enolate to the aldehyde through
a Zimmerman–Traxler-type transition structure delivers the syn-aldol product. High
levels of syn-diastereoselectivity require kinetically controlled enolization and aldoli-
zation. The anti-aldol diastereomers are thermodynamically preferred. Hence, high
syn-diastereoselectivity suggests kinetic control at the stages of both enolization and
aldol addition; for a review, see [120]. Notably, reduction of �hydrogen-labile�
functional groups (alkynes, alkenes, benzylic ethers and nitroarenes) is not observed,
permitting chemoselective coupling of unsaturated reactants, including divinyl
ketones [111f ]. As the hydrogenative coupling occurs under essentially neutral
conditions in low-dielectricmedia, sensitiveN-Boc-a-aminoaldehydes undergo aldol
addition through hydrogen-bonded chelates without racemization to deliver aldol
adducts that embody exceptional levels of syn-aldol diastereoselectivity and anti-
Felkin–Anh control (Scheme 8.30) [111g].
Diastereoselective reductive coupling of methyl vinyl ketone (MVK) and p-nitro-

benzaldehyde performed under an atmosphere of deuterium provides an aldol
adduct incorporating a single deuterium atom at the former enone b-position
[29e]. Deuterium incorporation at the a-carbon is not observed, excluding Morita–-
Baylis–Hillman pathways en route to product. Incorporation of a single deuterium
atom suggests irreversible enone hydrometallation (Scheme 8.31).
Enantioselective reductive aldol couplings of vinyl ketones, such as MVK, would

permit access to branched aldol adducts, providing a regiochemical complement to
direct organocatalytic andmetal-catalyzed aldol couplings of non-symmetric ketones,
such as 2-butanone, which furnish linear aldol adducts [93–95]. Enantioselective
variants of the hydrogenative aldol couplings are especially challenging for the
following reasons: (a) only trace amounts of product are obtained using chelating
phosphine ligands, (b) p-acidic ligands such as Fur3P are required to enforce high
levels of diastereoselection, yet (c) commercially available p-acidic chiral monoden-
tate ligands, for example, BINOL-derived phosphites and phosphoramidites, are
presumably too p-acidic and provide only trace quantities of product. Consequently,
the design of an effective chiral monodentate P-based ligand was required.
TADDOL-like phosphonites offer a versatile template amenable to systematic

structural variation, allowing key structure–selectivity trends to be defined. For the
indicated TADDOL template, the ketal moiety, the carbinol substituents and P-aryl
group were independently optimized. This led to an effective TADDOL-like phos-
phonite ligand that combines the optimal diethyl ketal, dimethylcarbinol and P-2-
benzothienyl substructures (Scheme 8.32). Using the optimal TADDOL-like phos-
phonite ligand, methyl vinyl ketone and ethyl vinyl ketone reductively couple to
diverse aldehydeswith high levels of relative and absolute stereocontrol and, by virtue
of using elemental hydrogen as terminal reductant, with complete atom economy
(Scheme 8.33) [111h].
a,b-Unsaturated carbonyl compounds are known to participate in reductive

Mannich couplings mediated by silane [121, 122] and the Hantzsch ester [123].
Completely by-product-free reductive Mannich couplings are potentially achieved
using elemental hydrogen as the terminal reductant. In the event, hydrogenation of
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Scheme 8.30 syn-Diastereoselective hydrogen-mediated aldol
coupling employing cationic rhodium catalysts ligated by tri-2-
furylphosphine.
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vinyl ketones in the presence of N-(o-nitrophenyl)sulfonyl aldimines using a tri-2-
furylphosphine-ligated rhodium catalyst provides the desired Mannich addition
products with good levels of syn-diastereoselectivity [124]. These studies set the
stage for the development of enantioselective variants (Scheme 8.34).

Scheme 8.32 Optimization of a TADDOL-like phosphonite
ligand for enantioselective hydrogenative aldol coupling
(NPHTL¼phthalimido).

Scheme 8.31 Diastereoselective Rh-catalyzed hydrogenative
aldol coupling under an atmosphere of deuterium.
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8.5
Hydrogenative Acyl Substitution (Reductive Hydroacylation)

ThecouplingofC-nucleophilestoanhydrideshasbeenachievedusingpalladium-[125],
rhodium- [126] and nickel-based [127] catalysts. Recently, chirally modified catalysts
havebeenapplied to thedesymmetrizationofmeso-anhydrides [ 125f, 126b,c]. Virtually
all catalytic C-nucleophile–anhydride couplings involve the use of preformed organo-
metallics, e.g. organozincs or organoboronic acids. Notwithstanding studies in our
laboratory, the reductive coupling of aryl iodides and anhydrides represents an excep-
tion to the use of preformed organometallic reagents in C-nucleophile–anhydride

Scheme 8.33 syn-Diastereoselective and enantioselective
hydrogen-mediated aldol coupling employing cationic rhodium
catalysts ligated by a novel TADDOL-like phosphonite ligand.

Scheme 8.34 syn-Diastereoselective intermolecular Mannich
coupling under hydrogenation conditions.
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coupling chemistry [128]. The hydrogenation of alkenes in the presence of anhydrides
potentially allows thecaptureof transientorganometallic species toprovideproductsof
formal acyl substitution, thus circumventing the use of preformed organometallic
reagents, which are generally sensitive to air and moisture (Scheme 8.35).

Hydrogenative alkene–anhydride coupling is equivalent to reductive hydroacyla-
tion. The significance of this is that whereas conventional rhodium-catalyzed intra-
molecular hydroacylation using aldehydes as acyl donors is well developed [129],
intermolecular variants are foiled by competitive decarbonylation of acylrhodium
intermediates to furnish catalytically inactive carbonyl complexes [130]. Conventional
intermolecularhydroacylationhasonlybeenachievedusingb-chelatingaldehydes, e.g.
salicylaldehydes, b-sulfidoaldehydes and (N-2-pyridyl)aldimines. To suppress decar-
bonylation in intermolecular rhodium-catalyzedhydroacylation, aldehydedonors that
possessanadjacentsiteofcoordinationarerequired (forexample,salicyladehydesand
b-sulfidoaldehydes). Alternatively, conventional aldehyde donorsmay be converted to
the corresponding (N-2-pyridyl)aldimines, which are then used as aldehyde equiva-
lents [131]. Intermolecular ruthenium-catalyzed hydroacylation has been described,
butgenerallyrequiresexceptionallyhighreactiontemperaturesandprovidesmixtures
of linear and branched coupling products [132]. Intermolecular cobalt-catalyzed
hydroacylation has been described, but is restricted to the use of vinylsilanes as
coupling partners [133]. This limitation is, in part, overcome through the use of
acrylamides as coupling partners in intermolecular hydroacylation [134].
In the event, hydrogenative coupling of vinylarenes to aromatic ora,b-unsaturated

carboxylic anhydrides using cationic rhodium catalysts proceeds efficiently [135] (see
also [25]). Furthermore, under optimum conditions using triphenylarsine as ligand,
complete levels of branch regioselectivity are enforced. It is again noteworthy that
olefinic functionality remains intact under the conditions of hydrogenative coupling
(Scheme 8.36).

Scheme 8.35 Catalytic coupling of anhydrides to C-nucleophiles.
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As these reductive hydroacylations transfer only one acyl residue of the anhydride,
selective C-acylation employing mixed anhydrides derived from pivalic acid was
explored. Applying standard conditions used for the symmetrical anhydrides to
mixed anhydrides results in the selective transfer of the aryl or a,b-unsaturated acyl
moiety. Efficiencies are comparable to that of the parent process and complete
branched regioselectivities are observed (Scheme 8.37).

Whereas simplea-alkenes and aliphatic anhydrides remain challenging substrates
(under optimum conditions employing cationic rhodium catalysts ligated by triphe-
nylarsine, 4-phenyl-1-butene couples to benzoic acid in 34%yieldwith a 1 : 2.5 ratio of
branched to linear regioisomers, and acetic anhydride couples to styrene in 27%yield
with a 9 : 1 ratio of branched to linear regioisomers), activated alkenes such as
norbornene couple efficiently to aromatic anda,b-unsaturated anhydrides, including
mixed anhydrides derived from pivalic acid. Additionally, hydrogenation of ethylene
in the presence of carboxylic anhydrides provides the corresponding ethyl ketones.
For example, using a balloon containing roughly equal volumes of hydrogen and
ethylene gas, 2-carboxyindole anhydride (chosen due to the low volatility of the
product) is converted to the corresponding ethyl ketone in an unoptimized 44%
isolated yield (Scheme 8.38).

Scheme 8.36 Branch-selective hydroacylation via hydrogen-
mediated coupling of vinylarenes to carboxylic anhydrides.

Scheme 8.37 Selective acyl transfer in reductive hydroacylations
involving mixed carboxylic anhydrides derived from pivalic acid.

8.5 Hydrogenative Acyl Substitution (Reductive Hydroacylation) j235



The results of isotopic labeling suggest two possible catalytic cycles. In catalytic
mechanism A, heterolytic hydrogen activation is followed by insertion of styrene to
furnish an organorhodium intermediate that engages in formal acyl substitution to
provide the product of hydroacylation. InmechanismB, anhydride oxidative addition
(related acyl–rhodium complexes have been prepared independently through reac-
tion of (Ph3P)3RhCl with anhydrides [136]) is followed by insertion of styrene and
hydrogenolysis of the resulting alkylrhodium intermediate. Under an atmosphere of
deuterium, deuterium incorporation occurs primarily at theb-position, but the extent
of deuterium incorporation is base dependent. Using i-Pr2NEt or Li2CO3 as base, 0.4
and 0.8 deuterium atoms are incorporated, respectively, suggesting incomplete
deuteration may stem from dehydrogenation of i-Pr2NEt. Reversible hydrometalla-
tion of styrene through mechanism A also may account for incomplete deuterium
incorporation. Finally, it is interesting that the ratio of branched to linear product is
influenced by the leaving group, suggesting intervention of the anhydride in advance
of the regiodetermining step, as in mechanism B (Scheme 8.39).

8.6
Hydrogenative Carbocyclization

Metal-catalyzed reductive carbocyclization represents a major class of C�C bond-
forming reactions [137]. Recently, it was demonstrated that a range of different
reductive carbocyclizations are promoted under hydrogenation conditions. For
example, catalytic hydrogenation of 1,6-diynes using cationic rhodium precatalysts
at ambient temperature and pressure allows reductive carbocyclization to afford 1,2-
dialkylidenecyclopentanes as single alkene stereoisomers [138]. Nearly identical

Scheme 8.38 Reductive hydroacylation via hydrogen-mediated
coupling of activated non-conjugated alkenes to carboxylic
anhydrides.
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hydrogenation conditions are effective for the reductive cyclization of 1,6-enynes.
Substrate preorganization via the Thorpe–Ingold effect is not required for cyclization
and olefinic products are not subject to further over-hydrogenation (Scheme 8.40).
Asymmetric hydrogenation of 1,6-enynes using chirally modified cationic rhodi-

um precatalysts permits enantioselective reductive cyclization to afford alkylidene-
substituted carbocycles and heterocycles [139]. Good to excellent yields and excep-
tional levels of asymmetric induction are observed across a structurally diverse set of
substrates. For systems that incorporate 1,2-disubstituted alkenes (R2 6¼H), compet-
itive b-hydride elimination en route to products of cycloisomerization is observed.
Related enone-containing substrates cannot engage in b-hydride elimination and
participate in efficient reductive cyclization (Scheme 8.41).
Reductive cyclization of the indicated 1,6-diyne under an atmosphere of deuterium

provides the 1,2-dialkylidenecyclopentanewith complete incorporation of deuterium
at both vinylic positions. This result is consistent with a catalytic mechanism
involving oxidative coupling of the diyne to form a rhodacyclopentadiene, followed
by deuteriolytic cleavage of the metallacycle. Consistent with the oxidative coupling
mechanism, the indicated 1,6-enyne incorporating a terminal alkene moiety parti-
cipates in reductive cyclization under a hydrogen deuteride atmosphere to furnish a
monodeuterated product. Under identical conditions employing elemental deuteri-
um as the reductant, the related 1,6-enyne possessing a 1,2-disubstituted alkene
provides the corresponding cycloisomerization product without deuterium incorpo-
ration [140]. Presumably, b-hydride insertion from the intermediate metallacycle
followed by C�H reductive elimination is faster than hydrogenolysis of the metalla-
cycle (Scheme 8.42).

Scheme 8.39 Plausible catalytic mechanisms for hydrogen-
mediated coupling of styrene to carboxylic anhydrides as
corroborated by deuterium labeling and the influence of the acyl
leaving group (Br¼ branched; Lin¼ linear).
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Catalytic hydrogenation of acetylenic aldehydes using chirally modified rhodium
catalysts delivers the desired products of reductive carbocyclization with uniformly
high levels of optical enrichment [141]. Brønsted acid co-catalysts were found to
enhance reaction rate and conversion. Reductive cyclization under a deuterium
atmosphere results in monodeuteration at the vinylic position, consistent with a
catalytic mechanism involving alkyne–carbonyl oxidative coupling followed by
hydrogenolytic cleavage of the resulting oxametallacycle. These hydrogen-mediated
transformations represent the first examples of the enantioselective reductive
cyclization of acetylenic aldehydes. Using an achiral hydrogenation catalyst, chiral

Scheme 8.40 Reductive carbocyclization of 1,6-diynes and 1,6-enynes via catalytic hydrogenation.
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Scheme 8.42 Isotopic labeling studies corroborate a mechanism
involving oxidative coupling in advance of hydrogen activation.

Scheme 8.41 Enantioselective carbocyclization of 1,6-enynes via asymmetric hydrogenation.
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racemic acetylenic aldehydes engage in highly syn-diastereoselective reductive cycli-
zations to afford cyclic allylic alcohols (Scheme 8.43).

8.7
Future Directions

Through hydrogenative C�C bond formation there resides the potential to develop a
broad range of by-product-free processes. Clearly, we have only just begun to tap the
true potential of this novel reactivity mode, yet one must already question whether
processes that have traditionally employed one or more stoichiometric metallic
reagents can now be conducted catalytically under hydrogenative conditions.

Scheme 8.43 Enantioselective carbocyclization of acetylenic
aldehydes via asymmetric hydrogenation.
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Sustainable production of chemical commodities that does not compromise human
health, the environment or the economy requires an increasing focus of the
pharmaceutical and industrial sectors on green chemistry, especially the develop-
ment and implementation of processes that are by-product free and employ inex-
pensive renewable feedstocks. Given the enormous socioeconomic impact of the
Fischer–Tropsch reaction and alkene hydroformylation (prototypical C�C bond-
forming hydrogenations), it is likely that hydrogenative C�C bond formation will
emerge as a core method for green chemical synthesis.
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9
Organocatalysis
Isabelle McCort-Tranchepain, Morgane Petit, and Peter I. Dalko

9.1
Introduction

Organocatalysis is a way of accelerating chemical reactions with a catalytic amount of
an organic compound without the presence of a metal, metal salt or other metal
derivatives. The development of organocatalyticmethods ofwide synthetic scope is of
real scientific, economic and environmental interest [1–3]. Organocatalytic reactions
can be performed usually under (very) simple experimental conditions, under an
aerobic atmosphere and in wet solvents; Catalysts are inexpensive and also they are
more stable than metal-based or bioorganic analogs; recovery is simpler than with
metal-basedorbioorganiccatalysts; theycanbeanchoredtoasolidsupportandreused;
and there are fewer toxicity and environmental problems associated than with metal
catalysts (this only applies when dealing with themore notoriousmetals; it should be
pointed out that little is known about the toxicity of many of the organic catalysts).
Despite the steadily growing number of catalysts and more and more selective

transformations that areappearing, applications tomorecomplexsystems inmultistep
synthesis seem to be following these spectacular advances reluctantly. Are organoca-
talyticsystemssuitableforabroadrangeoftransformationswithhighlevelsofreliability
and generality? Organocatalytic reactions are often characterized by narrow substrate
scope and low reactivity. An often encountered difficulty also arises from the almost
complete lack of a mechanism-based predictive power of the underlying mechanistic
pathwaycomparedwithmostmetal-mediatedreactions.Asanexample, thevariationof
the enantioselectivity in the venerable Hajos–Wiecher reaction, using L-proline and L-
homoproline [(pyrrolidin-2-yl)acetic acid], can be cited (Scheme 9.1). While the fact is
well precedented from the early days of proline catalysis, this puzzling observationhas
not responded to rationalization attempts in the literature until very recently [4, 5].
This chapter attempts to highlight asymmetric organocatalytic transformations of

general synthetic scope illustrating the generality of the transformation in multistep
synthesis [6]. The selection thatwill treat additions toC¼O,C¼NandC¼Cbonds and
also discusses domino and cascade reactions is not intended to be exhaustive as it is
limited by space restrictions: more specialized reviews may complete the reading.

Green Catalysis, Volume 1: Homogeneous Catalysis.
Edited by Robert H. Crabtree
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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9.2
Catalysts

Most currently used efficient organocatalyst are bi- or multifunctional catalysts,
commonly having Brønsted acid and Lewis base centers. Hence their structures
incorporate known hydrogen bond donor motifs such as thiourea, 2,20-dihydroxy-
1,10-binaphthyl (BINOL) or phosphoric acid and different nucleophile-activating
groups. According to the common organocatalytic concept, these functions may be
able to activate one or both of the reagents in the same transition state (TS). Such
cooperative activation gives rise to well-organized TSs and results in a considerable
rate acceleration. Interactions between the catalyst and the substrates are assured by
passive and/or dynamic binding and also via hydrogen bonding. The passive binding
includes hydrophobic, van derWaals and electrostatic interactions whereas dynamic
binding refers to interactions between catalyst and substrate at the reaction center.
Hydrogen bond interactions constitute a major driving force in the formation of
specific molecular and complex geometries. Thus, protein and nucleic acid second-
ary and tertiary structural elements and also many natural and artificial host–guest
complexes are partly based on the directive power of intra- and intermolecular
hydrogen bond formation.
The molecular events in organocatalytic reactions can be remarkably complex, as

has been demonstrated in a very limited number of mechanistic studies [5, 7, 14].
Structural variations of any of the reacting partners may fine tune interconnecting
mechanistic pathways that are dependent on the plethora of experimental parameters
and, not least, on whether the reactions are run under homogeneous or heteroge-
neous conditions.

9.2.1
Catalyst Functions

9.2.1.1 Brønsted Acids [8]
Proton is the most abundant Lewis acid existing in Nature. In solutions, there are
countless variations in hydrogen bond strengths and geometric orientations and they
may change even within the same bond partners. Formation of a hydrogen bond to
the electrophile (typically a carbonyl or imine) occurs through either a one-point or
two-point interaction. Some of the principal modes of coordination are depicted in

Scheme 9.1 The Hajos–Wiecher reaction, using L-proline and
L-homoproline ((pyrrolidin-2-yl)acetic acid).
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Scheme 9.2: (a) single H bond; (b) single H-bond assisted by an intramolecular
H-bonding increasing Brønsted acidity of the hydroxyl proton which coordinates to
the electrophile; (c) double H-bond, with one (c-1) or two (c-2, c-3) heteroatoms. The
bonding results in lowering of the LUMO energy of the electrophile, increasing the
electrophilicity, thereby making it more reactive to the second reactant, such as a
nucleophile or a diene.

Mild and moderately strong Brønsted acid catalysts having single or multiple H-
donor ability have been extensively tested for organocatalytic reactions. Among the
protic functions, carboxylic and phosphoric acids, tertiary alcohols, phenols, activated
amides including thioureas and sulfonamides were developed. Protonated tertiary
amines are also efficient H donors. The match between the Brønsted acidity of the
catalyst and the substrate is a determinant factor both in the selectivity and in the
reactivity of the system.
In hydrogen bonding activation, the solvent participates directly or indirectly in the

structure of the TS complex and thus influences substantially the enantioselectivity.
Non-polar solvents avoid hydrogen bond competition with the electrophile that could
be formed in polar or protic solvents.
Proton can be provided not only by the catalyst but also by achiral protic additives

such as water or other Brønsted acid co-catalysts used generally in stoichiometric
amounts with respect to the catalyst. Beyond the fact that electrophilic assistancemay
activate the reagent(s) by LUMO lowering and also help to organize the TS via
extensiveH-bonding, the protic additivemay play further key roles, e.g. (i) it increases
the ligand instability of covalently bonded catalysts, resulting in overall rate accelera-
tion and in increased conversion; (ii) it allows efficient asymmetric proton transfer to
the substrate; (iii) it avoids base-catalyzed undesired secondary reactions; and (iv) it
avoids catalyst deactivation by hydrolyzing inactive dead-end complexes. Although
reaction conditions compatible withwater as solvent were devised [9], the presence of
large amounts of water and in particular water as solvent usually results in a lower
reaction rate or complete suppression of the reactivity of the catalyst.

9.2.1.2 Lewis acids
Typical Lewis acid (LA) functions canbe emulated by covalently linked functions such
as iminium (see below) or by forming donor–acceptor complexes with metalloids
such as boron and silicon derivatives. Iminium activation is chemically equivalent to
the electrophile activation of the parent carbonyl compound resulting in LUMO

Scheme 9.2 Different modes of activation by H-bonding.
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lowering. Also, among the typical Lewis acids, chiral oxazaborolidines and hyperva-
lent boron and silica derivatives have found wide application in enantioselective
organocatalytic transformations.

9.2.1.3 Brønsted Bases
Asymmetric organocatalytic reactions can be mediated by general-base catalysts,
provided that experimental conditions for the formation of a tight ion pair between
the achiral anion (substrate) and the chiral cation can be found. The most frequently
used organic bases are chiral quinuclidines derived from cinchona alkaloids.
General-base-mediated reactions can be conduced under homogeneous conditions
or under phase-transfer (PT) conditions.

9.2.1.4 Lewis Bases
As metals form Lewis acids easily, non-metallic elements are more prone to form
Lewis bases. Among the various organic Lewis bases, themost common are amines,
but also P-, O- and, less frequently, S-compounds that proceed through diverse
mechanisms to convert the substrates in either activated nucleophiles or electro-
philes.Nucleophilic carbenes (NHC) are a recent addition to the synthetic arsenal and
represent a dynamic area of current research [10]. The reactive intermediate species
involved in catalysis are typically enamines/imines, ammonium enolates, acylam-
monium ions, carbenes and ylides.
Amine catalysts, due to their natural abundance, are more readily available than

phosphorus catalysts. There is no natural P-containing chiral substrate for catalytic
use. The particular advantage of phosphorus-based catalysts is their ability to act as
both a nucleophilic and a stereogenic reaction center. Furthermore, the diminished
Brønsted basicity of the phosphorus atom compared with the amine functionmay be
advantageous in avoiding base-mediated secondary reactions.

9.2.2
Catalyst Structures

The great majority of organic catalyst are derived either from �privileged� catalyst
structures (privileged catalysts may promote high enantioselectivity in mechanisti-
cally distinct reactions) or are assembled by sequential manner from chiral organic
building blocks such as peptides, peptide analogs ormore recently nucleotides aswell
as other accessible chiral organic units.

9.2.2.1 Privileged Catalysts

The Pyrrolidine Class [11–13)
L-Proline (1) (Scheme 9.3) is probably the best known organocatalyst that mediates
essentially enamine- or iminium-type asymmetric reactions: many of the derivatives
have also proven to be very useful catalysts [15]. The high, often exceptional,
enantioselectivity of proline-mediated reactions has been subject to considerable
mechanistic interest [5, 14], and will be discussed briefly later. Although proline
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continues to play a central role in aminocatalysis, synthetic analogs may offer better
reactivity and selectivity in a number of reactions [15]. In particular, diarylprolinol
ether derivatives 2–4 emerged as potentially general enamine/iminium organoca-
talysts [16]. The parent alcohol 2 that was developed earlier as a chiral ligand, although
generally inefficient in organocatalytic reactions, trimethylsilyl (TMS) ethers 3 and
methyl ether 4 derivatives were seen as generally more efficient [17].

Thepyrrolidine ringcanbe replacedadvantageously inanumberof transformations
by other five-membered nitrogen-containing chiral saturated heterocycles. The struc-
turally relatedMacMillan�s imidazolidinone catalysts are highly selective in a number
of enamine- or iminium-type transformations: salts of 5was identified as one themost
reactive and versatile amine catalysts, acting preferentially via iminium formation [18].

Amino Catalysis with Pyrrolidine Derivatives [19]
The condensation of amine catalystswith ketones or aldehydes gives rise to enamines
and/or iminium intermediates. The former structure results in increased electron
density at the reaction center(s); the latter corresponds to a decreased electron density
of the reaction center(s) (Scheme 9.4). A feature of this type of chemistry is the facile

Scheme 9.3 L-Proline, diarylprolinol and imidazolidinone derivatives as organic catalysts.

Scheme 9.4 The interconversion of the Z/E geometry of enamines.
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equilibrium between these two, electron-rich and electron-deficient, states (i.e. the
acid–base form) of the same center. Like protonation–deprotonation, this may
activate the reagent and contribute to the kinetic lability of the ligand. The notable
feature of this activation is the fact, that due to this equilibrium process, the same
center may act as a Lewis acid or a Lewis base, depending on the reaction conditions.
More importantly, the same catalyst may promote the complementary nucleophi-
le–electrophile activation (i.e. promoting reactions via enamine and iminium inter-
mediates, respectively) in the same reaction pot in a domino sequence [20].

Catalysis by Enamine Formation
The partial steps of the aminocatalytic reactions are in dynamic equilibrium, hence
products are formed under thermodynamic control. This is also reflected in the
geometry of the enamine intermediates, which can be either E or Z (Scheme 9.4),
leading to the product. The geometry of the enamine depends essentially on the
catalyst structure and to a lesser extent on the substrate. Whereas proline-catalyzed
reactions with a-alkyl-substituted ketones preferentially form the E-isomer, enam-
ines derived from pipecolic acid afford an approximately 1 : 1 mixture of E- and
Z-isomers [21].
Noteworthily, the relative stability and the reactivity of the rotamers such asA andB

(Scheme 9.5) have a determinant role in the facial selectivity of the addition.

Finally, the acceptor (electrophile) may approach the enamine by two different
routes, as depicted in Scheme 9.6. Stabilizing interactions such as hydrogen bonding

Scheme 9.5 Enamine rotamers as factors in stereocontrol of catalysts.

Scheme 9.6 The guiding and shielding TSs.
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or electrostatic interactions between the catalyst and the alkene may offset repulsive
(steric) interactions. In the latter (shielding) scenario, it is considered that the
acceptor approaches the enamine via an acyclic synclinal TS, as suggested by Seebach
and Golinski [22].

Catalysis via Iminium Activation
A great number of secondary amine catalysts provide rate acceleration via iminium
formation. In the case of the imidazoline catalyst 5, according to the computational
model, the p-facial differentiation of enamine–iminium intermediates can be
rationalized by the concerted shielding of the re face of the benzyl and tert-butyl
groups. The selective formation of the (E)-iminium isomer in the TS, and also the
preferred E geometry of the enamine, can be attributed to the minimized non-
bonding interactions with the bulky tert-butyl group (Scheme 9.7).

The analysis of these simplified conditions reveals that in aminocatalytic reactions
there are a number of viable alternative reaction paths leading to different TSs and
rendering possible the formation of a number regio- and stereoisomers. It is
astonishing and difficult to understand thus the often very high regio- and stereo-
selectivity of many of the pyrrolidine-class mediated reactions.

Cinchona Alkaloids [23]
The readily available and inexpensive cinchona alkaloids having pseudoenantiomeric
forms, such as quinine and quinidine or cinchonine and cinchonidine, are among
the most efficient catalysts (Scheme 9.8). The range of reaction types over which the
cinchona alkaloids impart high enantioselectivity is astonishing. The key structural
feature responsible for their synthetic utility is the presence of the tertiary quinu-
clidine nitrogen, which complements the proximal polar hydroxyl function of the
natural compound that may be easily transformed into a variety of chemical
functions. The modification of the cinchona backbone resulted notoriously in the
past in a decrease in or loss of selectivity and such derivatives were disregarded as
catalysts. Themajor event that pushed cinchona alkaloids to the center of interest was
the development of dimeric cinchona alkaloid ligands for asymmetric dihydroxyla-
tion of simple alkenes [24]. The presence of the Brønsted acidic (H-bonding) and
Lewis basic (quinuclidine nitrogen) sites in the natural compounds makes them
bifunctional catalysts.

Scheme 9.7
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Moreover, the Brønsted basicity of the quinuclidine moiety makes cinchona
alkaloids one of the strongest organic bases. Deprotonation of relatively acidic
substrates forming a chiral ion pair is an efficient way to promote asymmetric
reactions (Scheme 9.9).

Noteworthily, the same principle operates in phase-transfer catalysis (PTC), where
the chiral cinchonium forms tight ion pairs with one of the charged substrates,
ensuring asymmetric induction [25].

Axially Chiral Diols and Diamines

TADDOL and Derivatives [26]
TADDOL (10) is one of the oldest and most extraordinarily versatile chiral auxiliary
catalysts (Scheme 9.10). The design of TADDOLwas driven by practical considera-
tions, because it is derived from tartaric acid, the least expensive chiral starting
material with two-fold symmetry available from natural sources. The genuine
molecule has two conveniently oriented hydroxyl functions that can act as a
double hydrogen bond donor catalyst and also gives a wide scope for further
derivatizations.

Scheme 9.9 Cinchona alkaloids allowing the formation of chiral ion pairs.

Scheme 9.8 Cinchona alkaloids.
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Binaphthol Derivatives [27]
The enantiomeric atropoisomers of 1,10-binaphthyl-2,20-diol (11) (BINOL) and bis-
diphenylphosphonate derivatives 12 (BINAP) are completely synthetic molecules
developed to exploit the axial dissymmetry induced by the restricted rotation of the
biaryl bond (Scheme 9.10). These compounds are among the most widely used
ligands in catalytic asymmetric transformations. A great number of analogs and
derivatives have been developed in the last decade.

Chiral C2-Symmetric 1,2-Diamines [28]
Chiral vicinal diamines such as 1,2-diaminocyclohexane (13) and threo-dipheny-
lethylenediamines (14) (Scheme 9.10) have proven valuable tools as ligands in
asymmetric metal-mediated reactions and have found rich applications as building
blocks for the construction of chiral organocatalysts.

9.2.2.2 Synthetic Oligopeptides and Peptide Analogs [29]
Synthetic oligopeptides and peptide analogs are highly modular catalyst platforms.
While some oligopeptide sequences may be considered as �privileged� catalyst
structures, the main advantage of the �oligopeptide approach� is that the catalyst
can be improved by varying the nature of the amino acids using combinatorial
synthetic methods. Combinatorial synthesis and screening have made it possible to
test the large structural and functional diversity of peptides to select the best
candidates. The flexibility of the method is of great use since it is possible to prepare
a peptide sequence that can eventually produce the opposite enantiomer or its
diastereoisomer, a hardly amenable process with enzymes. Moreover, this oligopep-
tide approach may provide a solution to the reactivity versus selectivity problem, in
particular when the steric hindrance of the chiral appendage compromises the
reactivity of the catalyst. The strategy consists of building a simplified version of a
complex chiral environment around the catalytic site, in a similar way to enzymes,
where the chiral handle is thus distant from the active site. Such artificial enzymes
may comprise a short oligopeptide sequence including an active site (such as
imidazole) and a basic secondary structure: a/b turn or a/b hairpin, for example.

Scheme 9.10 Axially chiral catalysts.
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It is interesting to contemplate that, with the spectacular increase in the molecular
weight and complexity ofmany catalyst structures, not only the selectivity but also the
kinetic profile of the catalyst is sharply ameliorated.

9.3
Reactions

9.3.1
Nucleophilic Additions to C¼O

9.3.1.1 Aldol- and Knoevenagel-type Additions

Cross-aldol Reactions of Unmodified Aldehydes and Ketones [19]
Aminocatalytic aldol reactions havematured into synthetically useful tools in organic
chemistry. Intermolecular cross-aldol reactions allowing the preparation of both syn
and anti isomers have been developed for aromatic and aliphatic substrates.
The design of a cross-aldol reaction is far to be trivial. The success of the reaction

relies on the difference in reactivity of the reagents with regard to the catalyst forming
an enamine (donor) selectively and the acceptor (Scheme 9.11). Such a difference can
be found between ketone and aldehyde reagents, enolizable and non-enolizable
carbonyls, and alkyl and heteroatom-substituted alkyl (oxyketone) donors. In cross-
aldol reactions, it is often required that the donor aldehyde be added slowly to the
acceptor and catalyst or one of the reagents be used in large (5_10-fold) excess.
Although this transformation has probably attracted the largest amount of synthetic
and mechanistic interest in organocatalytic transformations, many facets of the
reaction remains puzzling [5, 14].

Scheme 9.11 The generalized enamine cycle
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Using (S)-proline (1) as catalyst, the reaction proceeds preferentially via the
(E)-enamine intermediate. The predominant structural factor that determines
stereoselectivity is assumed to be the activation of the electrophilic reactant by an
intramolecular H-bond between the proline COOH group and the carbonyl O-atom
of an aldehyde in a nine-membered H-bonded ring. A second determinant is the
s-trans arrangement of the enamine and carbonyl double bonds relative to the
position of the COOH group. It is noteworthy that unsymmetrical ketones, in
the simplest case 2-butanone, are reported to give regioselectively b-hydroxy ketones
on the higher substituted a-C-atom (Scheme 9.12).

The reaction affords satisfactory results for a-branched aliphatic aldehydes,
whereas the enantiomeric excess (ee) decreases with aromatic aldehydes to the
range 60–70%. The range of donors can be extended to butanone, 2-pentanone,
cycloalkanones and a-hydroxy ketones, whereas simple ketones such as acetophe-
none and 3-pentanone are inert and acetaldehyde affords amixture using proline as
catalyst. This last transformation can be best mediated by diarylprolinol as catalyst
(Scheme 9.13) [30].

An elegant application of the proline-mediated cross-aldol reaction is the synthesis
of the tetrahydropyran fragment of callipeltoside C (Scheme 9.14) [31].

Scheme 9.12 Cross-aldol reaction of unmodified aldehydes and ketones.

Scheme 9.13 Cross-aldol reaction of acetaldehydes with aldehyde acceptors.
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Usually proline-mediated aldol reactions are tolerant to small amounts of tertiary
amine bases. Weak acids or water as an additive were beneficial for the overall
selectivity and efficiency of the transformation, whereas the reactionwas inhibited by
the presence of a strong acid [32].
Noteworthily, the usually long reaction time can be shortened by applying micro-

wave irradiationwithout loss of selectivity [33]. Polymer-supported catalysts were also
prepared and tested [11, 12, 34]. Poly(ethylene glycol)-supported proline deriva-
tives [34] allowed the convenient reuse of the catalyst (10 runs).
Although proline derivatives dominate the organocatalytic field, primary amino

acids [35], short oligopeptide catalysts and axially chiral bisaryl derivatives are
emerging as alternatives, allowing usually complementary stereoselectivity and
affording preferentially the syn-aldol products (in addition to anti-Mannich reactions;
see below). The preference for syn selectivity can be attributed to the preferred
formation of the (Z)-enamine that generates the syn product via the TS similar to that
discussed above and also to the cooperativity between the catalyst and the acceptor
resulting in amore organizedTS.Amide catalysts having an amino alcohol such as 15
(Scheme 9.15) activate the electrophilic aldehyde of the aldol reaction by forming two
hydrogen bonds, from both the amide and the hydroxy functionalities, with the
carbonyl (Scheme 9.2c-1) [36, 37].

Noteworthily, other basic nitrogen compounds such as pyridine and tertiary
amines, may also promote cross-aldol additions [38], some of them with high syn-
selective internal stereocontrol [38b].

Scheme 9.15 Syn-selective cross-aldol reaction of unmodified aldehydes and ketones.

Scheme 9.14 Application of the cross-aldol reaction in the
synthesis of the tetrahydropyran fragment of callipeltoside C.
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Aldol- and Knoevenagel-type Reactions with Preformed Enolates

Brønsted Acid Activation
Mukaiyama-type asymmetric aldol and Knoevenagel-type reactions can be mediated
by asymmetric proton catalysts such as TADDOL and cinchona-derived chiral salts
that promote selective addition of N,O-silyl ketene acetal with various aromatic and
heteroaromatic aldehydes (Scheme 9.16). According to Rawal�s selectivitymodel [39],
the aldehyde carbonyl is activated by a single-point intermolecular hydrogen bond to
the internally hydrogen-bonded TADDOL (Scheme 9.2b) and is further organized
through electrostatic interactions with an aryl (naphthyl) ring of TADDOL.

Lewis Acid Activation with Lewis Bases in Aldol-type Additions [40]
Lewis bases typically activate silicon atoms in electron donors such as silyl enolates or
allylsilanes, as conventional Lewis acid catalysts activate heteroatoms in electron
acceptors such as carbonyl groups. In these reactions, the asymmetric activation
relies on the formation of a tightly binding chiral complex between the Lewis base
catalyst such as alkoxides, HMPA,N-oxides or its asymmetric analogs and the silicon
compounds, effecting rate acceleration. The enantio- and diastereoselectivity (syn :
anti ratio) depends strongly on the structure of the chiral phosphoramide that affects
the coordination state of the silicon atom of the silyl enol ether in the TS, as was
demonstrated in the aldol reaction of cyclohexanone trichlorosilyl enol ether and
benzaldehyde [40]. The more selective path with hexacoordinated silicate requires
two sterically less demanding phosphoramide ligands (R¼Me), leading to a chair-
like TS with hexacoordinate silicate and affording the anti adduct. In contrast, the
sterically demanding phosphoramide (R¼Ph) forms a pentacoordinate silicate,
which leads to a boat-like TS and affords the syn adduct (Scheme 9.17). The
enantioselectivity of the reaction is sensitive to the enolate structure, with larger
groups providing lower enantioselectivities. A marked effect of the aldehyde struc-
ture on the rate of the additionwasnoted since aliphatic andhindered aldehydeswere
less reactive.

Scheme 9.16 Chiral Brønsted-acid-catalyzed Mukaiyama-type
asymmetric Knoevenagel-type reactions
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The bis-coordinated path was optimized in preparing dimeric phosphoramide
catalysts. These catalysts were also effective in mediating the cross-aldol reaction of
various silyl ether enolates and in the Mukaiyama-reaction of various exo-TMS-
enolates to aromatic aldehydes [41]. Moreover, a general and selective addition of
glycolate-derived silyl ketene acetals to a wide range of aryl- and alkylaldehydes has
been developed using silicon tetrachloride and the chiral Lewis basic bisphosphora-
mide catalyst [42]. The sense of diastereoselectivity can bemodulated by changing the
size of the R substituents on the silyl ketene acetals (Scheme 9.18). In general, the
trimethylsilyl ketene acetals derived from methyl glycolates with a large protecting
group on the oxygenprovide enantiomerically enriched (R)-a,b-dihydroxy esterswith
high syn diastereoselectivity, whereas the tert-butyldimethylsilyl ketene acetals

Scheme 9.17 Different stereochemical courses of the mono- and
bis-coordinated hypervalent silica in the chiral HMPA-activated
addition of cyclohexanone trichlorosilyl enol ether to benzaldehyde.

Scheme 9.18 Substrate control in the dimeric chiral HMPA-
mediated addition of trimethylsilyl ketene acetals to aldehydes.

268j 9 Organocatalysis



derived from bulky esters of methoxyacetic acid provide enantiomerically enriched
(R)-a,b-dihydroxy esters with high anti diastereoselectivity.

9.3.1.2 Allylation Reactions
Tethered bis-phosphoramides catalyze the addition of either allyltrichlorosilane
(E)- or (Z)-2-butenyltrichlorosilane to unsaturated aldehydes (Scheme 9.19) [43].
Noteworthily, chiral bidentate imidodiphosphoric tetramides and pyridine-N-oxides
were also efficient in the allylation of aromatic aldehydes [44].

Thismethodhas also been applied to the synthesis of chiral quaternary centers (R1,
R2¼ alkyl and/or aryl) and to the synthesis of the serotonin antagonist LY426965 [45].

9.3.1.3 Nitroaldol (Henry) Reactions [46]

Direct Nitroaldol Reactions

Nitroaldol (Henry) Reactions via General-base Catalysis and Contact Ion-pair Formation
Under Homogeneous Conditions
Chiral bases such as benzoylcupreidine (19) and benzoylcupreine (20) mediate the
reaction ofa-keto esters with nitromethane and provide easy access to functionalized
compounds (Scheme 9.20) that feature a quaternary stereocenter such as aziridines,
b-lactams and a-alkylcysteines [47].

Scheme 9.19

Scheme 9.20 Benzoylcupreidine (19) and benzoylcupreine
(20)-mediated addition of nitromethane to a-keto esters.
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Nitroaldol (Henry) Reactions via General-base Catalysis and Contact Ion-pair Formation
Under Phase-transfer Conditions [48]
The face-selective nitroaldol reaction of nitromethane with protected (S)-phenyla-
laninal was effected under PT conditions using the functionalized 9-anthracenyl-
methyl cinchona catalyst 21. The reaction afforded the key intermediate of the
second-generation HIV protease inhibitor amprenavir in good yield and with
remarkable stereoselectivity (Scheme 9.21) [49].

Nitroaldol (Henry) Reaction of Silyl Nitronates
Chiral ammonium fluoride salt 22 was engineered for the asymmetric nitroaldol
reaction of silyl nitronates with aromatic aldehydes (Scheme 9.22) [50].High enantio-
and anti diastereoselectivity were observed when a radially extended 3,30-aryl-substi-
tuted catalyst was used.

9.3.1.4 Hydrocyanation
Most of the organocatalysts developed to date for hydrocyanation are limited in
substrate scope [51]. Chiral diketopiperazine-imidazoles and diaminocyclohexane-
derived salem catalysts are efficient in the asymmetric hydrocyanation of aromatic

Scheme 9.21 9-Anthracenylmethyl cinchona (21)-catalyzed
addition of nitromethane to aldehyde under PT conditions in the
synthesis of amprenavir.

Scheme 9.22 Chiral quaternary ammonium-catalyzed addition of silyl nitronates to aryl aldehydes.
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aldehydes, whereas dihydroquinyl (DHQ) and dihydroquinidyl (DHQD) derivatives
can be used for the hydrocyanation of ketones [52]. Tertiary aminothiourea catalysts
have, however, remarkably broad substrate compatibility as they can be used for both
aldehydes and ketones bearing one sp2-hydridized substituent. The HCN is gene-
rated in situ, from TMSCN and trifluoroethanol, affording the addition products in
high yields and ee (Scheme 9.23) [53]. In the 23-mediated hydrocyanation, both the
thiourea and the tertiary amine of the catalyst are involved productively in the rate-
limiting cyanide addition step, as depicted in Scheme 9.23 [54]. According to this
cooperative mechanism, the enantioselectivity arises from direct interactions be-
tween the ketone substrate and the amino-acid derived portion of the catalyst
(Scheme 9.2c-1).

9.3.1.5 The Morita–Baylis–Hillman (MBH) Reaction [55]
The addition of aldehydes to enones or a,b-unsaturated esters, the so-called Mor-
ita–Baylis–Hillman (MBH) reaction, requires both nucleophile and proton catalysts
either in the same structure or in separate catalysts. The action of the Brønsted co-
catalyst is at least two-fold: (i) it promotes the conjugate addition by binding to the
zwitterionic enolate and stabilizes these intermediates; and (ii) it ensures efficient
proton transfer in the rate- and stereo-determining proton abstraction step [7].
Among the number of catalysts that have been developed for the MBH reaction,
b-isocupreidine, chiral thiourea and phosphine–BINOL-type catalysts have shown
high selectivity and a relatively wide substrate range.
The quinidine-derived b-isocupreidine catalyst (b-ICD) (24) mediated the addition

of the acrylate to a variety of aromatic and aliphatic aldehydes even at�55 �C in DMF
(up to 99% ee). The 1,1,1,3,3,3-hexafluoroisopropyl acryl ester (HFIPA) displayed an
almost 200-fold rate acceleration compared with methyl acrylate under identical
reaction conditions. Limitations were observed with bulky aldehydes such as
butyraldehyde, where dimerization of the acrylate was observed. The b-ICD catalyst
24 was used in the synthesis of epopromycin B, a plant cell wall synthesis inhibi-
tor [56], and in the synthesis of mycestericin E, a potent immunosuppressor
(Scheme 9.24) [57].
Enones usually provide less selective additions and the scope of theMBH reaction

with this class of substrates remains narrow.Chiral (thio)urea–amine catalysts 25 [58]

Scheme 9.23 Enantioselective cyanosilylation of ketones
catalyzed by tertiary aminothiourea catalysts 23.
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and the combination of PPh3 with partially saturated BINOL derivatives such as 26
offered high chemical yield and enantioselectivity in the addition of cyclohexenone
with hindered aliphatic aldehydes (Scheme 9.25) [59]. Conjugated and aromatic
aldehydes resulted in low yields and enantioselectivities.

Scheme 9.24 The asymmetric MBH reaction in the synthesis of (�)-mycestericin E.

Scheme 9.25 Bifunctional thiourea–amine and achiral
phosphine–chiral binaphthol-derived Brønsted acid-catalyzed
MBH reactions of cyclohexenone and dihydrocinnamaldehyde.
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9.3.1.6 Asymmetric Acyl Transfer Reactions [60]

Kinetic Resolution of Secondary Alcohols
Among the great number and variety of DMAP-derived acyl transfer agents, the
planar chiral ferrocenyl DMAPs proved to be highly versatile and efficient catalysts
formany acyl transfer processes (Scheme 9.26) [60b, e, f ]. In particular, the catalyst 27
was found to be efficient in the kinetic resolution of aryl, alkyl and allyl sec-alcohols
and was the only organocatalyst that has been shown to be generally effective for the
kinetic resolution of propargylic sec-alcohols [60b, e, f ]. The synthetic utility of this
catalyst was demonstrated in multistep synthesis; the following example is taken
from the kinetic resolution protocol of a racemic aldol intermediate in the Sinha–-
Lerner synthesis of epothilone A (Scheme 9.26) [61]. It is considered that a p–p
stacking interaction between the catalyst and the substrate in the TS is crucial to the
observed enantioselectivity [62].

Among the phosphine-derived catalysts, chiral P-aryl-2-phosphabicyclo[3.3.0]oc-
tanes (PBO) [63] were shown to be remarkably selective in acylation for a broad range
of arylalkyl sec-alcohols (Scheme 9.27) [65].

Engineered oligopeptides such as 29 are efficient for the acylative kinetic resolu-
tion of sec-alcohols [29, 66]. The substrate scope includes not only arylalkyl

Scheme 9.26 Preparation of an epothilone A intermediate using the planar chiral DMAP 27.

Scheme 9.27 The kinetic resolution of arylalkyl sec-alcohols using chiral PBO catalyst.
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sec-alcohols but also alkyl sec-alcohols with which lipases and other organocatalysts
invariably perform poorly (Scheme 9.28) [67].

The kinetic resolution of arylalkyl sec-alcohols using various chiral nucleophilic
N-heterocyclic carbenes (NHCs) has also recently been achieved by the groups of
Suzuki [68] and Maruoka [69] (Scheme 9.29). These studies build on an emerging
body of work showing that achiral NHCs are extremely efficient nucleophilic
organocatalysts for transesterification.

Asymmetric Desymmetrization of Achiral/meso cyclic Anhydrides [23a, 60d, 70]
Asymmetric desymmetrization (ASD) of achiral and meso cyclic anhydrides by
nucleophilic ring opening with alcohols or thiols can be catalyzed by either chiral
Lewis acids or bases. One of the most selective classes of catalyst in this type of
transformation is Sharpless ligands. Reaction of a variety of mono-, bi- and tricyclic
succinic anhydrides with methanol in diethyl ether and a catalytic amount of the
biscinchona alkaloid (DHQD)2AQN (31) provided the corresponding hemiesters
with excellent enantioselectivities (91–98%) and good to excellent yields
(72–99%) [71, 72]. The synthetic utility of this approach has been demonstrated in
a formal total synthesis of (þ)-biotin (Scheme 9.30) [73].

Scheme 9.28 Miller�s octapeptide 29-catalyzed kinetic resolution of sec-alcohols.

Scheme 9.29 Maruoka�s chiral NHC-catalyzed kinetic resolution of sec-alcohols.
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Cinchona-derived catalysts are not the only efficient systems for the ASD of meso
anhydrides; the bifunctional chiral sulfonamide–amine organocatalyst 33 can also be
used for the highly enantioselective catalytic thiolysis of prochiral cyclic anhydrides
(Scheme 9.31) [74].

Alcoholative Kinetic Resolution of Racemic Anhydrides
Further application of (DHQD)2AQN-catalyzed asymmetric alcoholysis can be
illustrated by the kinetic resolution of monosubstituted succinic anhydrides [75].
A variety of 2-alkyl- and 2-arylsuccinic anhydrides were resolved via this process with
good to excellent enantioselectivities (Scheme 9.32).

Scheme 9.30 Cinchona-derived (DHQD)–PHN catalyst-
mediated asymmetric desymmetrization of a meso anhydride in
the synthesis of (þ)-biotin.

Scheme 9.31 Chiral sulfonamide–amine organocatalyst
33-mediated asymmetric desymmetrization of achiral and
meso-anhydrides.

Scheme 9.32 Deng�s (DHQD)2AQN-catalyzed ASD of meso anhydrides.
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9.3.2
Nucleophilic Additions to C¼N

9.3.2.1 Mannich-type Reactions [76]

The Organocatalytic Direct Mannich Reaction
Organocatalytic Mannich reactions have been described either under three-compo-
nent (one-pot) reaction conditions or involving preformed (protected) imines and
aldol donors. Proline was found to catalyze both versions, usually in good yields and
inhigh selectivity.Using L-proline (1) as catalyst, the stereochemistry of the reaction is
catalyst controlled and independent of the chiral centers present in the substrate. The
originalMannich reaction provided the highest selectivities with aromatic aldehydes.
Historically, the one-pot, three-component Mannich reaction between a ketone,

aldehyde and anisidine was developed first, which also provided practical access to a
number of enantiomerically enriched b-aminocarbonyls. The use of preformed
imines, such as N-PMP-protected a-iminoethyl glyoxylates, is more recent
(Scheme 9.33). The advantage of this modification is that under these conditions
the potential side-reactions are minimized and both ketones and aldehydes can be
used as aldol donors.

Intriguingly, the cross-Mannich reaction using �unmodified� aldehydes proceeds
faster than the competing cross-aldol reaction (Scheme 9.34). The three-component
cross-Mannich reaction at temperatures below 0 �C exhibits both higher stereo- and
chemo-selectivity (kcross-Mannich > kcross-aldol). With electron-rich aromatic acceptor
aldehydes, the use of a syringe pump was not necessary and the catalyst loading
could be reduced. The example in Scheme 9.34 is taken from the formal synthesis of
nikkomycin [77].

Scheme 9.33 Two-component Mannich reaction between
N-PMP-protected a-iminoethyl glyoxylates and aldehydes.

Scheme 9.34 The application of the three-component
cross-Mannich reaction in the synthesis of nikkomycin.
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The direct Mannich reaction can also be mediated by proline analogs [78]. In
particular, TMS-diphenylprolinol derivatives 3a were seen efficient for the amino-
methylations of various aldehydes (Scheme 9.35) [79].

As proline and proline analogs provide preferentially the syn isomer, the anti-
selectiveMannich reactions between unmodifieda-hydroxy ketones, arylamines and
aldehydes can be realized by L-threonine or L-tryptophan-derived amino acids [80].
The lengthy reaction times, which characterize both the proline and other chiral

amine-catalyzedMannich reactions, can be considerably shortened (up to 4–50 times)
by replacing standard organic solvents by ionic liquids such as [bmim].BF4 or [bmim].
PF6 [81]. This modification may also permit the use of as little as 1mol% of catalyst
while retaining reasonable reaction times (�2h). The reaction usually affords higher
yields than in organic solvents and provides similar enantioselectivity. The enhanced
rates may result from ionic liquid-based activation of the imine electrophile.
The proline-catalyzed Mannich reaction shows opposite diastereo- and enantios-

electivity to those of the related aldol reactions as the syn adducts being obtained as
major isomers. In contrast, anti addition between N-PMP-protected a-iminoethyl

Scheme 9.35 Aminomethylations of aldehydes via direct Mannich reaction.

Scheme 9.36 The rationale of the observed difference in the
stereoselectivity of (S)-proline- and (S)-2-
methoxymethylpyrrolidine-mediated aldol and Mannich
reactions.
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glyoxylate and aldehydes was observed using a bulky pyrrolidine catalyst where the
acid function was suppressed, such as (S)-2-methoxymethylpyrrolidine (SMP). The
differences in the reversal of selectivity of the proline-catalyzedMannich reaction can
be explained by the differences in the preferred conformations in the TS of the
substrates. As the aldehyde substituents assume a pseudoequatorial conformation in
the aldol reaction, the substituents are forced into a pseudoaxial arrangement in the
Mannich reaction since the (E)-imine ismore stable than the (Z)-imine (Scheme9.36).

Mannich-type Reactions with Preformed Enolates and Enolate Equivalents

Brønsted Acid Catalysis
Highly enantioselective Mannich reactions were developed with chiral thiourea-
derived Brønsted acid catalysts by Jacobsen�s group (Scheme 9.37) [82]. Likewise,
bifunctional thiourea catalysts mediated the direct asymmetric vinylogous Mannich
reaction ofa,a-dicyanoalkenes and tert-butyloxycarbonyl (Boc)-protected imineswith
complete g -regioselectivity and excellent enantioselectivities [83].

One of the more promising classes of catalysts for a broad range of highly
enantioselective imine addition reactions is the 2,20-dihydroxy-1,10-binaphthyl
(BINOL)-based phosphoric acid catalysts that involve chiral contact ion pairs gener-
ated in situ [8f ]. Such a chiral phosphoric acid diester catalyst was developed for the
asymmetric Mannich-type addition of silylketene acetals to arylaldimines. The
catalyst mediated the addition in favor of the syn isomer [84, 85]. In this transforma-
tion, theN-2-hydroxyphenyl group of aldimine was found to be essential for the high
selectivity as the reaction proceeds via a dicoordination pathway through the zwitter-
ionic andnine-membered cyclic TS consisting of thealdimine and the phosphoric acid
(Scheme 9.38). The re-facial selectivity was rationalized by the aromatic stacking
interaction between the4-nitrophenyl groupand theN-aryl group thatfix thegeometry
of aldimine in the TS, where the si-facial attacking TS is less favored by the steric
hindrance of the 3,30-aryl substituents. Noteworthily, the BINOL-based phosphoric
acid catalyst was also efficient in the vinylogous Mukaiyama–Mannich reaction of

Scheme 9.37 Chiral thiourea catalyst-mediatedMannich reaction
of ketenesilyl acetals and arylimines.
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acyclic silyl dienolates and imines. The reaction proceeds also with complete regios-
electivity in favor of the d-product [86].

General-base Catalysis and Contact Ion-pair Formation Under Phase-transfer Conditions
Similar transformations can be successfully conducted under phase-transfer con-
ditions with a chiral pyrrolidinium salt in up to 95% ee [87].

9.3.2.2 The Nitro-Mannich (Aza-Henry) Reaction
A highly effective thiourea-based catalyst was developed for the nitro-Mannich (aza-
Henry) reaction that mediated the syn-selective addition of a range of nitroalkanes to
aromaticN-Boc-imines [88]. The sense of imine enantioface selectivity is the same as
that observed in thiourea-catalyzed Strecker, Mannich and hydrophosphonylation
reactions, suggesting a commonmechanism of imine activation. However, thiourea
derivatives are also known to bind and modulate the reactivity of nitronate anions;
therefore, the role of the catalyst in this transformation could be either activation of
the nitroalkane component or dual activation of both reaction partners. The scope of
the transformation can be illustrated by the synthesis of the potent neurokinin-1
receptor antagonists (�)-CP-99,994 (Scheme 9.39).

General-base Catalysis and Contact Ion-pair Formation Under Phase-transfer Conditions [89]
A remarkably general cinchona-derived ammonium catalyst-mediated nitroaldol
reaction was developed between nitroalkanes and a-amidosulfones by using
CsOH.H2O as base under phase-transfer conditions. The reaction that generates
the reactive imine component in situ can be applied to either non-enolizable or
enolizable aldehyde-derived azomethines and to nitroalkanes, other than nitrometh-
ane, for the production of b-nitroamines (Scheme 9.40).

Scheme 9.38 The BINOL-based phosphoric acid-mediated
Mukaiyama–Mannich and vinylogous Mukaiyama–Mannich
reactions of silylketene acetals and arylimines.
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9.3.2.3 The Asymmetric Strecker Reaction [90]
Chiral peptide-like urea catalysts have been the subject of considerable study [91].
Surprisingly, the same class of catalyst can be used in asymmetric cyanation reactions
of aldimines and methylketimines and in asymmetric Mannich reaction of N-Boc-
aldimines with silylketene acetals (Scheme 9.41). The thiourea 38 mediated hydro-
cyanation reactions with a remarkably broad generality: the same catalyst affords
>95% ee for all aldimines examined, ranging from aromatic to bulky aliphatic such as
tert-butyl, to small aliphatic such as n-pentyl. It is worth noting that ketimines can be
used likewise. This level of generality is still unusual in asymmetric catalysis [82b].

Scheme 9.40 Cinchona-derived ammonium catalyst-mediated
nitroaldol reaction between azomethines and to nitroalkanes
under PT conditions.

Scheme 9.39 Chiral thiourea-mediated syn-selective nitro-
Mannich (aza-Henry) reaction in the synthesis of the (�)-CP-
99,994.

Scheme 9.41 Chiral thiourea-mediated asymmetric Strecker reaction of aldimines and ketimines.
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The imine–catalyst complex forms reversibly a hydrogen bond between the imine
nitrogen having a Z configuration and the acidic proton of the urea. Factors which
account for the high enantioselectivity of the reactions are as follows: the steric
demand of the substituents flanking the imine group should be markedly different;
the N-substituent should favor the formation of the Z isomer of the imine; and the
HCN addition takes place from the diaminocyclohexane side of the catalyst. The
reaction was used for the preparation of optically enriched isoquinoline alkaloids,
precursors of natural compounds (R)-(�)-calycotomine (R1¼H, R2¼OH), (S)-(�)-
salsolidine (R1¼R2¼H) and (S)-(�)-carnegine (R1¼Me, R2¼H) (Scheme 9.42) [2].

Other Brønsted acid catalysts such as chiral BINOL phosphate-derived catalysts [3]
and Lewis base catalysts such as the axially chiral biquinoline N,N0-dioxide catalysts
used in the presence of trimethylsilyl cyanides showed less general substrate scope.

Strecker Reactions Under Phase-transfer Conditions
Under heterogeneous conditions, the chiral binaphthol-derived quaternary ammo-
nium salts efficiently promotes the Strecker reaction of aldimines when aqueous
potassium cyanide is used (Scheme 9.43) [4].

9.3.2.4 Pictet–Spengler-type Cyclizations
Brønsted acid catalysts and in particular chiral thiourea catalysts may promote
enantioselective Pictet–Spengler reactions (Scheme 9.44) [5]. In the following

Scheme 9.42 The asymmetric Strecker reaction in the synthesis of isoquinoline alkaloids.

Scheme 9.43 The Strecker reaction of aldimines under PT conditions.
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example the iminium ions were generated from tryptamine-derived hydroxylactams
using TMSCl [5]. Substituent and counterion effect studies pointed to rate-limiting
anion abstraction and binding by the thiourea by hydrogen bonding to the putative
iminium ion intermediate.

9.3.2.5 Reduction of Ketimines [6]
Chiral formamides have been developed for the enantioselective reduction ofN-aryl-
and N-cycloalkylketimines with trichlorosilane [7]. Among the catalysts developed,
pipecolic acid derivative 42 was shown to be comparable with both alkyl- and
arylketimines, whereas the valine-derived N-methyl-substituted formamide 43 was
active in the reduction of arylketimines (Scheme 9.45) [98].
A conceptually different approach for the reduction of ketimines is the use of

Hantzsch esters I as hydrogen donors that can be used in the presence of a chiral
phosphoric acid catalyst (Scheme 9.46). Thismethod can be used for the reduction of
both alkyl- and arylketimines [99].

9.3.3
Additions to Alkenes

9.3.3.1 Michael Addition [19e, 100]

Aminocatalytic Direct Addition of Aldehydes and Ketones to Nitroalkenes

Enamine Activation
Pyrrolidine-derived catalysts promote syn-selective additions of nitroalkenes with
aldehydes and also with ketones [1, 101]. While high levels of diastereo- and enantios-

Scheme 9.44 The preparation of enantioenriched indolizinone
and quinolizinone products by chiral thiourea-promoted
Pictet–Spengler reaction.
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electivity can be obtained in selected cases and in particular with cyclohexanone, the
reactionsareusually substratedependent.Thediphenylprolinol silyl ether catalyst3a is
remarkably efficient for the addition of a-unbranched aldehydes to aryl- and alkyl-
substituted nitroalkenes [17a] and also to nitroethylene in the presence of a carefully
selected acidic co-catalyst [102]. The diphenylprolinol silyl ether catalyst 3a and the
perfluoroalkyl derivative 3c [103] afford high yields, excellent diastereoselectivity and
nearly perfect enantioselectivity with a broad range of aldehydes. Moreover, the
perfluoroalkyl catalyst 3c can also be used in aqueous media [104]. The bulky
diphenylsilyloxymethyl group probably plays a dual role in promoting the selective
formation of the (E)-enamine and in providing efficient shielding of the re-face of the
enamine (Scheme 9.47).

Scheme 9.45 Asymmetric reduction of N-aryl- and N-
cycloalkylketimines by trichlorosilane and chiral formamide
catalysts.

Scheme 9.46 Chiral phosphoric acid catalyst-mediated
asymmetric reduction of ketimines in the presence of Hantzsch
esters.
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a-Substituted nitroalkenes can be used as substrates in bispyrrolidine-catalyzed
additions. The efficiency of the catalyst 44 was demonstrated in the synthesis of
(�)-botryodiplodin (Scheme 9.48). The addition of propionaldehyde to nitroalkene
led to a roughly 2 : 3mixture of anti and syn isomers in high yield and ee (92 and 93%,
respectively) [105].

Interestingly, the same catalyst induces opposite selectivity with aldehydes com-
pared with ketones. This can be rationalized by the difference in the steric demand of
the enamine forms in the TS. As depicted in Scheme 9.49, the equilibrating
conformers give rise to product via the less congested TS, forming the thermody-
namic product.

Alkylation of asymmetric acyclic ketones takes place regioselectively on the most
substituted carbon, affording the syn isomers as the major products. a-Hydroxy
ketones showed anti-selective additions similar to that observed in related aldol-type

Scheme 9.47 The diphenylprolinol silyl ether-catalyzed Michael
addition of aldehydes to nitroalkenes.

Scheme 9.48 Alexakis�s (�)-botryodiplodin synthesis.

Scheme 9.49 Rationale of enantioselectivity of the pyrrolidine
catalyst-mediated additions of aldehydes to nitroalkenes.

284j 9 Organocatalysis



additions, but the mechanistic rationale is different (Scheme 9.50). The selectivity is
due to the preferred formation of the (Z)-enamine intermediate, stabilized by
intramolecular hydrogen bonding between the hydroxy group and the tertiary amine
of the catalyst [106].

Short oligopeptides such as H-D-Pro-Pro-Asp-NH2 and the homologous andmore
soluble H-D-Pro-Pro-Glu-NH2 catalyst bearing an additional methylene group also
showed remarkable selectivity in the addition of nitroethylene to a great variety of
aldehydes [107, 108].Notably, the product of a homoaldol reaction of the aldehyde that
is often observed with other amine-based organocatalysts was not detected.

Amine–Thiourea Catalysts
The bifunctional thiourea catalyst combined with a nucleophilic aminemediates the
addition of ketones to nitroalkenes at room temperature in the presence of a weak
acid co-catalyst, such as benzoic acid, n-butyric acid or acetic acid (Scheme 9.51) [109].
The acid additive allows double alkylation to be avoided and also increases the
reaction rate. The anti selectivity of the addition is attributed to the preferred (Z)-
enamine geometry in the TS. The catalyst also activates the acceptor and orientates in
space. The regioselectively of the alkylation of non-symmetric ketones is the conse-
quence of this orientation.

General-base Activation: Addition of Esters, Amides and Nitriles to Nitroalkenes
A number of tertiary amine–thiourea catalyst combinations have been developed for
the conjugate addition to nitroalkenes with malonates and with various 1,3-dicarbo-
nyl compounds such as diesters and chiral keto esters. Among them, cinchona-
derived bifunctional catalysts, where the hydroxy group at C-9 was replaced by an
arylthiourea [110, 111], and thiourea derived from binaphthyl [112] are noteworthy.

Scheme 9.50 Variation of the syn/anti diastereoselectivity of the
conjugate addition as a function of the substrate.
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Chiral 1,2-diaminocyclohexane-derived thioureas are also efficient catalysts andwere
used in the synthesis of (�)-baclofen [113], an analog of GABAused as an antispastic
agent, and (�)-epibatidine (Scheme 9.52) [114].

Aminocatalytic Addition of Aldehydes and Ketones to Enones

Enamine Activation
Among the pyrrolidine-derived catalysts, (S)-2-[bis(phenyl)methyl]pyrrolidine deri-
vatives such as 4a allowed good conversion and enantioselectivity in the addition
of linear aldehydes to MVK (up to 85 % ee) (Scheme 9.53) [115]. Cyclic enones and
b-substituted enones afforded no or poor results.

Scheme 9.52 Synthesis of (�)-baclofen and (�)-epibatidine by
chiral 1,2-diaminocyclohexane-derived thiourea-mediated
conjugate addition to nitroalkenes.

Scheme 9.51 Thiourea–amine catalysts mediated addition of acyclic ketones to nitrostyrenes.
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The observed small negative non-linear effect suggested the participation of more
than one catalyst molecule in the enantiodifferentiating step. This may be a conse-
quence of the simultaneous activation of the nucleophile (enamine formation) and
the electrophile partners (iminium formation) [116].
MacMillan�s organocatalyst 48a, which is used typically for electrophilic activation,

was also found to be efficient in promoting conjugate addition via enamine formation
(Scheme 9.54) [117]. The proof of the enamine pathway was furnished by NMR
studies.

Intramolecular Conjugate Additions
The intramolecular addition of aldehydes to enones could also be promoted with
iminium catalysts (Scheme 9.25). The cyclization is highly trans selective, with the
imidazolidinone catalyst forming 1,2-disubstitued cyclopentanes [118]. The reaction
tolerates aryl and alkyl substituents on the enone andcanbe carried outwith enals, and
also in the presence of heteroatoms (Scheme 9.55). Inverse (cis) diastereoselectivity
was obtained in the intramolecular Michael addition with the cysteine-derived
prolinamide analog 49 (Scheme 9.55) [119].

Activation of Enones via Iminium Formation
Chiral pyrrolidine and imidazolidinone catalysts have been successfully employed in
inter- and intramolecular Michael reactions including conjugate reduction, Friedel–
Crafts alkylations and cycloadditions (Scheme 9.56). In 1,4-addition, central to these

Scheme 9.54 Organocatalyzed asymmetric addition of butyraldehyde to MVK.

Scheme 9.53 4a-catalyzed addition of dihydrocinnamaldehyde to MVK.
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reactions is the activation of an a,b unsaturated carbonyl compound by forming an
iminium ion, which is activated to nucleophilic attack at the g-carbon. Iminium
activation is chemically equivalent to the electrophilic activation of the parent
carbonyl compound resulting in LUMO lowering. The effectiveness of this approach
is illustrated by the elegant enantioselective one-step preparation of one of the most
widely used anticoagulants, warfarin (Scheme 9.56) [120].

Friedel–Crafts Alkylations
1,4-Additions of electron-rich aromatics and heteroaromatics to a,b-unsaturated
aldehydes were developed with iminium catalysts. In particular, pyrrole, indole and

Scheme9.56 Chiral pyrrolidine and imidazolidinone catalysts and
the one-step preparation of warfarin.

Scheme 9.55 Intramolecular addition of aldehydes to enones.
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aniline derivatives were used as donors. The reaction is general with respect to the
pyrrole architecture as far as incorporation of substituents at the C-2- or C-3-pyrrole
positions provide regioselective alkylations at the C-5 and C-2 positions, respectively.
The utility of this approach has been highlighted by the short and straightforward
preparation of (�)-ketorolac (Scheme 9.57) [121].

Mukaiyama–Michael Reactions
Chiral imidazolidinone catalyst 5 can also catalyze the addition of silyloxyfurans to
a,b-unsaturated aldehydes to provide g-butenolides [122]. Remarkably, whereas
similar Lewis acid-catalyzed transformations give almost exclusively 1,2-addition
products (Mukaiyama–aldol reaction), the organocatalyzed variant affords only 1,4-
adducts (Mukaiyama–Michael reaction), thus providing a new strategy for the
catalytic preparation of enantiomerically enriched butenolides [123]. Treatment of
2-silyloxyfurans with a variety of a,b-unsaturated aldehydes afforded the desired
products in good enantiomeric purity with predominantly syn selectivity. Signifi-
cantly, the use of different reaction conditions, namely changing the co-catalyst and
solvent, provided butenolide adducts of opposite sense of diastereoinduction, while
retaining high levels of enantiocontrol. In a demonstration of the utility of this
protocol, a four-step synthesis of spiculisporic acid, a Penicillium spiculisporum
fermentation adduct which has found commercial application as a bio-surfactant
for metal decontamination processes and fine polymer production, and its 5-epi-
diastereomer has been accomplished (Scheme 9.58) [123].

9.3.3.2 Cyclopropanation
Ylide reactions have been developed as one of the powerful approaches for the
synthesis of small-ring compounds. Among the vast array of asymmetricmethods for
the preparation of enantiomerically enriched cyclopropanes, few examples concern
organocatalysis; worth mentioning are the pioneering work by the groups of
Aggarwal, Gaunt and MacMillan.
Sulfur ylide-mediated cyclopropanation was developed by Aggarwal�s group [124].

A sulfur ylide is generated in situ from a chiral sulfide catalyst and phenyldiazo-
methane in the presence of a transition metal catalyst (Scheme 9.59). A modified
procedure was introduced by Aggarwal and co-workers which utilized the generation
of the diazo compounds in situ from tosyl hydrazone salts at 40 �C in the presence of a
phase-transfer catalyst.

Scheme 9.57 Friedel–Crafts alkylations via iminium activation: synthesis of (�)-ketorolac.
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Ammonium ylides were generated using cinchona alkaloids by Gaunt and co-
workers [125]. Mechanistically, the nucleophilic catalyst forms an ammonium salt
with an a-bromocarbonyl species. The pKa lowering effect of the salt readily effects
deprotonation with a mild base to form the ylide, which subsequently undergoes
conjugate addition and ring closure to form the cyclopropane as a single diastereo-
mer. The reaction also works in an intermolecular fashion, forming bicycloalkanes in
excellent yields and ees (Scheme 9.60).
Another way of directing the stereoselectivity of the cyclopropanation reaction was

described by Kunz and MacMillan, who applied the iminium catalysis concept
effectively to activate alkene substrates [126]. a,b-Unsaturated aldehydes were
converted in the presence of stabilized ylides and dihydroindole-2-carboxylic acid
catalyst (57) to enantioenriched cyclopropanes (Scheme 9.61). The atypical reactivity
and the stereocontrol were rationalized by amechanistic postulate inwhich the chiral
carboxylic acid catalyst allows the control of the iminiumgeometry and also by a direct
electrostatic effect that activates the approaching sulfonium ylides.

Scheme 9.59 Sulfur ylide-mediated enantiocatalytic cyclopropanation.

Scheme 9.58 Enantioselective addition of 2-silyloxyfurans to a,b-
unsaturated aldehydes via iminium activation.
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9.3.3.3 Epoxidation of Alkenes
Although the greatest part of current methodology for the catalytic asymmetric
epoxidation of alkenes relies on the use of chiral metal complexes [127], organoca-
talytic methods are taking a more and more important place [128]. Here a brief
summary is given of the preparation of enantiomerically enriched epoxides from
alkenes and alternative organocatalytic methods including the addition of chiral
sulfur ylides to aldehydes [129].

Epoxidation of Electron-deficient Alkenes with Hydrogen Peroxide
Jørgensen and co-workers developed an asymmetric approach allowing the conver-
sion of enals to epoxides. The best catalyst in this transformation was the chiral
pyrrolidine 3b and H2O2 as oxidant. The reaction follows the concept of iminium
catalysis as depicted in Scheme 9.62 [130]. Importantly, the reaction conditions are

Scheme 9.62 Asymmetric epoxidation of enals by H2O2.

Scheme 9.61 Asymmetric cyclopropanation of activated alkenes via iminium catalysis.

Scheme 9.60 Cinchona alkaloid-catalyzed cyclopropanation of activated alkenes.
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tolerant to a variety of functionalities and this chemical transformation proceeds in
different solvents with no loss of enantioselectivity.
Cyclic enones can be oxidized likewise using hydrogen peroxide as oxidant and

chiral diamine catalysts such as 1,2-diphenylethane-1,2-diamine (DPEN) TFA salt or
with a chiral phosphate co-catalyst (TRIP) [131]. The DPEN salts proved to be both
active and highly enantioselective catalysts for the oxidation of unsubstituted
cyclohexanones when the diamine catalyst was obtained with DPEN mono-TRIP
salt, although theTFAsalt gave ahigh yield and enantioselectivity. As in the preceding
transformation, the reaction is believed to proceed via an iminium ion intermediate.
The second basic amine site of the catalystmay organize the TS by directing the attack
of hydrogen peroxide towards one enantioface of the double bond.

The polyleucine-mediated epoxidation, the so-called Julia–Colonna reaction, in-
cludes biphasic reaction systems (e.g. use of DBU in THF along with urea–H2O2 as
oxygen source), which can give shorter reaction times and improved scope [132, 133].
Most of the enones used in this chemistry have aryl, heteroaryl or alkenyl substituents
in the b-position, but alkyl substituents can be tolerated in the a0-position.
a-Substituted enones are generally unreactive, with the exception of some examples
where the alkene is exocyclic to a cyclic ketone, which is suggested to be due to the
need for an s-cis-enone conformation for the reaction to occur. Most of the enantios-
electivities obtained are excellent (>90% ee). The synthetic utility of the products has
been demonstrated by application to target synthesis; the preparation of the blood
pressure-lowering agent diltiazem (Scheme 9.64) illustrates a common tactic since
epoxidation of enone is followed by Baeyer–Villiger reaction to give the desired epoxy
ester [134].

Scheme 9.63 Asymmetric epoxidation of cyclic enones.

Scheme 9.64 Polyleucine-mediated epoxidation in the synthesis of diltiazem.
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Epoxidation of Alkenes via Chiral Dioxirane Intermediates [128b–d]
Isolated alkenes can be oxidized by the triple salt Oxone (2KHSO5.KHSO4.K2SO4), of
which the active constituent is KHSO5. Interaction of Oxone with the ketone
precursor produces the reactive dioxirane that transfers oxygen to alkenes in a
concerted (although possibly asynchronous) manner, resulting in stereospecific
epoxidation (i.e. retention of the alkene geometry of the starting alkene). Importantly,
the starting ketone or iminium salt is regenerated and so in principle can be used in
sub-stoichiometric quantities (Scheme 9.65).

Among the chiral ketones developed for asymmetric oxidation, the fructose-
derived Shi catalyst and also the binaphthol-derived Yang catalysts have attracted
particular attention (Scheme 9.66).
Both oxidation systems have found applications in total synthesis [128b, c] [135].

Particularly attractive are examples in which it has been used to establish the
stereochemistry of polyepoxides that can undergo cascade cyclizations to polyether
products,mimicking possible biosynthetic pathways. An example is the construction
of the tetrahydrofuran rings of the natural product glabrescol via highly stereo-
selective formation of the tetraepoxide from the polyene (Scheme 9.67). [136].
The replacement of the acetonide function in 59 by a diacetate slows the Baeyer–

Villiger decomposition of the catalyst and enables 62 to convert trans- and trisubsti-
tuted a,b-unsaturated esters to the corresponding epoxides (Scheme 9.68) [137]. In
contrast, the catalyst 62 does not allow high ee to be obtained for trans-aliphatic
a,b-unsaturated esters and cis-cinammates.

Epoxidation of Alkenes via Acyl Peroxide Intermediates
Oligopeptide catalystswere engineered for the transformation of allylic carbamates to
chiral epoxides. The peracid, generated catalytically by H2O2 or by the use of
hydrogen peroxide–urea clathrate (UHP) from the g -carboxylic acid function of L-
aspartate incorporated into a tripeptide, provided the chiral environment necessary
for asymmetric transformation (Scheme 9.69) [138, 139].

Scheme 9.65 General mechanism of the ketone-catalyzed alkene epoxidation.
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Scheme 9.68 Asymmetric oxidation of electron-poor olefins using modified Shi catalyst.

Scheme 9.67 Shi epoxidation in the total synthesis of (�)-glabrescol.

Scheme 9.66 The first- (59) and second-generation (60) Shi
catalysts with the proposed selectivitymodel and the Yang catalyst
(61).
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9.3.3.4 Cycloaddition reactions

[4 þ 2] Additions

[4 þ 2] Additions via Iminium Activation
AMacMillan�s iminium catalyst such as 5was used for the addition of a range ofa,b-
unsaturated aldehydes (dienophiles) to a variety of symmetrical and unsymmetrical
dienes (Scheme 9.70). This chemistry has been highlighted in a number of excellent
reviews [18].

The reaction probably takes place via an asynchronous mechanism where the
attack of the diene on the b-carbon atom of the iminium ion is the rate-limiting step
and the p–p interaction between the phenyl ring of the catalyst benzyl group and the
alkeneic p-system of the iminium ion accounts for the selectivity of the reaction. The
reaction was used in the synthesis of (þ )-hapalindole Q, a tricyclic alkaloid natural
product containing four contiguous stereocenters (Scheme 9.71).
MacMillan�s imidazoline catalysts are inefficient for the activation ofa-substituted

enones. The scope of this formal [4 þ 2] cycloaddition was extended toa-substituted
a,b-unsaturated aldehydes as dienophiles by using a primary amine organocatalyst,
64 [140] (Scheme 9.72).

Scheme 9.69 Oligopeptide catalyst-mediated epoxidation of allylic carbamates.

Scheme 9.70 MacMillan�s imidazolidinone-mediated [4 þ 2]
reaction between dienes and a,b-unsaturated aldehydes.
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The iminium activation strategy was applied in an intramolecular Diels–Alder
reaction [141]. This LUMO-lowering iminium activation strategy allowed the prepa-
ration of various cycloadducts incorporating ether and quaternary carbon function-
alities (Scheme 9.73). The synthetic potential of this methodology was demonstrated
by the total synthesis of the marine metabolite solanapyrone D.

A similar strategy was used by Selk€al€a and Koskinen to prepare other bicyclo[4.3.0]
nonanes and was applied to the synthesis of amaminol A, a cytotoxic agent against
murine leukemia cells (Scheme 9.74) [142].
Imidazolidinone catalyst 65 was identified for Diels–Alder transformations using

simple ketone dienophiles (Scheme 9.75) [143]. This reaction is fairly general with
respect to diene structure, allowing enantioselective access to a broad range of alkyl-,
alkoxy-, amino- and aryl-substituted cyclohexenyl ketones.

Scheme 9.72 The formal [4 þ 2] cycloaddition of a-substituted a,b-unsaturated aldehydes.

Scheme 9.73 The asymmetric intramolecular Diels–Alder
reaction in the synthesis of solanapyrone D.

Scheme 9.71 Synthesis of (þ)-hapalindole Q via iminium-mediated formal [4 þ 2] cycloaddition.
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Hetero-Diels–Alder Reactions via Brønsted Acid Catalysis
Since the discovery by Huang and Rawal that hetero-Diels–Alder (HDA) reactions
between 1-amino-3-silyloxybutadiene and unactivated aldehydes and ketones are
considerably accelerated in protic solvents [144], chiral alcohol 3b has been investi-
gated, in addition to new hydrogen-bonding catalysts derived from TADDOL and
binaphthyl (BAMOL) (5e) [145] (Scheme 9.76). The acceleration of the reactions is
promoted by hydrogenbonding interaction between the diol catalyst and the carbonyl
group, as depicted in Scheme 9.2b.
Organocatalyzed aza-Diels–Alder reactions using arylaldimines were also devel-

oped in the presence of chiral phosphoric acids as catalysts [146, 147]. These
transformations usually provided less selective additions.

Hetero-Diels–Alder Reactions via Enamine Activation
Enamine activation can be used for mediating inverse electron demand [4 þ 2]
reactions. Chiral secondary amines such as depicted in Scheme 9.77 generate the

Scheme 9.74 The asymmetric intramolecular Diels–Alder reaction in the synthesis of amaminol A.

Scheme 9.75 Formal Diels–Alder reaction of simple ketone dienophiles via iminium activation.
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electron-rich enamines from aldehydes, which react subsequently with the
enone [148].

[3 þ 2] Cycloadditions

[3 þ 2] Cycloadditions via Brønsted Acid Activation
N-Protected aryl- and heteroarylaldimines add to electron-deficient allene in the
presence of phosphinthiourea catalysts and provide 2-aryl-2,5-hydropyrroles via a
[3 þ 2] cycloaddition (Scheme 9.78) [149]. The presence of both H2O and Et3N as
additives was found to be important for achieving optimal rates. Dual activation of
both nucleophile and electrophile by the bifunctional catalyst is invoked to account
for the observed high reactivity and enantioselectivity. According to the rationale, the
thiourea binds and activates the imine by association with the oxygen atom of
the phosphinoyl group (Scheme 9.2c-1) and the delivery of the phosphonium ion
enolate takes place from the imine re face with the thiourea catalyst.
The three-component asymmetric 1,3-dipolar addition reaction between alde-

hydes, amino esters and dipolarophiles can be promoted by BINOL-derived chiral
phosphoric or bisphosphoric acid [150]. As in the former example, the stereoselec-
tivity is controlled by a chiral Brønsted acid bonded to the azomethyne complex
(Scheme 9.79). This procedure allows a rapid diversity-oriented synthesis of poly-
functionalized chiral pyrrolidine derivatives.

Scheme 9.76 Chiral Brønsted acid-catalyzed hetero-Diels–Alder reaction.

Scheme 9.77 Chiral pyrrolidine-mediated formal [4 þ 2] inverse electron demand cycloaddition.
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Lewis Acid (Iminium) Activation in [3 þ 2] Addition
The addition of several a,b-unsaturated aldehydes to a variety ofN-alkylated nitrones
in the presence of catalytic amounts of imidazolidinone 5 afforded the corresponding
isoxazolidines (Scheme 9.80). While the reaction tolerates relatively large functio-
nalization on the nitrone, only limited variation of the dipolarophile can be achieved:
crotonaldehyde (R2¼Me) and acrolein (R2¼H) generate cycloadducts in good yields
and selectivities, but other b-substituted enals are largely unsuccessful due to the
sluggish nature of these reactions.

Scheme 9.78 Phosphinthiourea-mediated addition of aldimines to electron-deficient allenes.

Scheme 9.79 Chiral phosphoric acid-catalyzed three-component
asymmetric 1,3-dipolar addition reaction between aldehydes,
amino esters and dipolarophiles.
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The scope of the reaction was expanded to the 1,3-dipolar cycloaddition of nitrones
to cyclic a,b-unsaturated aldehydes, allowing the formation of fused bicyclic iso-
xazolidines (Scheme 9.81). Noteworthily, the use of catalyst 5 resulted in almost no
reaction, whereas a proline-based diamine (70) afforded high levels of enantio- and
diastereoselectivity [151].

[2 þ 2] Cycloadditions

The b-Lactam Synthesis
Thebest-performing chiral catalysts to date in the dimerization of ketenes, and also in
related cycloadditions between ketenes and C¼O or C¼N compounds, are cinchona
alkaloids. Ketenes canbe formed fromacyl chlorides under homogeneous conditions
by using proton-sponge or phosphazine as base (BEMP), but also under heteroge-
neous conditions using K2CO3, NaH, NaHCO3 or a resin-bound variant of BEMP.
The cycloaddition reaction can be performed without epimerization of the formed
stereocenters when non-pyrolytic methods are used for the preparation of the ketene
reagents and also when O-functionalized quinine or quinidine derivatives such as
O-Bz (39),O-n-Pr or O-TMS analogs are used [152]. Aldehydes form b-lactones with
ketenes in high selectivity and chemical yield [76c]. This reactionwas also extended to
the addition of ketenes to imines affording b-lactams. A short application of this
reactionwas described in the preparation of b-substituted aspartic acid derivatives via
a cinchona-catalyzed [2 þ 2] enantioselective cycloaddition one-pot synthesis
(Scheme 9.82).

Scheme 9.80 The MacMillan imidazolidinone-catalyzed addition
of a,b-unsaturated aldehydes to N-alkylated nitrones.

Scheme 9.81 Prolinamide salt-catalyzed asymmetric 1,3-dipolar
cycloaddition of nitrones to cyclic a,b-unsaturated aldehydes.
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Although the reaction depicted in Scheme 9.82 proceeds without a Lewis acid
co-catalyst, the reaction is far more efficient in its presence. For example, Nelson and
co-workers reported that lithiumperchlorate assisted the cinchona alkaloid-catalyzed
addition of ketenes (generated in situ from acid chlorides) to aldehydes to form
b-lactones in excellent yields, drs and ees [153]. Lectka and co-workers also reported
that the indium(III) complex of a salicylquinine derivative effectively forms the
corresponding b-lactam structure from the reaction of ketenes and imines also with
excellent stereoselectivities [154].

9.3.3.5 Transfer Hydrogenation of Alkenes
Organocatalytic transfer hydrogenation relies on a similar mechanism to NADH or
FADH2 reduction of substrates in combination with enzymes. MacMillan�s imida-
zolidinone catalyst permits LUMO-lowering activation in combination with dihy-
dropyridine (Hantzsch ester I) analogs. The method was used for the selective
reduction of variousa,b-unsaturated aldehydes [155], and also ofb-aryl-b-methyla,b-
unsaturated aldehydes [156]. Importantly, in the latter case an enantioconvergent
process was observed when the mixtures of (E)- and (Z)-alkene substrates could be
hydrogenated with comparable enantioselectivities, providing identical enantiomers
as the major product (Scheme 9.83).

Scheme 9.82 Cinchona alkaloid-catalyzed [2 þ 2]
enantioselective cycloaddition of in situ-generated ketenes
to imines.

Scheme 9.83 Enantioconvergent reduction of b-aryl-b-methyl
a,b-unsaturated aldehydes in the presence of MacMillan�s
imidazolidine 72 and Hantzsch ester I.
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9.3.4
Organocatalytic Multicomponent and Cascade Reactions [157]

Organocatalytic reactions are particularly well suited for sequential transformations,
providing easy access to structurally complex skeletons from simple starting
materials.

9.3.4.1 Single Catalyst-mediated Domino Reactions

The Addition–Cyclization Strategy
Probably the simplest way to generate multiple bonds in a single reaction is to take
advantage of the difference in reactivity between inter- and intramolecular reactions.
Such a sequence can be realized by an (S)-proline-catalyzed asymmetric Mannich-
type addition of methyl ketones to form b-carbolines [158]. The reaction was used in
the synthesis of the tetracyclic precursor of yohimbine and deserpidine
(Scheme 9.84).

Another example is drawn from the synthesis of (þ )-fawcettimine involving
a catalytic 1,4-addition–intramolecular aldolization as a key step to prevent heteroat-
om-substituted hydrianones from participating in the cross-coupling reaction
(Scheme 9.85) [159]. Using an organocatalytic Robinson annulation, reaction between
a keto ester and crotonaldehyde gave 2-allylcyclohexanone in 88% ee and 72% yield.

A one-pot Michael addition Darzens-type domino reaction of a,b-unsaturated
aldehydes and g -chloro-b-keto esters was realized in preparing highly functionalized
cyclohexanone oxides (Scheme 9.86) [160]. After decarboxylation, the products were
isolated as a single diastereoisomer.

Scheme 9.84 (S)-Proline-catalyzed asymmetric synthesis of b-carbolines.

Scheme 9.85 Asymmetric 1,4-addition–Robinson annulation
sequence in the synthesis of (þ)-fawcettimine.
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A similar Michael addition–aldol condensation sequence has been devised for the
synthesis of chiral tetrahydrothiophenes containing three stereocenters starting
from various enals and 2-mercapto-1-phenylethanone and employing a TMS-pro-
tected proline derivative (3b) as catalyst (Scheme 9.87). It is possible to control the
regioselectivity of this domino reaction by varying the pH; indeed, diastereomerically
pure (tetrahydrothiophen-2-yl)phenylmethanones were obtained on adding NaH-
CO3, whereas the same reaction performed with benzoic acid led to tetrahydrothio-
phene carbaldehydes having one quaternary center [161].

The power of the iminium activation protocol was demonstrated by the synthesis
of (�)-flustramine B (Scheme 9.88) [162]. In this sequence, the intermediate
iminium is intercepted by intramolecular addition forming the tetrahydropyrroloin-
doline backbone.
An imidazolidine catalyst can promote the tandem Michael reaction–aldol

sequence between a,b-unsaturated ketones and a variety of aromatic and heteroaro-
matic b-keto esters to provide cyclohexanones containing three or four contiguous

Scheme 9.86 One-pot Michael addition Darzens-type domino
reaction ofa,b-unsaturated aldehydes and g -chloro-b-keto esters.

Scheme 9.87 Michael reaction–aldol condensation sequence in
the synthesis of chiral tetrahydrothiophenes.
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stereogenic centers with excellent enantio- and diastereoselectivity (Scheme
9.89) [163]. The first step consists in an intermolecular Michael addition, followed
by an intramolecular aldol condensation forming the elaborated cyclohexanone. The
whole reaction takes place thanks to a triple role of the catalyst, whichfirst activates the
Michael acceptor by formation of an iminium ion, then generates the active Michael
donor deprotonating the b-keto ester and finally acts as a base in the intramolecular
aldol reaction.

The two-fold dominoMichael addition of g ,d-unsaturated b-keto esters to nitroalk-
enes catalyzed by a bifunctional thiourea gives rise to highly functionalized cyclo-
hexanones (Scheme 9.90) [164]. The three contiguous stereogenic centers of the

Scheme 9.88 Synthesis of (�)-flustramine B via an addition–cyclization protocol.

Scheme 9.89 Chiral cyclohexanone synthesis by tandem Michael
reaction–aldol sequence between a,b-unsaturated ketones and
aromatic and heteroaromatic b-keto esters.

Scheme 9.90 Two-fold domino Michael addition sequence in the
synthesis of functionalized cyclohexanes.
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products were constructed with high diastereo- and enantioselectivity. This sequence
was further applied to the total synthesis of (�)-epibatidine.
A chiral carbene derived from aminoindanol triazolium salts mediated the

addition of a,b-unsaturated aldimines to electron-deficient alkenes in azadiene
Diels–Alder reactions (Scheme 9.91) [165]. This strategy, mediated by an N-hetero-
cyclic carbene, involved the generation of a highly reactive dienophile that partici-
pated in LUMO diene-controlled Diels–Alder cyclizations with a,b-unsaturated
imines.

Multicomponent Reactions
Catalysts may promote the assembly of different organic elements. The acid-cata-
lyzed three-component one-pot condensation of an aldehyde, a b-keto ester and (thio)
urea, the so-called Biginelli reaction, was realized with a chiral phosphoric acid
catalyst (74) [166]. The partial steps of the transformation involve a condensation of
the urea with the aldehyde, yielding an iminium intermediate that undergoes aldol-
type reactionwith the keto ester followed by cyclization under the reaction conditions
and affords chiral DHMP (Scheme 9.92).
The interconversion of enamines and iminium intermediates was also exploited

synthetically in sequential transformations. As the 1,4-addition to iminium-activated
enones gives rise to enamines and, in turn, the reaction of enamines gives rise to
iminium intermediates, these intermediates can be intercepted with suitable re-
agents. In seminal work, Enders et al.�s three-component domino reaction between
excess of aldehyde, nitroalkene and a nearly stoichiometric amount of a,b-unsatu-
rated aldehyde afforded tetrasubstituted cyclohexene carbaldehydes in good yields,
high diastereoselectivity and in almost complete enantioselectivity (Scheme 9.93)
[167]. The first step of the catalytic cycle involves the conjugate addition via enamine
formation of aldehyde and the nitroalkene followed by a Michael addition between
the nitroalkane and the a,b-unsaturated aldehyde via an iminium intermediate. The
third step of the domino sequence is an intramolecular aldol reaction of the enamine
and a subsequent dehydration gives rise to the polyfunctional cyclohexene. The

Scheme 9.91 Michael reaction–aldol condensation sequence in
the synthesis of chiral tetrahydrothiophenes.
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overall high stereoselectivity of the transformation is the consequence of the high
selectivity of the first Michael addition; the resulting intermediate presumably
dictates the stereochemistry of the reaction.
A catalytic enantioselective strategy was developed in which substituted phenols

are directly converted to complex non-racemicmolecular architectures (Scheme9.94)
[168]. The process involves oxidative dearomatization of substituted phenols followed
by a desymmetrizing secondary amine-catalyzed asymmetric intramolecular
Michael addition and forms a range of highly functionalized polycyclic molecules
with excellent selectivity.
A dominoMannich–Wittig olefination reaction was devised allowing easy entry to

functionalized a,b-unsaturated esters (Scheme 9.95) [169]. A subsequent diaster-
eoselective dihydroxylation of the products allowed the corresponding amino- and
iminosugar derivatives to be obtained stereoselectively in two steps (Scheme 9.95).
MacMillan�s catalyst 5 allowed the combination of the domino 1,4-hydride addition

followed by intramolecular Michael addition (Scheme 9.96) [20a]. The reaction is
chemoselective, as the hydride addition takes place first on the iminium-activated
enal. The enamine product of the reaction is trapped in a rapid intramolecular
reaction by the enone, as depicted in Scheme 9.96. The intramolecular trapping is
efficient and no formation of the saturated aldehyde can be observed. The best results
were obtained with MacMillan�s imidazolidinium salt 5 and Hantzsch ester I as
hydride source. As was the case in the cyclization reaction, the reaction affords the
thermodynamic trans product in high selectivity. Interestingly, an opposite sense of
asymmetric induction was noted compared with the transformation discussed in
Scheme 9.80.

Scheme 9.92 Chiral phosphoric acid-catalyzed Biginelli reaction.
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9.3.4.2 Multicatalyst Cascade Reactions
Polyfunctionalized tricyclic carbon frameworks containing up to eight stereogenic
centers were realized in a single pot by relaying Enders et al.�s cyclohexenal synthesis
with an intramolecularDiels–Alder (IMDA) strategy (Scheme 9.97) [170]. In this case
the cyclohexene carbaldehyde product bears a diene moiety able to undergo subse-
quent cycloaddition. The one-pot synthesis was performed by dilution of themixture
with dichloromethane after complete consumption of the starting materials and
adding an excess of dimethylaluminum chloride at �78 �C. In this new Michael–
Michael–aldol condensation– IMDA process, five new C�C bonds and eight

Scheme 9.93 Enders et al.�s three-component catalytic asymmetric domino reaction.
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stereogenic centers were formed with complete enantioselectivity in four steps
(>99%). The endo approach is favored due to kinetic control and steric interactions
in the TS. In this way, decahydroacenaphthylene and decahydrophenalene cores are
obtained, which are advanced precursors of biologically active natural products.

Scheme 9.95 The domino Mannich–Wittig olefination sequence.

Scheme 9.94 The oxidative dearomatization–intramolecular
Michael addition strategy in the synthesis of functionalized
polycyclic molecules.

Scheme 9.96 Domino 1,4-hydride addition followed by intramolecular Michael addition.
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9.4
Conclusion

Asymmetric organocatalytic reactions offer synthetically viable alternatives to metal
complex-mediated reactions.Most of themajor enantiocatalytic transformations have
found organocatalytic alternatives, but reaction scopes usually remain below those of
metal complex-mediated reactions. Bifunctional cooperative chiral catalysts having
bothnucleophilicLewisbaseandBrønstedacidsiteswerefoundtobethemostefficient.
While many important factors that govern reactions have been uncovered, our
understanding of the basic factors controlling reactivity and selectivity remains only
partial. Although substrate dependence remains an important issue, there are more
andmoretransformationsthatarereachthestandardsofcurrentasymmetricreactions.
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10
Palladacycles in Catalysis
Jairton Dupont and Fabricio R. Flores

10.1
Introduction

Palladacycles or cyclopalladated compounds are heterocycles in which at least one
heteroatom is palladium [1]. However, most of these compounds are composed of a
Pd–carbon bond stabilized intramolecularly by coordination of at least one two-
electron donor group such as those containing nitrogen, sulfur, phosphorus atoms,
etc. The most common palladacycles possess anionic four-electron donor or six-
electron donor moieties (Scheme 10.1) [2–16].
Most of the interest in these compounds centers on their facile synthesis and easily

handling. Moreover, the possibility of modulating their electronic and steric proper-
ties renders them an interesting and varied family of organometallic compounds.
Palladacycle chemistry is a fascinating area and this interesting class of com-

pounds represents a challenge to chemists not only in terms of their synthesis but
also in terms of their structures, design and types of ligands metalated. They have
applications in domains as diverse as biological chemistry, material science, synthe-
sis, ligand resolution and catalysis. However, the most important application of
palladacycles is no doubt in catalysis. The applications of palladacycles as catalyst
precursors are fairly recent, with the first use being reported in the 1980s with the
hydrogenation of alkenes by a cyclopalladated triphenyl phosphite [17]. This was
shortly followed by the use of cyclopalladated azobenzene, hydrazobenzene and
N,N-dimethylbenzylamine in the selective reduction of nitroaromatic compounds,
nitroalkenes, nitriles, alkynes, alkenes and aromatic carbonyl compounds [18, 19].
However, it was not until the first report on the synthesis and applications in catalytic
C–C coupling reactions of the palladacycle derived from the cyclopalladation of
tris-o-tolylphosphine [20, 21] and the use of nitrogen-containing palladacycles as
catalyst precursors for the telomerization of 1,3-dienes with alcohols [22] that the rich
chemistry of these organopalladium compounds received renewed interest, which
still continues to flourish.
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This chapter will concentrate on isolated andwell-defined compounds that contain-
ing a Pd�C bond stabilized by the intramolecular coordination of one or two neutral
donor atoms (N, P, As, O, Se or S), i.e. the organic moiety acts as a C-anionic four-
electron donor ligand or as a C-anionic six-electron donor ligand (Scheme 10.1).
This chapter does not attempt to be comprehensive on the catalytic properties of

palladacycles, but it summarizes their main applications as catalyst precursors.
Various aspects of the applications of palladacycles in catalysis have been the subject
of interesting specialized reviews that have catalogued and summarized the main
reactions promoted by these organometallic catalyst precursors [3, 23–27]. In this
chapter, we will critically present themain achievements, potential and limitations of
palladacycles in catalytic C�C and C�heteroatom bond-forming reactions.

10.2
Catalyst Precursors for C�C and C�X (Heteroatom) Coupling Reactions

There have been hundreds of reports over recent years on the use of known and new
palladacycles as catalyst precursors for C�C coupling reactions, in particular of the
Heck and Suzuki type. Palladacycles have been shown to be very active in a number of
important C�C and C�X (heteroatom) bond-forming reactions with very high
turnover numbers (TONs), but these reactions proceed in most cases with a variety
of simple �archetypal� substrates. However, most of these catalytic systems are not
transposable tomore challenging coupling partners wheremuch higher palladacycle
loadings are needed.
Although the involvement of Pd(II)/Pd(IV) reaction paths in catalytic reactions

promoted by palladacycles has been suggested several times, only recently have
Pd(IV) species been isolated and fully characterized (Scheme 10.2) [28].However, it is
the facile redox interchange between the two stable Pd(II)/Pd(0) oxidation states that
is mainly responsible for the rich chemistry enjoyed by these compounds.Moreover,

Scheme 10.2

Scheme 10.1 Examples of classical four electron-donor CY
and six-electron donor pincer-type palladacycles (Y¼NR2,
SR, PR2, etc.).
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their compatibility with most functional groups also differentiates them frommany
other transition metal complexes.
In most cases, the palladacycles serve as a reservoir of catalytically active Pd(0)

species [29, 30]. In fact, almost any palladacycle can promote the coupling of iodo-
and bromoarenes with alkenes, boronic acids and alkynes at relatively elevated
temperatures, often combined with a base and an additive salt such as a quaternary
ammonium salt [31, 32]. Turnover numbers are usually on the order of 104–106

cycles, under homogeneous, supported or two- phase conditions and are usually
achieved with palladacycles halogen- or acetate- bridged dimers (1–4), monomers (5)
and pincers (6) (Scheme 10.3). For example, imine derivatives such as 2were the first
C,N-palladacycles reported to promote deHeck and Suzuki coupling [33, 34] after the
introduction of the C,P-palladacycle 1.

10.2.1
Heck–Mirozoki Coupling

It is well known that under the reaction conditions usually employed (temperatures
above 100 �C), evenultra-traces of palladium in reaction vessels promote the coupling
of iodo- and bromoarenes with alkenes [31]. In this respect, palladacycles are most
likely to serve as a reservoir of catalytically active Pd(0) species that are similar to those
formed in the denominated phosphine-free catalytic systems [35, 36], and the re-
action most probably follows the classical Pd(0)/Pd(II) catalytic cycle (Scheme 10.4).
The catalytic activity differences observed with these different palladacycle pre-

cursors have been rationalized in terms of catalyst preactivation [27]. It has been
proposed that the key step in these cases is the slow release of a low-ligated active
Pd(0) species. Therefore, the most efficient palladacycles will be those where the
release of active Pd is neither too fast (typical of poorly thermally stable palladacycles
that preferentially result in the formation of inactivemetallic palladium) nor too slow

Scheme 10.3 Examples of palladacycles employed as catalyst
precursors for C�C and C–heteroatom coupling reactions.
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(typical of thermally robust palladacycles, which would require higher temperatures
to start the reaction in order to maintain a reasonable reaction rate). The formation
of the Pd(0) catalytic active species in the Heck reactions from palladacycles most
probably results from an alkene insertion into the Pd�C bond of the palladacycle
followed by ab-hydride elimination and reductive elimination (Scheme10.5) [37–39].

In these systems, the stabilization of the thus formed Pd(0) soluble species is
essential to maintain the catalytic activity [29]. This stabilization of soluble Pd(0)
species can be achieved either by high dilution of the catalyst or by the addition of
extra -stabilizer such as quaternary ammonium salts (Jeffery conditions) [40] and/or
ligands. Thus, many of the high TONs observed with palladacycles in the coupling of
more easily activated aryl halides are probably a consequence of their low dilution
leading to retardation of palladium precipitation.

Scheme 10.5

Scheme 10.4
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The role of NBu4Br additive or ligands such as phosphines and carbenes in the
reaction media associated with the palladacycles is as Pd(0)-stabilizing agents which
hinder its agglomeration to metallic palladium. In most cases the reactions per-
formed in the absence of the additive NBu4Br [40, 41] or phosphines or carbenes
occur with sedimentation of metallic palladium. Moreover, it is common that
deposition of palladium black occurs in reactions performed with a deficiency of
aryl halides and reaction deactivation occurs by formation of [PdXn]

m� salts via
reductive coupling of the oxidative addition product in reactions performed with an
excess of aryl halides. The possible deactivation–regeneration pathways involved in
the catalytic process are summarized in Scheme 10.6 [42]. The first decomposition
pathway (deactivation I) is the formation of Pd nanoparticles and eventually Pdmetal
through agglomeration of Pd(0). The agglomeration process is autocatalytic and
thermodynamically downhill. In cases where ligands and/or stabilizing agents are
present (exerting kinetic control on the nucleation step), the regeneration process
occurs through oxidative addition of the haloarene to form soluble Pd(II) species
(regeneration I). This regeneration process is dependent on the halide concentration,
and the Pd nucleation rate increases with decrease in halide concentration [43].
The second decomposition pathway consists in the formation of Pd(II) halide

species [43–45] (such as PdX2, PdX3
�, PdX4

2� and Pd2X6
2�) together with the

formation of biaryls and haloarene reduction products (deactivation II). These Pd(II)
salts andhomocoupling andhydrogenolysis products are generated from theoxidative
addition intermediate, probably through a bimolecular process [43]. The regeneration
(regeneration II) of the catalytically active species occurs through the reduction of Pd
(II) halides promoted by the base. The most effective bases are tertiary amines for
lower temperatures and acetates for higher temperatures. The use of acetates at lower
temperatures promotes the complete deactivation of the system, since the palladium
halide species formed during the reaction are not reduced by acetate at temperatures
below 130 �C. In contrast, the use of tertiary amines as base induces the formation of

Scheme 10.6 Possible deactivation/regeneration of the Pd
species involved in the Heck catalytic process promoted by
palladacycles. Adapted from [43].
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metallic palladium due to their strong and faster reducing properties towards
palladium halide species compared with other bases, such as acetate [46].
Not surprisingly, the most efficient and active palladacycles for C�C coupling

reactions involving the less reactive aryl chloride substrates are those associated with
phosphines and carbenes. There are only a few examples of Heck reactions involving
chloroarenes [47] promoted by palladacycles and in most cases the reaction condi-
tions use temperatures above 150 �C in molten salts and give similar results to those
for a simple PdCl2 salt in terms of yields and TONs [48]. Of note is the remarkable
catalytic activity observed in the high-temperature (>130 �C) Heck coupling of aryl
chlorides with styrene with a pincer phosphinito palladacycle (7) [49], a cyclopalla-
dated oxime (10) [50] andCN-palladacycles associatedwith carbenes (11) [51] or bulky
and electron-rich phosphines (12) [52] (Schemes 10.7 and 10.8). Other examples of
palladacycles that promote the Heck reaction of aryl chlorides with alkyl-acrylates
and/or styrenes are dimeric sulfur derivatives (3) and 1,2,4-triazole-based palladium
(II) pincer complexes (13) (Schemes 10.7 and 10.8).

Moreover, there isonlyoneexampleofapalladacycle thatcatalyzestheHeckcoupling
at room temperature [30] (palladacycle 4, Scheme 10.3), and in this case the chlor-
opalladatedpropargylamineactsasareservoirofcatalyticallyactivePd(0)species.Some
attemptshavebeenmadetosupportandtransformhighlyactivecatalysts(Scheme10.8)
into multiphasic systems where the catalyst can be easily separated and reused:

. palladacycles immobilized in ionic liquids [53, 54] or water [55]

. SCS pincer palladacycles covalently bound to a PEG polymer [56–58]

Scheme 10.7 Examples of palladacycles successfully employed
for Heck coupling involving aryl chlorides.

Scheme 10.8 Examples of modified palladacycles with perfluoro
chains, polyethylene glycol and imidazolium nucleus.
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. temperature-dependent miscibility of palladacycles containing perfluoro chains in
organic solvents [59, 60]

. immobilization of the palladacycle in polymers [61, 62], such as a polystyrene-
immobilized imine–palladacycle system [63]

. MCM-41 mesoporous materials [64–67] and silica [68].

However, leaching of palladium from the solid or liquid supports to solution
was observed and a significant amount of catalytic activity was assigned to
palladium dissolved in the reaction solution [62, 69–71]. It is now almost a
consensus – from detailed mechanistic studies – that in these cases the pallada-
cycles are actually reservoirs of highly catalytically active Pd(0) species [72, 73]. The
situation is more complicated because some researchers are, unfortunately,
still using electron-poor (activated) aryl bromides, such as 4-bromonitrobenzene,
to test the effectiveness of palladacycles [74]. At the very least, an electron-rich aryl
halide such as 4-bromoanisole should be used as a benchmark substrate in the
Heck reaction [31].
However, Heck-type reactions employing palladacycles are gratifyingly not

limited to simple substrates and some recent examples are given below in order
to illustrate their expanding synthetic scope. For example, Herrmann–Beller
palladacycle 1 has been used for the generation of functionalized arylphosphine
ligands starting from bromo-substituted phenylphosphine oxides, for the attach-
ment to solid surfaces [75] or for use as �ponytails� and �split pony tails� in
fluorinated solvents [76], for the synthesis of an imidazole derivatives [77], for
double Heck reactions, one intermolecular process followed by an intramolecular
process, along with 2,20-dibromoaryls and ethyl acrylate (Scheme 10.9) [78].
Heterocycles can be also formed by intramolecular or domino Heck coupling
reactions (Scheme 10.9).

Scheme 10.9 Examples of intramolecular Heck reactions
promoted by Herrmann–Beller palladacycle 1.
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10.2.2
Suzuki Coupling

It should be noted once again that highly electronically activated substrates, such as
4-bromoacetophenone, do not provide a particularly useful yardstick for C�C
coupling reactions [79]. Indeed, any palladium catalyst precursors, such as palladium
acetate in the absence of added ligands, promote the coupling of these substrateswith
arylboronic acids even at room temperature [32]. Much of the success enjoyed by
palladacycles in the Suzuki reaction can be traced to the fact that they act as well-
defined, easily handled, stable precursors to highly active Pd(0) catalysts. In this
respect, it has been demonstrated in Suzuki and related cross-coupling reactions
catalyzed by several distinct types of palladacycles that the generation of the Pd(0)
catalytically active species occurs by the activation pathway outlined in Scheme 10.5.
The arylboronic acid attacks the palladium center – usually substitution of a halide or
other anionic ligand – to generate a palladacycle with an additional aryl ligand. This
aryl group and the ortho-metalated moiety function then undergo reductive elimina-
tion to yield a Pd(0) complex.
In the case of Suzuki coupling, the Pd(0) catalytically active species are formed

through a reductive elimination process between the palladated ligand and the
arylboronic acid (Scheme 10.10) [80–82].

Thus CN, CP, CS, pincer (SCS, NCN and PCP) types associated or not with extra-
stabilizing ligands such as phosphines of NC carbenes (Schemes 10.3 and 10.7) have
been successfully used in the coupling of simple arylboronic acids and aryl iodides
and bromides under different reaction conditions. Thus the coupling of phenyl-
boronic acidwith 4-bromoacetophenone, 4-bromoanisole and 4-chloroacetophenone
gave TONs (moles product/moles catalyst) of 74 000, 7600 and 2100, respectively,
using the Herrmann–Beller CP palladacycle 1 [21]. Other palladacycles under
optimized reaction conditions, such as the ortho-metalated triaryl phosphites 14
(Scheme 10.11), is considerably more active in the coupling of phenylboronic acid
with 4-bromoacetophenone – TONs of up to 1 000 000 [83] – and with the more
electronically challenging substrate 4-bromoanisole, a TON of 30 000was attained. It
is worthmentioning the extensive studies on the use of oxime-based palladacycles of
the type 10 in a range of Suzuki coupling reactions and TONs of up to 500 000 are
seen with the electronically activated substrate 4-bromoacetophenone [84]. Usefully,
the catalysis can be performed under aqueous conditions [85, 86] and these com-
plexes are also capable of catalyzing the coupling of aryl halides with alkylboronic

Scheme 10.10
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acids and anhydrides. Furthermore, they can be employed in the coupling of
arylboronic acids with allylic chlorides and acetates and also benzylic chlorides in
organic or aqueousmedia [86, 87]. However, themain challenges in Suzuki coupling
are related to the use of less reactive aryl halides such as aryl chlorides and aryl
bromides substituted with electron-donating groups, at room temperature and
using low Pd loadings (>0.1%), and/or couplings of two sterically hindered
substrates. However, with these conditions and substrates, only a few palladacycles
have shown some catalytic activity [52, 80, 84, 88–93]. Not surprisingly, the best
results on the coupling of arylboronic acids with aryl chlorides were obtained with
phosphapalladacycles or with palladacyclesmodified with carbenes or phosphorus-
containing ligands, in particular the CN [94] and CP [92] palladacycles
(Scheme 10.11) associated with PCy3 that catalyzed the coupling of 4-chlorotoluene
and 4-mehoxychlorobenzene with phenylboronic acid with TONs up to 96 000 and
8000, respectively.
This might be rationalized by the extra stability provided by these ligands for the

stabilization of the low-ligated catalytically active Pd(0) species involved in themain
catalytic cycle. In particular, the CNP pincer palladacycle (Scheme 10.12) [95]
is a highly efficient catalyst precursor for the coupling of arylboronic acids and
electron-rich and -poor aryl chlorides. The corresponding cross-coupled products
were isolated in excellent yields and awide variety of functional groups are tolerated
in both aryl chloride and arylboronic acid. The experimental protocol has also
been extended to the coupling of iodo- and bromoarenes with arylboronic acids
for the generation of hindered biphenyls such as those containing two ortho
substituents. Steric hindrance is more sensitive for ortho substituents in the

Scheme 10.11 Examples of palladacycles that are highly active
catalyst precursors for the Suzuki coupling of aryl chlorides.

Scheme 10.12
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arylboronic acid and ismore pronouncedwhen the coupling reaction involves three
ortho substituents [96].
Moreover, a salicylaldehyde-based phosphite ligand in the palladacycle derivative

17 (Scheme 10.13) gives very high TONs in the coupling of aryl chlorides, up to
128 000 and 2 000 000 with 4-chloroanisole and 4-chloronitrobenzene, respective-
ly [97]. The ferrocene-based palladacycle 18 (Scheme 10.13) is able to couple both
electronically deactivated and sterically hindered aryl chlorides such as 4-chloroa-
nisole and 2-chloro-m-xylene with phenylboronic acid, even at room temperature. At
60 �C the coupling of the non-activated substrate 4-chlorotoluene proceeds with
TONs of over 9500 [93].

Palladacycles are being evaluated in more elaborate synthetic challenges, as for
example the Suzuki-type cross-couplings involving 2-bromo-N,N-dimethylaceta-
mide [98] and the six-fold vinylation of a very hindered substrate hexabromoben-
zene [99] catalyzedbypalladacycle1. A series of 5,8-p-extended quinoxaline derivatives
and 4,7-p-extended 2,1,3-benzothiadiazole derivatives [100, 101] were obtained by
Suzuki coupling between 5,8-dibromoquinoxaline derivatives and boronic acids with
the employment of an NCP-pincer palladacycle [95, 96] (Scheme 10.12) as a catalyst
precursor. Note that the classical Suzuki cross-coupling protocol [102] which employs
Pd(PPh3)4 results in almost no product in this specific coupling [103].

10.2.3
Stille, Kumada and Negishi Coupling

Palladacycles have been exploited in a range of other biaryl coupling reactions,
namely the Stille, Kumada and Negishi couplings (Scheme 10.14) of aryl bromide
substrates, in particular palladacycle 1 [23, 104].

The Suzuki coupling of aryl bromides has been extensively investigated using
oxime-based palladacycles 10 [105] and ferrocenyl derivative 19 (Scheme 10.13) [106],

Scheme 10.13 Palladacycles used in C�C and/or C�N coupling reactions.

Scheme 10.14 M¼ SnR3, MgX, Li, etc.
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while the tricyclohexylphosphine adduct palladacycle 5 can be used with aryl
chlorides [107].
The formation of the catalytically active species for these coupling reactions is

similar to that observed for the Suzuki coupling. It involves the attack of the aryl group
on the Pd center followed by reductive elimination of the palladated unit with the aryl
ligand (Scheme 10.15) [23]. Indeed, the by-product resulting from the coupling of the
metalated ligand and the aryl group has been observed in various cases involving
CP [108], CN [81, 109] and CS [110] palladacycles.

Solid-phase Stille couplings yield biaryls employing a resin-bound stannane [111]
and biphenyl analogue precursors to biphenomycin antibiotics [112] were synthe-
sized in excellent yield via a Stille coupling using palladacycle 1.

10.2.4
Buchwald–Hartwig Amination

The Buchwald–Hartwig amination (Scheme 10.16) of aryl bromide [104] and
activated aryl chloride [113] substrates is also catalyzed by palladacycle 1 under
relatively mild reaction conditions and the use of potassium tert-butoxide as base is
crucial for the success of this C�Nbond-forming reaction. TONsup to 900 and yields
up to 80% have been obtained. The palladacycle 20 (Scheme 10.13) is a single source
of air-stable, easily handled and commercially available catalyst for the amination of
aryl chlorides [114, 115].

As observed in the Heck and Suzuki reactions, alkylphosphine, in particular tri-
tert-butylphosphine, adducts of N,C- [80, 109] and P,C-palladacycles [116] show
substantially enhanced activity in the Buchwald–Hartwig amination of aryl chlorides
and can be used in the coupling of electronically deactivated aryl chlorides. In
particular, those formed in situ with PtBu3 gives a TON of 920 in the coupling of
4-chloroanisole with morpholine [109]. Carbene adducts of palladacycles also show
excellent activity; the complex 21 (Scheme 10.16) can be used for the amination of
both aryl chlorides and aryl triflates under mild conditions. In particular, interesting

Scheme 10.15

Scheme 10.16 Buchwald–Hartwig amination of aryl halides promoted by palladacycles.
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selectivity was obtained for monoarylated products when monosubstituted amines
were used as substrates [117].
It has been demonstrated that Pd(0) is the catalytically active species and in

particular that the dimeric palladacycle 1 reacts with diethylamine to give the amine
monomer, which is deprotonated in the presence of a base (NaOtBu) to give the Pd(0)
complex via b-elimination of the amide ligand (Scheme 10.17) [104].

10.2.5
Sonogashira Coupling

Palladacycles have proven also to be useful and versatile catalytic precursors for
Sonogashira coupling reactions (Scheme 10.18) and again the first report was on the
use of phosphapalladacycle 1 that performs the copper-free coupling of activated and
non-activated aryl bromides with phenylacetylene in triethylamine at 90 �C [118].
However, neither aryl chlorides nor alkylacetylenes give satisfactory results.

Several nitrogen-derived palladacycles have been presented showing good activity
in the Sonogashira reaction under different reaction conditions. The use of oxime-
derived palladacycles [119] is an active approach for the conventional copper co-
catalyzedSonogashira coupling of iodobenzene andphenylacetylene in pyrrolidine at
90 �C [105]. However, the use of tetrabutylammonium acetate as base with NMP as
solvent at 110–130 �C has allowed the use of these palladacycles for the copper- and

Scheme 10.17

Scheme 10.18
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amine-free coupling of aryl iodides, aryl bromides and vinyl bromides with various
alkynes [120, 121].
These oxime palladacycles can be used in several other Sonogashira-type

couplings such as thedichlorobenzophenone oximepalladacycle22 (Scheme10.18)
that has been employed as a copper-free promoter for the acylation of terminal
alkynes with different carboxylic acid chlorides in toluene in the presence of TEA
as base, giving the corresponding ynones or for the sila-Sonogashira coupling
between alkynylsilanes and aryl iodides and bromides in the presence of CuI or
TBAB as co-catalysts.
Other palladacycles are also effective active catalyst precursors for Sonogashira

coupling involving aryl iodides and bromides such as the sulfinimine palladacycle
23 [122], the triphenylphosphine adduct palladacycle 24 derived from benzo[b]
quinoline [123] and the N-heterocyclic NCN-pincer palladium complex 25
(Scheme 10.19) [124].

In this respect, the phosphine adduct palladacycles 26 [125] and 27 [126]
(Scheme 10.20) are of special interest since they efficiently perform the Sonogashira
cross-coupling reaction of aryl iodides, aryl bromides and activated aryl chlorides

Scheme 10.19 Palladacycles successfully used as catalyst
precursors for Sonogashira coupling reactions.

Scheme 10.20 Palladacycles used in Sonogashira coupling reactions.
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with aliphatic and aromatic terminal alkynes under amine- and copper-free condi-
tions. Pincer palladacycles such as the PCP 7 were also used to cross-couple a wide
range of activated and non-activated aryl chlorides with phenylacetylene using ZnCl2
as additive and the reaction was performed at 160 �C [127].
However,monomeric palladacycles such as 28 promote the alkynylation of bromo-

and iodoarenes with terminal alkynes at room temperature and TONs up to 105 have
been achieved with iodoarenes. Selective poisoning experiments (Hg, Collman and
Crabtree tests) suggest that soluble Pd(0) species are the most probable catalytically
active species involved in this coupling reaction [128].
Reusable palladacycle catalytic systems for the Sonogashira reaction have been

attempted using palladacycle 29 (Scheme 10.20) immobilized in ionic liquids or
PEG [129]. However, under copper-free conditions and heating in ionic liquids at
120 �C, palladacycle 29 decomposes, whereas this problem does not occur upon
prolonged heating in PEG where decomposition instead generates PEG-stabilized
active nanoparticles in a �homogeneous� recyclable system. In addition, the anchored
and soluble PEG palladacycle 30 has been used as a catalyst for a copper-free
Sonogashira reaction using cesium acetate as base at 150 �C, forming recyclable
catalytically active palladium nanoparticles stabilized by PEG [130].
On the other hand, the soluble linear polystyrene-supported phosphapalladacycle

31 has been used in a copper-free Sonogashira coupling of 4-bromoacetophenone
and phenylacetylene and this polymeric catalyst was reused up to four times,
maintaining conversions of more than 90%, but no palladium leaching studies
were performed [62, 131].
Herrmann�s palladacycle 1 in the presence of CuI as co-catalyst has been efficiently

employed in a catalytic traceless solid-phase approach to the synthesis of 2,6,9-
trisubstituted purines from resin-bound 6-thiopurines [132].

10.2.6
Other Cross-coupling Reactions

Only a few examples of Ullmann homocoupling reaction (Scheme 10.21) promoted
by palladacycles such as 3 [133], 23 [122], 29 [84] and others [134] have been reported
so far and in those cases only marginal catalytic activities were obtained with less
reactive chloroarenes.

Monomeric phosphine or NCN carbene palladacycle derivatives such as 12 and 21
have been successfully employed for the coupling of ketones (cyclohexanone and
ethyl phenyl ketone) with deactivated 4-methoxychorobenzene using sodium tert-
butoxide as a base and TONs up to 200 were achieved (Scheme 10.21) [52, 117].

Scheme 10.21
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10.3
Other Catalytic Reactions Catalyzed by Palladacycles

10.3.1
Asymmetric Rearrangements

When using a non-racemic palladacycle for asymmetric synthesis, two distinct
outcomes can be observed depending on whether the palladacycle maintains its
oxidation state, where highly enantioselective reactions are often observed, such as
in allylic rearrangements or aldol condensations. If there is a prior change in Pd
oxidation state as in reactions employing Pd(II) containing precatalysts and pre-
cursors to Pd(0), racemic product is usually obtained since the generated Pd(0) is no
longer attached to the chiral ligand.HenceHeck reactions [135], hydroarylations [136]
and cyclopropanations [137, 138] catalyzed by non-racemic palladacycles yield race-
mic products. Oxazoline-containing palladacycles, such as 32 (Scheme 10.22), were
excellent catalysts for intramolecular asymmetric aminopalladations, achieving ees of
91% (Scheme 10.23) [139].

Planar chiral palladacycles (Scheme 10.22) have been used as very successful
catalysts for asymmetric allylic rearrangements leading to a high degree of stereo-
differentiation. The allylamine (Scheme 10.25, R1 ¼ nPr, R2¼Ph, Ar¼C6H4CF3)
was obtained in 97% ee employing the oxazoline derivative 32, whereas it is
formed with 80% ee when the chromium-containing complex 35 was used

Scheme 10.22 Chiral palladacycles employed as asymmetric
catalyst precursors for rearrangement processes.

Scheme 10.23
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(Scheme 10.22) [140]. This process is assumed to be via an associative mechanism
with an axial approach of the olefin to the square-planar palladium environment
[141]. Indeed, butadiene–cobalt-containing analogues 34 conferred high enantios-
electivities in allylic rearrangements leading to protected allylic amines [142–144].
Analogous asymmetric allylic imidate rearrangements and by palladacycle 34
afford chiral allylic esters in nearly quantitative yield and excellent ees (up to
99%) [145].
However, complexes such as 36 (Scheme 10.24) were found to afford relatively

poor ees, e.g. 10% ee for the allylic rearrangement (Scheme 10.25, R1¼Me, R2¼H,
Ar¼Ph), although 37 (10mol%) led to a respectable 79% ee [146].

10.3.2
Aldol Condensations and Related Reactions

PCP pincer complexes 38 and 39 (Scheme 10.26) catalyze the addition of allylstan-
nanes or allyl borates to aldehydes, imines and tosylamides (Scheme 10.27). The
robust nature of the pincer system ensures that the allylic intermediate is nucleo-
philic, i.e. h1-bound to the metal center [147–149].

Scheme 10.24 Non-racemic palladacycles tested in allylic rearrangements.

Scheme 10.26 Pincer palladacycles used in aldol condensations.

Scheme 10.25
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The asymmetric version of this nucleophilic allylic addition chemistry has been
disclosedwith acceptable ees when employing the BINOL-substituted palladacycle 40
(Scheme 10.28) [150]. This processes is thought to involve a monomeric Pd(II)
complex as opposed to (achiral) Pd(0).

Pincer-type palladacycles have also been employed as chiral Lewis acids for aldol
andMichael-type chemistry in the formation of heterocyclic and acyclic compounds.
Moderate to good degrees of success in terms of asymmetric induction were
observed, up to 34% ee for the formation of the acyclic Michael product
(Scheme 10.29) [151–154].

A related Michael addition employed the elaborate pincer complex 42 as catalyst
and was used for the formation of the quaternary carbon center with excellent
enantioselectivities of up to 83% (Scheme 10.29) [155].

Scheme 10.28 Non-racemic pincer palladacycles used in
asymmetric aldol condensations and related reactions.

Scheme 10.29

Scheme 10.27
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10.3.3
Oxidation, Telomerization and Substitution Reactions

Acetate-bridged palladacycles derived fromN(sp2)-containing ligands such as oxazole
43 and pyridine 44 (Scheme 10.30) are effective catalysts for the oxidation of primary
and secondary alcohols to the corresponding aldehydes and ketones under an
atmospheric pressure of air without the addition of any other re-oxidants [156–158].

The telomerization of 1,3-dienes with alcohols can be performed by palladacycles
(Scheme 10.31). Cationic derivatives such as those derived from the cyclopalladation
of 8-methylquinoline and N,N-dimethylbenzylamine promote the telomerization of
1,3-butadiene with methanol, affording the telomers C16OMe as the major products
(Scheme 10.32) [22]. These palladacycles associated with phosphine enolate deriva-
tives are effective for the coupling of two 1,3-butadiene units with carbon dioxide,
affording the lactone 2-ethylidene-6-hepten-5-olide with selectivity up to 93%
(Scheme 10.32) [159].

The telomerization of isoprene with methanol was also performed using non-
racemic cyclopalladated imines but without any asymmetric induction [160].
Palladium pincer complex 47 (Scheme 10.33) efficiently catalyzes the regioselec-

tive transfer of stannyl or silyl groups to propargyl chlorides or epoxides [161, 162].

Scheme 10.30 Palladacycles employed as catalyst precursors for aerobic oxidation of alcohols.

Scheme 10.31 Palladacycles employed as catalyst precursors for
the telomerization of 1,3-dienes with alcohols or carbon dioxide.

Scheme 10.32
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The proposed reaction mechanism involves a transmetalation step in which the
trialkylstannyl or trialkylsilyl groups are transferred to the palladium center followed
by the transfer of the organometallic fragment to the propargylic substrate.
Similarly, a hydroxy to boronate substitution process could be achieved undermild

conditions using a wide variety of allyl alcohols and diboronic acid with 5mol%
pincer complex 48 (Scheme 10.33) in a mixture of DMSO and MeOH. This reaction
can be employed for the regio- and stereoselective synthesis of allyl boronic acids that
are not sufficiently stable under solvent-free conditions and were immediately
converted to their trifluoro(allyl)borate derivatives (Scheme 10.34) [163].

10.4
Conclusion

Palladacycles have numerous applications beyond the usual scope of C�C cross-
coupling reactions and related chemistries. Palladacycle precatalysts can show very
high activity inHeck andSuzuki coupling, Buchwald–Hartwig amination and related
coupling reactions under mild conditions, for instance at room temperature or in
water. Their ease of handling, high thermal stability and low air sensitivity add to their
general appeal. It is clear, however, that the palladacycles that serve as precursors to
highly active palladium(0) species consist of soluble clusters or colloids, often
stabilized by quaternary ammonium salts in highly dilute solutions or highly active,
low-coordinate complexes of electron-rich phosphines or carbenes. Moreover, there
is a fine balance to play between the relative rates of active catalyst production and
decomposition and it seems likely that in themany examples palladacycle precursors
outperformmore than classical palladium sources. Moreover, a greater understand-
ing of the mechanisms involved in palladacycle-mediated reactions has led to the
development of reactions that have wide applications in organic synthesis. In
particular, chiral palladacycles are very important catalysts for enantioselective allylic
rearrangements, allylic additions and aldol chemistry, since they act as Pd(II) Lewis
acids and no redox process occurs. Palladacycles will no doubt continue to have a
huge impact in atom economical synthesis, in particular in the area of CH activation
chemistry that will continue to flourish.

Scheme 10.33 NCN and SeCSe palladacycles used in nucleophilic substitution reactions.

Scheme 10.34

10.4 Conclusion j337



References

1 Cope, A.C. and E.C., Friedric (1968)
Journal of the American Chemical Society,
90, 909.

2 Dehand, J. and Pfeffer, M. (1976)
Coordination Chemistry Reviews, 18, 327.

3 Dupont, J., Consorti, C.S. and Spencer, J.
(2005) Chemical Reviews, 105, 2527.

4 Omae, I. (1979) Coordination Chemistry
Reviews, 28, 97.

5 Omae, I. (1979)Chemical Reviews, 79, 287.
6 Omae, I. (1980) Coordination Chemistry
Reviews, 32, 235.

7 Omae, I. (1982) Coordination Chemistry
Reviews, 42, 245.

8 Omae, I. (1982) Journal of Synthetic
Organic Chemistry, Japan, 40, 147.

9 Omae, I. (2004) Coordination Chemistry
Reviews, 248, 995.

10 Pfeffer, M. (1990) Recueil des Travaux
Chimiques des Pays-Bas Journal of the
Royal Netherlands Chemical Society, 109,
567.

11 Pfeffer, M. (1992) Pure and Applied
Chemistry, 64, 335.

12 Singleton, J.T. (2003) Tetrahedron, 59,
1837.

13 Albrecht, M. and van Koten, G. (2001)
Angewandte Chemie-International Edition,
40, 3750.

14 Steenwinkel, P., Gossage, R.A. and van
Koten, G. (1998) Chemistry – A European
Journal, 4, 759.

15 van der Boom, M.E. and Milstein, D.
(2003) Chemical Reviews, 103, 1759.

16 Bruce, M.I. (1977) Angewandte Chemie-
International Edition, 16, 73.

17 Lewis, L.N. (1986) Journal of the American
Chemical Society, 108, 743.

18 Bose, A. and Saha, C.R. (1989) Journal
of Molecular Catalysis, 49, 271.

19 Santra, P.K. and Saha, C.R. (1987) Journal
of Molecular Catalysis, 39, 279.

20 Herrmann, W.A., Brossmer, C., Ofele, K.,
Reisinger, C.P., Priermeier, T., Beller, M.
and Fischer, H. (1995) Angewandte
Chemie-International Edition, 34, 1844.

21 Beller, M., Fischer, H., Herrmann, W.A.,
Ofele, K. and Brossmer, C. (1995)
Angewandte Chemie-International Edition,
34, 1848.

22 Camargo, M., Dani, P., Dupont, J.,
deSouza, R.F., Pfeffer, M. and
Tkatchenko, I. (1996) Journal of
Molecular Catalysis A-Chemical,
109, 127.

23 Herrmann, W.A., Bohm, V.P.W. and
Reisinger, C.P. (1999) Journal of
Organometallic Chemistry, 576, 23.

24 Dupont, J., Pfeffer, M. and Spencer, J.
(2001) European Journal of Inorganic
Chemistry, 1917.

25 Bedford, R.B. (2003) Chemical
Communications, 1787.

26 Bellina, F., Carpita,A. andRossi, R. (2004)
Synthesis, 2419.

27 Beletskaya, I.P. and Cheprakov, A.V.
(2004) Journal of Organometallic
Chemistry, 689, 4055.

28 Whitfield, S.R. and Sanford, M.S. (2007)
Journal of the American Chemical Society,
129, 15142.

29 Consorti, C.S., Flores, F.R. andDupont, J.
(2005) Journal of the American Chemical
Society, 127, 12054.

30 Consorti, C.S., Zanini, M.L., Leal, S.,
Ebeling, G. and Dupont, J. (2003)Organic
Letters, 5, 983.

31 Gruber, A.S., Pozebon, D., Monteiro, A.L.
and Dupont, J. (2001) Tetrahedron Letters,
42, 7345.

32 Zim, D., Monteiro, A.L. and Dupont, J.
(2000) Tetrahedron Letters, 41, 8199.

33 Ohff, M., Ohff, A. and Milstein, D. (1999)
Chemical Communications, 357.

34 Weissman, H. and Milstein, D. (1999)
Chemical Communications, 1901.

35 Alimardanov, A., de Vondervoort, L.S.V.,
de Vries, A.H.M. and de Vries, J.G. (2004)
Advanced Synthesis and Catalysis, 346,
1812.

36 Reetz, M.T. and de Vries, J.G. (2004)
Chemical Communications, 1559.

338j 10 Palladacycles in Catalysis



37 Beletskaya, I.P. and Cheprakov, A.V.
(2000) Chemical Reviews, 100, 3009.

38 Moritani, I. and Fujiwara, Y. (1973)
Synthesis, 524.

39 Tsuji, J. (1969) Accounts of Chemical
Research, 2, 144.

40 Jeffery, T. (1984) Journal of the Chemical
Society. Chemical Communications, 1287.

41 Jeffery, T. (1985) Tetrahedron Letters, 26,
2667.

42 Schmidt, A.F., Al Halaiqa, A. and
Smirnov, V.V. (2006) Synlett, 2861.

43 Shmidt, A.F. and Khalaika, A. (1998)
Kinetics and Catalysis, 39, 803.

44 de Vries, A.H.M., Mulders, J.M.C.A.,
Mommers, J.H.M., Henderickx, H.J.W.
and deVries, J.G. (2003)Organic Letters, 5,
3285.

45 de Vries, A.H.M., Parlevliet, F.J.,
Schmieder-van de Vondervoort, L.,
Mommers, J.H.M., Henderickx, H.J.W.,
Walet, M.A.M. and de Vries, J.G. (2002)
Advanced Synthesis and Catalysis, 344,
996.

46 Shmidt, A.F., Khalaika, A. and Bylkova,
V.G. (1998) Kinetics and Catalysis, 39, 194.

47 Littke, A.F. and Fu, G.C. (2002)
Angewandte Chemie-International Edition,
41, 4176.

48 Bohm, V.P.W. and Herrmann, W.A.
(2000) Chemistry – A European Journal, 6,
1017.

49 Morales-Morales, D., Redon, R., Yung, C.
and Jensen, C.M. (2000) Chemical
Communications, 1619.

50 Alonso, D.A., Najera, C. and Pacheco,
M.C. (2002) Advanced Synthesis and
Catalysis, 344, 172.

51 Iyer, S. and Jayanthi, A. (2003) Synlett,
1125.

52 Schnyder, A., Indolese, A.F., Studer, M.
and Blaser, H.U. (2002) Angewandte
Chemie-International Edition, 41, 3668.

53 Corma,A.,Garcia,H. and Leyva, A. (2004)
Tetrahedron, 60, 8553.

54Q1 Zheng, R., Yang, F., Zou, G., Tang, J. and
He, M.-Y. (2003) Chin J Chem, 21, 1111.

55 Botella, L. and Najera, C. (2004)
Tetrahedron Letters, 45, 1833.

56 Bergbreiter, D.E., Osburn, P.L. and Liu,
Y.S. (1999) Journal of the American
Chemical Society, 121, 9531.

57 Bergbreiter, D.E., Osburn, P.L., Wilson,
A. and Sink, E.M. (2000) Journal of the
American Chemical Society, 122, 9058.

58 Bergbreiter, D.E. and Furyk, S. (2004)
Green Chemistry, 6, 280.

59 Rocaboy, C. and Gladysz, J.A. (2003) New
Journal of Chemistry, 27, 39.

60 Rocaboy, C. and Gladysz, J.A. (2002)
Organic Letters, 4, 1993.

61 McNamara, C.A., King, F. andBradley,M.
(2004) Tetrahedron Letters, 45, 8239.

62 Lin, C.A. and Luo, F.T. (2003) Tetrahedron
Letters, 44, 7565.

63 Nowotny, M., Hanefeld, U., van
Koningsveld, H. and Maschmeyer, T.
(2000) Chemical Communications, 1877.

64 Venkatesan, C. and Singh, A.P. (2003)
Catalysis Letters, 88, 193.

65 Gholap, A.R., Venkatesan, K., Daniel, T.,
Lahoti, R.J. and Srinivasan, K.V. (2003)
Green Chemistry, 5, 693.

66 Venkatesan, C. and Singh, A.P. (2004)
Journal of Catalysis, 227, 148.

67 Venkatesan, C. and Singh, A.P. (2004)
Recent Advances in the Science and
Technology of Zeolites andRelatedMaterials,
Parts A–C, 154, 2795.

68 Yu, K.Q., Sommer, W., Weck, M. and
Jones, C.W. (2004) Journal of Catalysis,
226, 101.

69 Bergbreiter, D.E., Osburn, P.L. and Frels,
J.D. (2005) Advanced Synthesis and
Catalysis, 347, 172.

70 Yu, K.Q., Sommer, W., Richardson, J.M.,
Weck, M. and Jones, C.W. (2005)
Advanced Synthesis andCatalysis, 347, 161.

71 Sommer,W.J., Yu, K.Q., Sears, J.S., Ji, Y.Y.,
Zheng, X.L., Davis, R.J., Sherrill, C.D.,
Jones, C.W. and Weck, M. (2005)
Organometallics, 24, 4351.

72 Xiong, Z.C., Wang, N.D., Dai, M.J., Li, A.,
Chen, J.H. and Yang, Z. (2004) Organic
Letters, 6, 3337.

73 Takenaka, K. and Uozumi, Y. (2004)
Advanced Synthesis and Catalysis, 346,
1693.

References j339



74 Chen, C.T., Chan, Y.S., Tzeng, Y.R. and
Chen, M.T. (2004) Dalton Transactions,
2691.

75 Xu, L.J., Mo, J., Baillie, C. and Xiao, J.L.
(2003) Journal of Organometallic
Chemistry, 687, 301.

76 Chen, W.P., Xu, L.J. and Xiao, J.L. (2001)
Tetrahedron Letters, 42, 4275.

77 Panday, N., Canac, Y. and Vasella, A.
(2000) Helvetica Chimica Acta, 83, 58.

78 Prashad, M., Liu, Y.G., Mak, X.Y., Har, D.,
Repic, J. and Blacklock, T.J. (2002)
Tetrahedron Letters, 43, 8559.

79 Old, D.W., Wolfe, J.P. and Buchwald, S.L.
(1998) Journal of the American Chemical
Society, 120, 9722.

80 Bedford, R.B. and Cazin, C.S.J. (2001)
Chemical Communications, 1540.

81 Bedford, R.B., Cazin, C.S.J.,
Hursthouse, M.B., Light, M.E.,
Pike, K.J. and Wimperis, S. (2001)
Journal of Organometallic Chemistry, 633,
173.

82 Monteiro, A.L. and Davis, W.M. (2004)
Journal of the Brazilian Chemical Society,
15, 83.

83 Albisson, D.A., Bedford, R.B., Lawrence,
S.E. and Scully, P.N. (1998) Chemical
Communications, 2095.

84 Alonso, D.A., Najera, C. and Pacheco,
M.C. (2002) The Journal of Organic
Chemistry, 67, 5588.

85 Botella, L. and Najera, C. (2002)
Angewandte Chemie-International Edition,
41, 179.

86 Botella, L. and Najera, C. (2002)
Journal of Organometallic Chemistry, 663,
46.

87 Costa, A., Najera, C. and Sansano, J.M.
(2002) The Journal of Organic Chemistry,
67, 5216.

88 Mino, T., Shirae, Y., Sakamoto, M. and
Fujita, T. (2003) Synlett, 882.

89 Zim, D., Gruber, A.S., Ebeling, G.,
Dupont, J. and Monteiro, A.L. (2000)
Organic Letters, 2, 2881.

90 Gibson, S., Foster, D.F., Eastham, G.R.,
Tooze, R.P. and Cole-Hamilton, D.J.
(2001) Chemical Communications, 779.

91 Navarro, O., Kelly, R.A. and Nolan, S.P.
(2003) Journal of the American Chemical
Society, 125, 16194.

92 Bedford, R.B., Hazlewood, S.L., Limmert,
M.E., Albisson,D.A.,Draper, S.M., Scully,
P.N., Coles, S.J. and Hursthouse, M.B.
(2003) Chemistry – A European Journal, 9,
3216.

93 Roca, F.X. and Richards, C.J. (2003)
Chemical Communications, 3002.

94 Bedford, R.B. and Welch, S.L. (2001)
Chemical Communications, 129.

95 Rosa, G.R., Ebeling, G., Dupont, J. and
Monteiro, A.L. (2003) Synthesis, 2894.

96 Rosa, G.R., Rosa, C.H., Rominger, F.,
Dupont, J. and Monteiro, A.L. (2006)
Inorganica Chimica Acta, 359, 1947.

97 Bedford, R.B., Hazelwood, S.L. and
Limmert, M.E. (2002) Chemical
Communications, 2610.

98 Lu, T.Y., Xue, C.H. and Luo, F.T. (2003)
Tetrahedron Letters, 44, 1587.

99 Prinz, P., Lansky, A.,Haumann, T., Boese,
R., Noltemeyer, M., Knieriem, B. and
deMeijere, A. (1997) Angewandte Chemie-
International Edition, 36, 1289.

100 Neto, B.A.D., Lapis, A.A.M., Mancilha,
F.S., Vasconcelos, I.B., Thum, C., Basso,
L.A., Santos, D.S. and Dupont, J. (2007)
Organic Letters, 9, 4001.

101 Neto, B.A.D., Lopes, A.S.A., Ebeling, G.,
Goncalves, R.S., Costa, V.E.U., Quina,
F.H. and Dupont, J. (2005) Tetrahedron,
61, 10975.

102 Miyaura, N., Yanagi, T. and Suzuki, A.
(1981) Synthetic Communications,
11, 513.

103 Mancilha, F.S., Neto, B.A.D., Lopes, A.S.,
Moreira, P.F., Quina, F.H., Goncalves,
R.S. and Dupont, J. (2006) European
Journal of Organic Chemistry, 4924.

104 Louie, J. and Hartwig, J.F. (1996)
Angewandte Chemie-International Edition,
35, 2359.

105 Alonso, D.A., Najera, C. and Pacheco,
M.C. (2000) Organic Letters, 2, 1823.

106 Friedlein, F.K., Kromm, K., Hampel, F.
and Gladysz, J.A. (2006) Chemistry – A
European Journal, 12, 5267.

340j 10 Palladacycles in Catalysis



107 Bedford, R.B., Cazin, C.S.J. and
Hazelwood, S.L. (2002) Chemical
Communications, 2608.

108 Bedford, R.B., Hazelwood, S.L., Horton,
P.N. and Hursthouse, M.B. (2003)Dalton
Transactions, 4164.

109 Bedford, R.B., Cazin, C.S.J., Coles, S.J.,
Gelbrich, T., Horton, P.N., Hursthouse,
M.B. and Light, M.E. (2003)
Organometallics, 22, 987.

110 Bedford, R.B., Cazin, C.S.J. and
Hazelwood, S.L. (2002) Angewandte
Chemie-International Edition, 41, 4120.

111 Paintner, F.F., Gorler, K. and Voelter, W.
(2003) Synlett, 522.

112 Brody, M.S. and Finn, M.G. (1999)
Tetrahedron Letters, 40, 415.

113 Beller, M., Riermeier, T.H., Reisinger,
C.P. and Herrmann, W.A. (1997)
Tetrahedron Letters, 38, 2073.

114 Strieter, E.R. and Buchwald, S.L. (2006)
Angewandte Chemie-International Edition,
45, 925.

115 Zim, D. and Buchwald, S.L. (2003)
Organic Letters, 5, 2413.

116 Bedford, R.B. and Blake, M.E. (2003)
Advanced Synthesis and Catalysis, 345,
1107.

117 Viciu, M.S., Kelly, R.A., Stevens, E.D.,
Naud, F., Studer, M. and Nolan, S.P.
(2003) Organic Letters, 5, 1479.

118 Herrmann, W.A., Reisinger, C.P., Ofele,
K., Brossmer, C., Beller, M. and Fischer,
H. (1996) Journal of Molecular Catalysis A-
Chemical, 108, 51.

119 Alonso, D.A., Botella, L., Najera, C. and
Pacheco, C. (2004) Synthesis 1713.

120 Alonso, D.A., Najera, C. and Pacheco,
M.C. (2002) Tetrahedron Letters, 43, 9365.

121 Alonso, D.A., Najera, C. and Pacheco,
M.C. (2003) Advanced Synthesis and
Catalysis, 345, 1146.

122 Thakur, V.V., Kumar, N.S.C.R. and
Sudalai, A. (2004) Tetrahedron Letters, 45,
2915.

123 Fairlamb, I.J.S., Kapdi, A.R., Lee, A.F.,
Sanchez, G., Lopez, G., Serrano, J.L.,
Garcia, L., Perez, J. and Perez, E. (2004)
Dalton Transactions, 3970.

124 Churruca, F., SanMartin, R., Tellitu, I. and
Dominguez, E. (2005) Synlett, 3116.

125 Ruiz, J., Cutillas, N., Lopez, F., Lopez, G.
and Bautista, D. (2006) Organometallics,
25, 5768.

126 Yang, F., Cui, X.L., Li, Y.N., Zhang, J.L.,
Ren, G.R.R. and Wu, Y.J. (2007)
Tetrahedron, 63, 1963.

127 Eberhard, M.R., Wang, Z.H. and Jensen,
C.M. (2002)ChemicalCommunications, 818.

128 Consorti, C.S., Flores, F.R., Rominger, F.
and Dupont, J. (2006) Advanced Synthesis
and Catalysis, 348, 133.

129 Corma,A.,Garcia,H. and Leyva, A. (2005)
Tetrahedron, 61, 9848.

130 Alacid, E. and Najera, C. (2006) Synlett,
2959.

131 Luo, F.T., Xue, C.H., Ko, S.L., Shao, Y.D.,
Wu,C.J. andKuo, Y.M. (2005)Tetrahedron,
61, 6040.

132 Brun, V., Legraverend, M. and Grierson,
D.S. (2002) Tetrahedron, 58, 7911.

133 Silveira, P.B., Lando, V.R., Dupont, J. and
Monteiro, A.L. (2002) Tetrahedron Letters,
43, 2327.

134 Li, Q., Nie, J., Yang, F., Zheng, R., Zou, G.
and Tang, J. (2004) Chinese Journal of
Chemistry, 22, 419.

135 Dupont, J., Gruber, A.S., Fonseca, G.S.,
Monteiro, A.L., Ebeling, G. and Burrow,
R.A. (2001) Organometallics, 20, 171.

136 Bravo, J., Cativiela, C., Navarro, R. and
Urriolabeitia, E.P. (2002) Journal of
Organometallic Chemistry, 650, 157.

137 Denmark, S.E., Stavenger, R.A., Faucher,
A.M. and Edwards, J.P. (1997) The Journal
of Organic Chemistry, 62, 3375.

138 Navarro, R., Urriolabeitia, E.P., Cativiela,
C., DiazdeVillegas,M.D., Lopez,M.P. and
Alonso, E. (1996) Journal of Molecular
Catalysis A-Chemical, 105, 111.

139 Overman, L.E. and Remarchuk, T.P.
(2002) Journal of the American Chemical
Society, 124, 12.

140 Hollis, T.K. and Overman, L.E. (1997)
Tetrahedron Letters, 38, 8837.

141 Watson, M.P., Overman, L.E. and
Bergman, R.G. (2007) Journal of the
American Chemical Society, 129, 5031.

References j341



142 Kirsch, S.F., Overman, L.E. and Watson,
M.P. (2004) The Journal of Organic
Chemistry, 69, 8101.

143 Overman, L.E., Owen, C.E., Pavan, M.M.
and Richards, C.J. (2003) Organic Letters,
5, 1809.

144 Prasad, R.S., Anderson, C.E., Richards,
C.J. and Overman, L.E. (2005)
Organometallics, 24, 77.

145 Kirsch, S.F. and Overman, L.E. (2005)
Journal of the American Chemical Society,
127, 2866.

146 Leung, P.H., Ng, K.H., Li, Y.X., White,
A.J.P. and Williams, D.J. (1999) Chemical
Communications, 2435.

147 Solin, N., Kjellgren, J. and Szabo, K.J.
(2004) Journal of the American Chemical
Society, 126, 7026.

148 Solin, N., Wallner, O.A. and Szabo, K.J.
(2005) Organic Letters, 7, 689.

149 Szabo, K.J. (2006) Synlett, 811.
150 Wallner, O.A., Olsson, V.J., Eriksson, L.

and Szabo, K.J. (2006) Inorganica Chimica
Acta, 359, 1767.

151 Longmire, J.M., Zhang, X.M. and Shang,
M.Y. (1998) Organometallics, 17, 4374.

152 Albrecht, M., Kocks, B.M., Spek, A.L. and
van Koten, G. (2001) Journal of
Organometallic Chemistry, 624, 271.

153 Stark, M.A., Jones, G. and Richards, C.J.
(2000) Organometallics, 19, 1282.

154 Stark, M.A. and Richards, C.J. (1997)
Tetrahedron Letters, 38, 5881.

155 Takenaka, K. and Uozumi, Y. (2004)
Organic Letters, 6, 1833.

156 Hallman, K. and Moberg, C. (2001)
Advanced Synthesis and Catalysis, 343, 260.

157 Paavola, S., Zetterberg, K., Privalov, T.,
Csoregh, I. and Moberg, C. (2004)
Advanced Synthesis and Catalysis, 346, 237.

158 Privalov, T., Linde, C., Zetterberg, K. and
Moberg, C. (2005) Organometallics, 24,
885.

159 Braunstein, P., Matt, D. and Nobel, D.
(1988) Journal of the American Chemical
Society, 110, 3207.

160 Dani, P., Dupont, J. and Monteiro, A.L.
(1996) Journal of the Brazilian Chemical
Society, 7, 15.

161 Kjellgren, J., Sunden, H. and Szabo, K.J.
(2004) Journal of the American Chemical
Society, 126, 474.

162 Kjellgren, J., Sunden, H. and Szabo, K.J.
(2005) Journal of the American Chemical
Society, 127, 1787.

163 Olsson, V.J., Sebelius, S., Selander, N. and
Szabo, K.J. (2006) Journal of the American
Chemical Society, 128, 4588.

342j 10 Palladacycles in Catalysis



11
Homogeneous Catalyst Design for the Synthesis of Aliphatic
Polycarbonates and Polyesters
Geoffrey W. Coates and Ryan C. Jeske

11.1
Introduction

Synthetic polymers are more important now than at any other time in history.
Although polymeric materials are indispensable in a diverse array of applications,
ranging from commodity packaging and structural materials to technologically
complex biomedical and electronic devices, their synthesis and proper disposal pose
important environmental challenges. Two ways to achieve new polymers with
reduced environmental impact are (1) the development of synthetic procedures that
reduce energy consumption, the use of non-renewable resources (fossil fuels) or the
generation of chemical waste; and (2) the synthesis of polymers that are easily
recycled and/or biodegraded [1]. At the present time, fossil fuels are the predominant
source of carbon for raw materials used in the chemical industry, with synthetic
plastics accounting for approximately 7% of worldwide oil and gas consumption [2].
Because these resources have an uncertain future [3], there is significant interest in
finding new routes from biorenewable resources to important chemicals, especially
polymers. In addition, the current worldwide production of plastics is approximately
150million tons per year [2]. Since 30million tons of this material end up in landfills
or are incinerated in the USA alone, there is growing interest in biodegradable and
recyclable polymers. Biodegradable materials are especially valuable in applications
where unwanted dispersal in the environment leads to disastrous ecological pro-
blems.One example of note is theNorthPacific SubtropicalGyre, an area of ocean the
size of Texas between California and Hawaii, where 6 billion pounds of floating
plastic have accumulated over the last half-century [4]. The Technology Vision 2020
Report sponsored by the American Chemical Society proposed that the development
of sustainable routes to polymeric materials will be a major challenge for the US
chemical industry in the 21st century [5], and a 2005 workshop by the National
Research Council of the National Academies [6] concluded that the development of
environmentally benign materials should be a major goal of future research.
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It is therefore timely to summarize some recent progress in the development of
biodegradable polymers, especially those from renewable resources. The focus of this
chapter is the development and application of homogeneous catalysts for the
synthesis of biodegradable, aliphatic polycarbonates and polyesters (Scheme 11.1).
Due to limitations of space, this review will not be comprehensive and will focus on
select examples of homogeneous catalysts for the synthesis of aliphatic polyesters and
polycarbonates, with emphasis on catalysts that exhibit high activities, control of
polymer stereochemistry, composition and/ormolecularweight, especially those that
are used for the polymerization of commodity monomers.

11.2
Synthesis of Aliphatic Polycarbonates from Epoxides and Carbon Dioxide

Since petroleum resources are predicted to be exhausted within the next century at
the current rate of consumption [7], there is a growing effort to develop new chemical
processes using biorenewable resources [8]. One such resource of particular interest
is CO2, a non-toxic, non-flammable, naturally abundant C1 feedstock [9]. The reaction
of CO2 with metal complexes has been extensively studied, revealing potential
pathways for catalytic reactions. However, the thermodynamic stability of CO2 has
hampered its utility as a reagent for chemical synthesis; in fact, its high stability
makes it an ideal medium for many chemical processes [10]. To overcome this
limitation, reactions employing CO2 with highly reactive reagents have been ex-
plored. In particular, the catalytic coupling of CO2 with heterocycles has received a
considerable amount of attention over the past 35 years [11, 12]. A majority of these
publications involve the reaction of CO2 with epoxides to generate polycarbonates
(Scheme 11.2).
The high cost (�$100 lb�1) of aliphatic polycarbonates is one of the main barriers

to their widespread use as bulk polymeric materials. More economically viable
processes and the synthesis of new types of improved aliphatic polycarbonates would

Scheme 11.1 Overview of the focus of this chapter:
homogeneous catalysts for the synthesis of aliphatic polyesters
and polycarbonates.
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clearly increase the number of applications for these polymers, and also lower their
cost. A significant contributor to the cost of these materials is the low activity of the
industrial zinc–dicarboxylic acid catalysts used to copolymerize epoxides andCO2.As
a result, a significant amount of recent research has been focused on the discovery
and development of new catalysts for this process.
There are many parallels between the development of alkene polymerization

catalysts and those for CO2–epoxide polymerization. In each field, the catalysts
initially discovered were heterogeneous in nature; subsequent work was focused on
the empirical optimization to provide higher activity and selectivity for the poly-
merizations. Eventually, discrete, homogeneous metal complexes were explored in
academic laboratories as a way to probe reaction mechanisms. By gaining a detailed
understanding of the polymerizations at the molecular level, it was hoped that the
lessons learned could then be applied to the design of improved catalytic systems. In
some cases, these new homogeneous catalysts have significant advantages over their
heterogeneous counterparts.
Heterogeneous catalysts are the workhorse of many industrial processes. Although

they have many processing advantages over their soluble counterparts, heterogeneous
catalysts often contain multiple active sites that result in polymers with broad
polydispersity indices (PDIs) and composition distributions. In many cases, only a
small percentage of the metal sites are active and residual catalyst remains in the
polymeric product. As a result of these drawbacks, a significant amount of researchhas
been directed towards the development of well-defined, single-site homogeneous
catalysts. Homogeneous catalysts are typically of the form LnMR, where Ln is a set
of permanently bound ligands,M is ametal center andR is anefficient initiationgroup.
Thesehomogeneouscatalysts are discrete species, rendering themamenable toprecise
modification and detailed mechanistic studies. Most of the major advances in metal-
catalyzed polymerization, including stereoselective and living alkene polymerization,
lactide and lactone polymerization, alkene metathesis and alkene–CO copolymeriza-
tion, are the result of progress in homogeneous catalyst design. Homogeneous
catalysts are being used to develop unique polymer architectures that lead to new,

Scheme 11.2 Alternating copolymerization of cyclohexene oxide
(CHO) and propylene oxide (PO) with CO2.
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industrially relevant materials, although it should be noted that most industrial
polymerization catalysts are still of the heterogeneous variety.
The purpose of this section is to give a thorough account of the CO2–epoxide

polymerization literature, with strong emphasis on single-site homogeneous cata-
lysts and their mechanisms of operation. This section is largely based on a review
written in part by one of the authors in 2004 [11], and is updated with select papers
referencing the original article. The review is organized according to the active metal
center of the catalyst and, although polymerization is the focus, the production of
cyclic carbonates will be discussed when appropriate.

11.2.1
Background

In 1969, Inoue and co-workersmade the remarkable discovery that a mixture of ZnEt2
and H2O was active for catalyzing the alternating copolymerization of propylene oxide
(PO) and CO2,marking the advent of epoxide–CO2 coupling chemistry [13]. Following
their discoveries, Kuran and co-workers developed a copolymerization system using
ZnEt2 and trihydric phenols, including pyrogallol and 4-bromopyrogallol, that pro-
duced poly(propylene carbonate) (PPC)with turnover frequencies (TOFs) up to 0.3h�1

at 35 �C and 60 atm CO2 [14]. In an effort to develop more active catalysts, Hattori and
co-workers synthesized a heterogeneous catalyst from Zn(OH)2 and glutaric acid.
Under 30 atmCO2 and at 60 �C, theZn(OH)2–glutaric acidmixture yielded PPCwith a
TOF of 1.1 h�1 (Mn¼ 12000 gmol�1) [15].
While the discoveries of ZnEt2–R(OH)x and Zn(OH)2–glutaric acid catalysts for

epoxide–CO2 coupling marked salient scientific findings, the active species respon-
sible for polymer and cyclic formation remain unknown. Nevertheless, epoxide–CO2

copolymerization is generally accepted to proceed via a coordination–insertion
mechanism (Scheme 11.3).

Scheme 11.3 The basic mechanism of epoxide–CO2

copolymerization and the formation of cyclic carbonates
(Ln¼ ligand set; M¼metal; P¼polymer chain).
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The mechanism includes several prevailing principles:

1. Mechanism. The alternating copolymerization of epoxides and CO2 is a two-step
process; the insertion of CO2 into a metal alkoxide is followed by insertion of
epoxide into a metal carbonate. Hence most catalysts (polymerization initiators)
are metal alkoxide or metal carboxylate species that are similar to the putative
catalytic intermediates.

2. Regiochemistry. In the copolymerization of CO2 and aliphatic epoxides (propylene
oxide, etc.), epoxide ring opening is typically favored at the least-hindered C�O
bond, although cleavage is normally observed at both C�O bonds, giving
regioirregular polymers.

3. Stereochemistry. In the copolymerization of CO2 and alicyclic epoxides, such as
cyclohexene oxide (CHO), C�O bond cleavage typically occurs with inversion
of configuration at the site of attack (SN2-type mechanism) to give the trans
ring-opened product. In general, tactic polycarbonates are not formed by chain-
end control mechanisms, presumably due to the distance between the stereogenic
center of the chain end and the active metal center. There are examples
of stereocontrol by site-controlmechanismsusing chiralmetal catalysts (see below).

4. Polymer–cyclic selectivity. Cyclics are a common by-product of the copolymeriza-
tion of CO2 and aliphatic epoxides. Many systems produce predominantly
cyclics, which are thermodynamically more stable than polycarbonates. The
percentage of polymer typically increases at lower reaction temperatures.
Systems can be tuned to favor cyclics or polymer formation, depending on the
catalyst, additives, CO2 pressure, epoxide concentration and temperature. Cyclic
formation results from degradation of the growing polycarbonate chain by
depolymerization or backbiting. In most cases, cyclic carbonate is thought to
form via backbiting of a metal-alkoxide into an adjacent carbonate linkage
(Scheme 11.3).

5. Ether and dicarbonate linkages. The presence of ether linkages due to consecutive
epoxide enchainment can be observed in some aliphatic polycarbonates. Most
systems can be tuned to favor CO2 incorporation by catalyst selection, CO2

pressure, epoxide concentration and polymerization temperature. The enthalpi-
cally disfavored consecutive insertion of twomolecules of CO2 to give dicarbonate
linkages has not been reported.

These prevailing principles are depicted in a qualitative free energy profile for the
copolymerization of epoxides and CO2 in Figure 11.1.
As observed in early studies, only a fewmetals have been found to be active for the

coupling of epoxides and CO2, including Al, Cr, Co, Mg, Mn, Li, Zn, Cu and Cd.
Studies have shown large differences in catalytic efficacy resulting from the organic
frameworks surrounding these metals, especially in the case of zinc. Accordingly,
subsequent studies have largely been focused on the empirical modification of
ligands to generate improved catalysts. This section will focus on complexes of three
metals for epoxide–CO2 copolymerization: chromium, cobalt and zinc.
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11.2.2
Chromium Catalysts

Following a lead by Kruper and Dellar [16], who reported that chromium porphyrins
catalyzed the synthesis of cyclic carbonates from epoxides and CO2, Holmes and
co-workers developed (TFPP)CrCl (Scheme 11.4), which showed activities of up to
173 h�1 for the alternating copolymerization of CHO and CO2 at 225 atm CO2

(supercritical CO2) and 95 �C [17]. The copolymerization only yielded polycarbonate
when (TFPP)CrCl was combined with a co-catalyst such as DMAP. The fluorinated
aromatic moieties improved catalyst solubility in supercritical CO2 and con-
sequently increased the yields of PCHC. Similar to aluminum porphyrin
catalysts for epoxide–CO2 copolymerization, these chromium analogs yielded

Figure 11.1 Qualitative, ideal free-energy profile depicting
alternating copolymerization of epoxides and CO2, and also
potential side-reactions.

Scheme 11.4 A chromium–porphyrin complex for epoxide and CO2 copolymerization.
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polycarbonates with narrow PDIs (Mw/Mn = 1.08�1.50) and low molecular weights
(Mn¼ 1500–9400 gmol�1). Furthermore, the resultant PCHC contained high per-
centages of carbonate linkages (97%). More recently, polymer-supported chromium
porphyrins have been found to be active for PCHC production [18].
Darensbourg and Yarbrough reported that the air-stable complex (salcy-tBu)CrCl

(Scheme 11.5) was an effective catalyst for the alternating copolymerization of CHO
andCO2 [19]. At 80 �Cand60 atmCO2, (salcy-tBu)CrCl convertedCHO toPCHCwith
a moderate TOF of 10.4 h�1. Analysis of the polycarbonate showed nearly 100%
carbonate linkages, aMn of 8900 gmol�1 and anMw/Mn of 1.2. Based on the turnover
number (TON) and lack of cyclic by-product, the PCHC should exhibit a theoretical
molecular weight of approximately 35 000 gmol�1. Like the chromium porphyrin
systems, activities increased upon addition ofN-methylimidazole (MeIm), such that
5 equiv. MeIm tripled the copolymerization rates to 32.2 h�1. Although the complex
(salcy-tBu)CrCl is chiral, the resultant polymer was completely atactic, as determined
by 13C NMR spectroscopy. Additionally, (salcy-tBu)CrCl catalyzed the coupling of PO
and CO2 to PC and PPC, although activities were not specified. At 80 �C, cyclic PC is
the predominant product, but as the temperature is reduced to 40 �C,PPCproduction
becomes a competitive pathway. Finally, silylated aliphatic epoxides, such as 2-(3,4-
epoxycyclohexyl)ethyltrimethoxysilane, and CO2 can also be copolymerized by sale-
n–chromium complexes and MeIm co-catalyst [20].

Subsequent work detailed the intricate energetics of polymer versus cyclic forma-
tion using (salcy-tBu)CrCl [23]. In CHO�CO2 coupling, the activation energies (Ea)
for CHC and PCHC were 31.8 and 11.2 kcalmol�1, respectively, which illustrate
higher activation barriers for cyclic formation. The activation barriers for PCandPPC
in PO�CO2 coupling were determined to be 24.0 and 16.2 kcalmol�1, respectively.
The significantly larger Ea for CHC versus PCHC is consistent with the exclusive
formation of PCHC, whereas the slightly larger Ea for PC versus PPC is consistent
with the formation of PC during PO�CO2 copolymerization. A detailed study on the
nature of the co-catalyst on catalytic behavior has also been performed [21].
Rieger and co-workers found that the slightly modified complex (salph-tBu)CrCl

and DMAP co-catalyst rapidly copolymerized PO and CO2 (TOFs approaching
226 h�1) at 75 �C and only 13 atm CO2 [22]. Analysis of the PPC revealed molecular
weights up to 16 700 gmol�1 (lower than predicted assuming the lack of chain
transfer reactions), PDIs as low a 1.36 and carbonate linkages as high as 98%. The

Scheme 11.5 Chromium–salen complexes for epoxide and CO2 copolymerization.
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DMAP-to-(salph-tBu)CrCl ratio drastically affected the ratio of products in the
coupling process. Without DMAP, no conversion to PC or PPC was observed.
Interestingly, co-catalyst was not essential for copolymerization using (salcy-tBu)
CrCl. At 0.5 equiv. DMAP, the maximum ratio of PPC to PC formation (154 : 34 h�1)
was observed. Higher DMAP-to-(salph-tBu)CrCl ratios decreased the proportion of
PPC to PC until only PC was observed. For example, when 2 equiv. DMAP were
added, only PC was observed with a TOF of 602 h�1.
The proposed CO2–epoxide copolymerization mechanisms using seemingly

similar catalysts, (salcy-tBu)CrCl–MeIm and (salph-tBu)CrCl–DMAP, differ consid-
erably. At the current time, there is a lack of agreement regarding the mode of
operation of these catalysts. Darensbourg et al. offered a dual CHO�CO2 copoly-
merization mechanism for the (salcy-tBu)CrCl –MeIm system, where initiation
occurs by a bimetallic process and propagation operates via monometallic enchain-
ment of epoxide [23]. Initiation is accelerated by MeIm, which aids in chloride attack
on a CHO monomer bound to a second salen–chromium complex (Scheme 11.6).
Subsequent CO2 insertion into the newly generated chromium alkoxide generates a
chromium carbonate. Because rate studies showed a first-order dependence on both
CHO and catalyst, chain propagation was proposed to occur by a concerted epoxide
ring opening that proceeds through a four-membered transition state.

Scheme 11.6 Proposed CO2�CHO copolymerization
mechanism using (salcy-tBu)CrCl–MeIm (P¼polymer chain).
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Alternatively, in PO�CO2 copolymerizationusing (salph-tBu)CrCl–DMAP,Rieger
and co-workers proposed that DMAP coordinates strongly to Cr and facilitates
dissociation of the polymer chain alcoholate and carbonate (Scheme 11.7) [22].
Under sufficient pressures of CO2, the dissociated carbonate attacks PO-bound
(salph-tBu)CrCl–DMAP in a monometallic fashion. Subsequent CO2 insertion into
the newly formed chromium alkoxide propagates the polycarbonate chain. The
anionic nature of the chain-end promotes degradative backbiting to cyclic propylene
carbonate. Therefore, increased amounts of DMAP enhance cyclic formation and
eventually exterminate copolymer formation.

Owing to similar catalysts and coupling processes, it is unlikely that all of the
epoxide ring-opening steps discussed above are occurring simultaneously. Further-
more, no mechanism has accounted for the retention of stereochemistry as reported
by Kruper and Dellar or the low polymer molecular weights that are indicative of
chain transfer or the formation of macrocycles. All studies do agree that CO2 reacts
with a metal alkoxide and cyclic formation occurs through backbiting of a metal
alkoxide into an adjacent carbonate linkage. Detailed mechanistic studies must be

Scheme 11.7 Proposed PO�CO2 copolymerization mechanism
for (salph-tBu)CrCl–DMAP catalyst system.
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performed to delineate the various intermediates and epoxide ring-opening steps
involved in these highly active salen-type chromium catalysts.

11.2.3
Cobalt Catalysts for Epoxide–CO2 Copolymerization

In 1979, Co(OAc)2 was reported to copolymerize PO and CO2 with an extremely low
TOF (0.06h�1) [24]. Since that report, few examples of cobalt-catalyzed coupling of
epoxides and CO2 have been reported. He and co-workers reported the synthesis of
ethylene carbonate using (salen)Co–co-catalyst mixtures [25]. More recently, Coates
andco-workers found that (salcy)CoOAc complexes (Scheme11.8) exhibitedmoderate
activities (up to 81h�1 with R¼Br) for the copolymerization of PO and CO2 [26]. At
25 �C and 55 atm CO2, (salcy-Br)CoOAc catalyzed the copolymerization to yield PPC
with no observable cyclic by-products, 95% carbonate linkages, an Mn of 15 300 g
mol�1 and aPDIof 1.22. Pressures of 55 atmwere essential for polymerization activity
as lower pressures (40 atm) significantly hindered the copolymerization. In contrast to
the related salen chromiumcatalysts, noheterocyclic additiveswerenecessary to effect
the copolymerization. In addition, all (salcy-R)CoOAc showed unprecedented selectiv-
ities for PPC formation (>99% PPCversus PC). (S)-PO�CO2 copolymerization using
enantiomerically-pure (salcy-tBu)CoOAc yielded isotactic (S)-PPC (TOF¼ 71h�1;
>99% PPC:PC; 99% carbonate linkages;Mn¼ 6900 gmol�1;Mw/Mn¼ 1.58) with the
highest reported levelofhead-to-tail linkages (93%).Finally, complex (salcy-tBu)CoOAc
exhibited a modest level of selectivity (krel¼ 2.8) in the kinetic resolution of PO.

Scheme 11.8 Cobalt–salen complexes (R¼Br, H, tBu) for epoxide and CO2 copolymerization.

Although it was originally thought that ammonium salt co-catalysts limited the
(R,R)-(salcy)CoX-catalyzed reaction of PO�CO2 to the production of PC [27], PPCwas
recently achieved through the careful choice of the complex and co-catalyst [28].
Specifically, (salcy-tBu)CoOAr (OAr¼ 4-nitrophenoxy, 2,4-dinitrophenoxy or 2,4,6-
trinitrophenoxy) derivatives with [nBu4N]Y (Y¼Cl, OAc) co-catalysts were described
by Lu and Wang to afford PPCwith impressively enhanced rates and selectivity [28].
Coates and co-workers have also furthered catalyst optimization, which also led to the
use of organic salt co-catalysts (Scheme 11.9) [29]. Specifically, (salcy-tBu)CoOBzF5
(OBzF5¼ pentafluorobenzoate), in combination with [Ph3P¼N¼PPh3]Cl ([PPN]Cl),
was found to produce a highly active catalyst for the living, alternating copolymeri-
zation of PO and CO2, yielding PPC with no detectable by-products. The PPC
generated using these catalyst systems is highly regioregular and has up to 99%
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carbonate linkages with a narrow molecular weight distribution (MWD). In the case
of [PPN]Cl with (R,R)-(salcy)CoOBzF5, an unprecedented catalytic activity of 520
turnovers per hour was achieved for the copolymerization of rac-PO and CO2,
yielding iso-enriched PPC with 93% head-to-tail connectivity.

Two recent studies have extended the co-catalyzed cobalt–salen system by cleverly
designing systems with covalent linkages between the metal complex and co-
catalyst [30]. These systems claimhigher conversions to polymerwithout undesirable
backbiting reactions, and also higher thermal stability of the catalysts.
Coates and co-workers recently reported the first syndioselective copolymerization

of cyclohexene oxide and CO2 (Scheme 11.10) [31]. Using the complex (salpr-tBu)

Scheme 11.9 Propylene oxide and CO2 copolymerization by cobalt–salen complexes.

Scheme 11.10 Syndiospecific cyclohexene oxide and CO2

copolymerization by a cobalt–salen complex.
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CoBr, poly(cyclohexene carbonate) was formed with 80% [r]-centered tetrads, as
determined by 13C NMR spectroscopy. The carbonyl and methylene regions were
best simulated using Bernoullian statistical methods, supporting a chain-end
stereochemical control mechanism.

11.2.4
Zinc Catalysts for Epoxide–CO2 Copolymerization

Avariety ofmetal-based catalysts have shown activity for the coupling of epoxides and
CO2; however, few have exhibited the success associated with zinc-based complexes.
Therefore, the majority of the work reported in this field has been performed using
complexes with zinc as the active metal center. These catalysts have undergone a
renaissance over the past 10 years, shifting the focus fromheterogeneousmixtures to
discrete and single-site catalysts which exhibit unprecedented reaction rates and
selectivities.

11.2.4.1 Zinc Phenoxides for Epoxide–CO2 Copolymerization
Heterogeneous systems are oftenmarred by poor reproducibility and the production
of non-uniform polymers, caused by the presence of many different types of active
sites that produce polymerswith different activities and selectivities. To address these
issues, Darensbourg andHoltcamp reported in 1995 thefirst discrete zinc complexes
for the alternating copolymerization of epoxides and CO2 (Scheme 11.11) [32]. This
discovery marked an important step in the development of catalysts for the copoly-
merization of CO2 and epoxides. The compound (Ph2Ph)2Zn(Et2O)2, which was
synthesized from 2,6-diphenylphenol and Zn[N(SiMe3)2]2, crystallized as a bis[(2,6-
diphenyl)phenoxy]zinc complex containing two diethyl ether solvent molecules
coordinated to a tetrahedral zinc center. Under 55 atm CO2 and at 80 �C, PCHC
(91% carbonate linkages; Mn¼ 38 000 gmol�1; Mw/Mn¼ 4.5) was produced with a
TOF of 2.4 h�1. Additionally, (Ph2Ph)2Zn(Et2O)2 catalyzed the random terpolymer-
ization of CHO, PO and CO2, yielding polycarbonate with approximately 20%
propylene carbonate linkages, 70% cyclohexene carbonate linkages and 10% ether
linkages. Approximately the same ratios of PO and CHO incorporation were
observed regardless of the feedstock composition.

Scheme 11.11 Zinc phenoxide compounds for alternating epoxide–CO2 copolymerization.
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Subsequent work investigated the steric influences of N-aryl substituents, includ-
ing compounds such as (Me2Ph)2Zn(py)2, on CHO�CO2 copolymerization
(Scheme 11.11) [33]. Complex (Me2Ph)2Zn(py)2 displayed the highest activities
(TOF¼ 9.6 h�1), thus illustrating that bulky ortho substituents were not essential
for high copolymerization rates. Electronic perturbations of the N-aryl ortho sub-
stituents revealed that electron-withdrawing groups resulted in higher activities
for CHO�CO2 copolymerization: F>Cl >Br [34]. Addition of 2,6-dihalophenols to
Zn[N(SiMe3)2]2 gave four-coordinate, dimeric zinc phenoxides with bound THF
solvent molecules. The compound [(F2Ph)2Zn(THF)]2 demonstrated a moderate
TOF of 7.6 h�1. Analysis of the PCHC revealed PDIs of over 42, molecular weights
of 42 000 gmol�1, a Tg of 115 �C and >99% carbonate linkages [35]. In general,
zinc bisphenoxide compounds catalyzed PO�CO2 copolymerization at 40 �C and
PO�CO2 cyclization at 80 �C in unspecified yields. Finally, zinc bisphenoxide
catalysts were active for CHO homopolymerization, CHO�CO2 copolymerization
and CHO�PO�CO2 terpolymerization, but did not readily react with bulky alicyclic
epoxides such as a-pinene and exo-2,3-epoxynorbornane.
In a related study, Dinger and Scott reported that zinc phenoxide cluster com-

pounds showed activity for the alternating copolymerization of CHO and CO2 [36].
A variety of solvent-dependent tri-, tetra-, penta- and hexanuclear compounds were
synthesized from tris(3,5-dialkyl-2-hydroxyphenyl)methanes and ZnEt2. For exam-
ple, (ArO3)(ZnEt)3 (Scheme 11.11) catalyzed the copolymerization of CHO and CO2

to give PCHC with 81% carbonate linkages and a TOF of 1.3 h�1.
Although the discrete catalysts above represent an important advance in catalyst

design, the active species for the copolymerization remain unclear. Regarding these
phenoxide–zinc complexes, one or more ligands are likely to act as polymerization
initiators and thus become the chain-end of the growing polymer chain.

11.2.4.2 Single-site b-Diiminate Zinc Catalysts for Epoxide–CO2 Coupling
Coates and co-workers discovered a highly active, living epoxide–CO2 copolymeriza-
tion systemusing bulky b-diiminate (BDI) zinc catalysts at low pressures (7 atmCO2)
and temperatures (50 �C) (Scheme 11.12) [37].

Scheme 11.12 b-Diiminate (BDI) zinc catalysts for epoxide–CO2 copolymerization.
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Several key design features, including initiating groups, sterics and electronics
drastically altered the efficacy of the catalysts. To model the growing polycarbonate
chain, zinc acetate [(BDI-iPr)ZnOAc]2 andmethoxide [(BDI-iPr)ZnOMe]2 complexes
were synthesized as mimics for zinc carbonates and zinc alkoxides (Scheme 11.12).
BDI zinc acetate, methoxide, isopropoxide and bis(trimethylsilyl)amido complexes
were all active for the alternating copolymerization of CHO and CO2. The combina-
tion of the unsymmetrical ligand geometries and the electron withdrawing cyano
substituent yielded themost active catalysts reported to date [38]. At 50 �Cand in only
10min, [(NC-BDI-iPr,Me)ZnOMe]2 catalyzed the copolymerization of 1000 equiv.
CHO at 7 atm CO2 to give high-MW polymers (Mn� 22 000 gmol�1), narrow PDIs
(Mw/Mn¼ 1.1) and an extremely high TOF of 2290 h�1 (Scheme 11.13).

In an attempt to isolate monomeric b-diiminate complexes, Chisholm and co-
workers investigated bulky initiators including tBuOHandPh3SiOH [39]. As expected,
the monomeric compounds (BDI-iPr)Zn(THF)OSiPh3 and (BDI-iPr)ZnOtBu were
active for CHO–CO2 alternating copolymerization. Unexpectedly, their (BDIiPr)
ZnNiPr2, an analog of Coates and co-workers� compound (BDI-iPr)ZnN(SiMe3)2, was
not active for the copolymerization, although it readily reacted with CO2 to generate
(BDI-iPr)ZnOC(¼O)NiPr2. Rieger and co-workers have shown that an ethyl sulfinate is
a viable initiator for the copolymerization [40]. The compound [(BDI-iPr)ZnOS(¼O)
Et]2 was synthesized by bubbling SO2 through a (BDI)ZnEt solution and was also
active for CHO�CO2 copolymerization. Catalytic activities were comparable to that of
[(BDI-iPr)ZnOAc]2, due to similar active species. As a result of bimodal GPC traces,
monomeric and dimeric BDI zinc species were believed to be active, although no
mechanistic studies were conducted. Oligomeric BDI ligands have been made from
4,40-methylenedianiline and 2,4-pentanedione. These zinc complexes have shown
modest activity for CHO�CO2 copolymerization (TOF¼ 11.3h�1) [41].

Scheme 11.13 A highly active b-diiminate (BDI) zinc catalyst for
cyclohexene oxide–CO2 copolymerization.
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Subtle electronic and steric perturbations to (BDI)ZnOR (R¼ alkyl or acyl) com-
plexes resulted in dramatic enhancements of activity for CHO�CO2 copolymeriza-
tion. During the course of these studies, catalysts for PO�CO2 coupling were also
discovered by Coates and co-workers [42]. Further modifications of the ligand
architecture generated the most potent catalyst reported at that time for PO�CO2

copolymerization, [(F3C-BDI-iPr,Et)ZnOAc]2 (Scheme 11.14). The complex copoly-
merized PO and CO2 at 25 �C and 7 atm CO2 to give PPC (>99% carbonate linkages;
Mn¼ 36 700 gmol�1;Mw/Mn¼ 1.13) with a TOFof 235 h�1. However, the selectivity
for polymer was only 75%. Increasing the CO2 pressure to 35 atm favored polymer
formation with a selectivity of 93%, while only moderately attenuating the catalytic
activity (TOF¼ 138 h�1).

More recently, Coates and co-workers performed mechanistic studies on the
(BDI)ZnOR-catalyzed copolymerization of CHO and CO2 [43]. Stoichiometric
reactions of the copolymerization initiation steps showed that zinc alkoxides insert
CO2, whereas zinc acetates react with CHO. For example, (BDI)ZnOiPr complexes
were found to react with CO2 and (BDI)ZnOAc complexes were found to react with
cyclohexene oxide (Scheme 11.15). The resultant compoundswere characterized by
single-crystal X-ray analysis and served as model compounds for presumed
intermediates in the copolymerization. Due to the expeditious reaction of CO2

with (BDI-iPr)ZnOiPr, CHO insertion was predicted to be the rate-determining
step. To monitor propagation, rate studies were performed on (BDI)ZnOAc
complexes using in situ FTIR spectroscopy. The rate studies revealed a zeroth-
order dependence in CO2 and a first-order dependence in CHO.Hence insertion of
CHO into a zinc carbonate was indeed the rate-determining step.
The copolymerization of CHO (1.98 M in toluene) in 20 atm CO2 at 50 �C using

sterically unhindered, dimeric complexes resulted in an order in [(BDI)ZnOR], where
R¼ alkyl, acyl or polymer chain, of�1.However, under the same conditions, an order
in [(BDI)ZnOR] approaching 2 was determined for bulky complexes. On the basis of
[(BDI)ZnOR] solution studies (R¼ alkyl or acyl), stoichiometric insertion reactions
and rate studies, a bimetallic mechanism was proposed (Scheme 11.16). Sterically
encumberedBDI zinc complexes ring openCHOin a bimetallic transition statewith a

Scheme 11.14 A highly active b-diiminate (BDI) zinc catalyst for
propylene oxide–CO2 copolymerization.
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predominantly monomeric ground state. Conversely, sterically unhindered BDI zinc
complexes insert CHO in a bimetallic transition state with a completely dimeric
ground state. A clever application of this finding was reported by Lee et al., who
synthesized bimetallic zinc species in order to take advantage of the bimetallic

Scheme 11.16 Proposed (a) copolymerization mechanism and
(b) epoxide ring-opening transition state using BDI zinc
complexes (CHO¼ cyclohexene oxide; P¼polymer chain).

Scheme 11.15 Insertion reaction of (BDI)ZnOR complexes with CO2 and CHO.
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transition state for epoxide enchainment [44]. The resulting compounds exhibited
excellent TONs at very low catalyst loadings and produced high molecular weight
polymers (>200000 gmol�1).

11.2.4.3 Zinc Catalysts for Asymmetric CHO�CO2 Copolymerization
There is significant interest in controlling the absolute stereochemistry of ring
opening in epoxide�CO2 copolymerization for several reasons. First, microstructure
directly affects polymer properties [45]. Second, the kinetic resolution of racemic
epoxides or desymmetrization of meso-epoxides by copolymerization is a potential
route to valuable chiral building blocks. CHO, amesomolecule, is an ideal substrate
for desymmetrization using chiral catalysts. In 1999, Nozaki et al. reported that a 1 : 1
mixture of ZnEt2 and (S)-a,a-diphenylpyrrolidine-2-ylmethanol (DPM)H was active
for stereoselective CHO�CO2 copolymerization at 40 �C and 30 atm CO2

(Scheme 11.17) [46]. The polycarbonate contained 100% carbonate linkages, an Mn

of 8400 gmol�1 and a PDI of 2.2. Hydrolysis of PCHC with base produced the
corresponding trans-cyclohexane-1,2-diol with 73% enantiomeric excess. 13C NMR

Scheme 11.17 Chiral zinc catalysts for the asymmetric,
alternating copolymerization of CHO and CO2.
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spectroscopic studies of model polycarbonate oligomers afforded spectral assign-
ments for isotactic dyads (153.7 ppm) and syndiotactic dyads (153.3–153.1 ppm) [47].
Finally, ring opening proceeded by complete inversion of configuration (SN2mecha-
nism), hence no cis-cyclohexane-1,2-diol was observed.
In a more recent study, Nozaki and co-workers isolated presumed intermediates in

the asymmetric alternating copolymerization [48]. Reaction of ZnEt2 and (S)-a,a-
diphenylpyrrolidine-2-ylmethanol yielded dimeric [(DPM)ZnEt]2, which was struc-
turally characterized by X-ray diffraction studies (Scheme 11.17). At 40 �C and 30 atm
CO2, [(DPM)ZnEt]2 catalyzed the formation of isotactic PCHC (Mn¼ 11 800gmol�1;
Mw/Mn¼ 15.7; TOF¼ 0.6h�1) with a slightly lower enantiomeric excess (ee) of 49%.
When the copolymerization was attempted with [(DPM)ZnOEt]2 and 0.2–1.0 equiv.
EtOH, enantioselectivities increased up to 80% ee and better control of molecular
weights and PDIs resulted. The compound [(DPM)ZnOEt]2 was proposed to be the
active initiating species. End-group analysis by MALDI-TOF mass spectrometry
revealed that in the absence of EtOH, signals assignable to the amino alcohol-initiated
polymerizationwere identified.However, as EtOHaddition was increased from 0.2 to
1.0 equiv., signals corresponding to the amino alcohol-derived polycarbonate dis-
appeared as peaks for theEtOH-initiated PCHCemerged. This was further confirmed
by end-group analysis using 1H NMR spectroscopy. Finally, mechanistic studies
suggested that the dimeric form of the catalyst is, in fact, the active species.
In 2000, Coates and co-workers developed C1-symmetric imine–oxazoline (IOX)

ligated zinc bis(trimethylsilyl)amido compounds for the stereoselective, alternating
copolymerization of CHOandCO2 (Scheme 11.17) [49]. Throughmultiple electronic
and stericmanipulations, the compound (IOX)ZnN(SiMe3)2 was found to exhibit the
highest enantioselectivity (RR:SS ratio¼ 86 : 14; 72% ee). The resultant PCHC
possessed 100% carbonate linkages, an Mn of 14 700 gmol�1, a PDI of 1.35 and a
Tg and Tm of 120 and 220 �C, respectively. Furthermore, stereocontrol was also
achieved in the alternating copolymerization of cyclopentene oxide (CPO) and CO2,
producing poly(cyclopentene carbonate) with an RR : SS ratio of 88 : 12 (76% ee). As
revealed by 13C NMR spectroscopy, the experimental carbonyl tetrad concentrations
matched the predicted tetrad concentrations for an enantiomorphic-site control
mechanism. The contributions described above represent an important step forward
in the production of well-defined, tactic polycarbonates.

11.3
Synthesis of Aliphatic Polyesters

Aliphatic polyesters constitute an important class of polymers due to their biodegrad-
ability [50, 51] and biocompatibility [51, 52], which allows their use in drug delivery
systems [51], artificial tissues [52] and commoditymaterials [53]. As only 6%of plastics
in the USA are currently recycled [54], the production of economically competitive
biodegradable polymers has recently become of great interest to the scientific
community [53a, 55]. Although the polycondensation of a diol and a diacid is the
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most common method for aliphatic polyester synthesis, the coordination–insertion
method, which employs a well-defined single-site catalyst to effect the ring-opening
polymerization (ROP) of cyclic esters, has become increasingly important over thepast
few decades [50–56]. One reason for this growing attention is that condensation
polymerization is energy intensive, requiring high temperature and removal of the
alcohol or water by-product to achieve high molecular weight (Mn) polymers; also,
very precise stoichiometry between the diacid and diol is required to achieve a high
Mn [51, 57]. Conversely, ROP by the coordination insertion mechanism is much
more energy efficient; this technique typically uses mild reaction conditions and
avoids the formation of small-molecule by-products (Scheme 11.18).

Many extensive reviews have recently been published on the subject of the ROP of
cyclic esters [50b,c, 51, 56]. We will avoid duplicating these and focus our discussion
on theROPof lactide (LA)with high stereocontrol, butyrolactone (BL), e-caprolactone
(CL) and its derivatives and the copolymerization of epoxides and cyclic anhydrides.
We will refrain from discussing catalysts not bearing ancillary ligands [M(OR)x],
which are among themost common catalysts for the ROPof cyclic esters, and instead
refer the reader to the aforementioned reviews for discussion of these compounds.
Instead, we will focus on the use of biorenewable starting materials and also discuss
some examples of ROP using organocatalysts, of interest in applications requiring
ultra-pure (metal-free)materials. Although this topic has recently been reviewed [58],
we feel that it deserves mention here as well.

11.3.1
Synthesis of Poly(lactic Acid)

11.3.1.1 Background
Poly(lactic acid) (PLA) is a biodegradable aliphatic polyester synthesized from lactide,
a biorenewable monomer derived from corn. One of the most common and useful
polyesters [50b,c, 56], PLA is used in a wide range of applications, including food
packaging and textiles, and has been commercialized by many companies such as

Scheme 11.18 Comparison of methods for aliphatic polyester synthesis.
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Cargill and Teijin under the trade name Natureworks [53a, 59]. As the LA dimer
contains two stereocenters, there are a number of different PLA stereoarchitectures
available (Scheme 11.19) and each possesses different physical properties. A great
deal of research has been focused on stereochemical control in PLA synthesis; wewill
provide a summary of these efforts here.

11.3.1.2 Aluminum Catalysts for the Synthesis of PLA
In 1996, Spassky et al. reported the kinetic resolution polymerization of rac-LA in
which the chiral aluminum alkoxide complex (R,R)-(salbin)AlOMe showed a prefer-
ence for (R,R)-LA over the S,S-enantiomer by a factor of 20 (Scheme 11.20) [60]. This
reaction produced predominantly isotactic PLA when the polymerization was run to
less than 50% conversion. However, it only slowly approached 100% conversion
because of the inactivity of the S,S-enantiomer. When polymerizations of rac-lactide
were allowed to proceed to full conversion, a stereoblock copolymer resulted with a

Scheme 11.19 Tacticities of poly(lactic acid) (PLA) and synthetic
routes to their formation (LA¼ lactide).
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small amount of tapering. This catalyst system exhibited excellent molecular weight
control and the polymers produced possessed narrow PDIs.

Ovitt andCoates reported the synthesis of syndiotactic PLA frommeso-LAusing (R,
R)-(salbin)AlOiPr (Scheme 11.21) [61a]. PLAwith anMn of 12 000 gmol�1 and a PDI
of 1.05 was produced in 14 h at 70 �C. Notably, this PLAwas highly syndiotactic, with
an enantiotopic selectivity of 96%. The ROP of meso-LA by rac-(salbin)AlOiPr in
toluene at 70 �C produced heterotactic PLA after 40 h, with anMn of 13 600 gmol�1

and a PDI of 1.07. Control experiments were used to show that the formation of
heterotactic PLAwas a result of polymer exchange between (R,R)-(salbin)AlOiPr and

Scheme 11.20 Kinetic resolution ring-opening polymerization of rac-LA using (R,R)-(salbin)AlOMe.

Scheme 11.21 Syndiospecific ring-opening polymerization of meso-LA using (R,R)-(salbin)AlOiPr.
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(S,S)-(salbin)AlOiPr. Interestingly, stereoblock PLAcould also be produced in a living
fashion through the ROP of rac-LA using rac-(salbin)AlOiPr for initiation [62]. This
result further supported the proposed polymer exchange mechanism, in which
sequences of the preferred LA enantiomer are formed by each enantiomer of (salbin)
AlOiPr, followed by chain exchange, which resulted in a stereoblock formation
possessing –RRRRRRSSSSSS– sequences in the polymer chain.
Feijen and co-workers employed the aluminum alkoxide complex rac-(salcy)AlOiPr

in their synthesis of isotactic stereoblock PLA from rac-LA (Scheme 11.22) [63]. Also, it
was discovered that at higher temperatures (130 �C instead of 70 �C), PLA could be
polymerizedwithout theuseof solvent.Under theseharsher conditions, they produced
isotactic PLA with a higher Mn (24 000gmol�1), while retaining the narrow PDI
associated with well-controlled, living polymerizations. In addition, the groups of
Chen,Nomura andGibsonhave allmade recent seminal contributions in this area [64].

11.3.1.3 Zinc Catalysts for the Synthesis of PLA
Coates and co-workers have reported that the b-diiminate zinc compound (BDI-iPr)
ZnOiPr is an effective catalyst for the stereoselective ROP of LA (Scheme 11.23) [65].
Highly heterotactic PLA (Mn 38 000 gmol�1, PDI 1.10) was produced via chain-end
control from200 equiv. of rac-LA in 20min at 20 �C.Aheterotactic linkage probability
of 94% was achieved by performing the polymerization at 0 �C for 2 h. Using (BDI-
iPr)ZnOiPr, meso-LA was polymerized to afford syndiotactic PLA through the same
chain-end control mechanism. Although it is not able to produce isotactic PLA from
rac-LA like the chiral aluminumcatalysts (Scheme 11.22), (BDI-iPr)ZnOiPr exhibited
much higher activity while maintaining excellent molecular weight control.

Scheme 11.22 Isospecific ring-opening polymerization of rac-LA using racemic, chiral aluminum
alkoxides to produce isotactic stereoblock PLA.
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11.3.1.4 Germanium Catalysts for the Synthesis of PLA
The first germanium catalyst for the ROP of LA was reported by Davidson and co-
workers [66]. They used a mixed germanium alkoxide–aryloxide [(ArO3)GeOiPr,
Scheme 11.24] to produce predominantly heterotactic PLA from the ROPof rac-LA in
the absence of solvent. Molecular weights as high as 52 000 gmol�1 were obtained,
with a PDI of 1.19. This was the first example of heterotactic PLA synthesis under
solvent-free conditions.

11.3.1.5 Metal-free Catalysts for the Synthesis of PLA
Hedrick and co-workers reported the use of an N-heterocyclic carbene (NHC,
Scheme 11.25) as an organocatalyst for the ROP of cyclic esters through a monomer
activation pathway in which the nucleophilic NHC ring opens the cyclic ester and
activates it towards attack by the alcohol initiator or the propagating alcoholic polymer
chain end [67]. This novel method is of great environmental interest as typical ROPs

Scheme 11.24 Germanium catalyst (ArO3)GeOiPr for the synthesis of heterotactic PLA.

Scheme 11.25 Ring-opening polymerization of LA using organocatalysts.

Scheme 11.23 b-Diiminate zinc alkoxide (BDI-iPr)ZnOiPr used
for the synthesis of heterotactic and syndiotactic PLA.
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require the removal of the residual catalyst (metal) from the polymer during puri-
fication. With an organocatalyst, metal removal is unnecessary and this eliminates
the need for expensive purification steps and large volumes of solvent waste. In 2 h,
the authors were able to polymerize 120 equiv. of (S,S)-LAusing benzyl alcohol as the
initiator, with a PDI of 1.12.
Recently, Waymouth and co-workers reported the ROP of LA in which they used a

commercially available guanidinium base (Scheme 11.25) with 4-pyrenebutanol as
an initiator for the ROP of (S,S)-LA [68]. This organocatalyst system exhibited activity
that is faster than with many metal catalysts as it polymerized 500 equiv. of LA in
1min at 20 �C to afford anMn of 63 000 gmol�1 and a PDI of 1.11. They proposed a
bifunctional nucleophilic mechanism in which a nitrogen atom on the guanidine
base ring opens the cyclic ester while the adjacent nitrogen atom, through a hydrogen
bond, activates the alcohol initiator or polymer chain end for nucleophilic attack at the
nearby N-acyl bond. They hypothesized that this process is responsible for the
exceptionally high LA ROP activities that were observed.

11.3.2
Synthesis of Poly(hydroxyalkanoate)s

Poly(hydroxyalkanoate)s (PHAs) are naturally occurring biodegradable and biocom-
patible polymers that are produced by bacteria and other organisms [50a,d, 52].
Because of the high cost of PHA synthesis via bacterial fermentation, a number of
synthetic efforts have been developed for the synthesis of these aliphatic polyesters.
Wewill present just a brief overview of PHA synthesis as amore extensive review has
already been published [50b].
Schreck and Hillmyer have reported a synthesis of poly(a-methyl-b-pentyl-b-

propiolactone) [69] (PMPP) from the corresponding lactone using a zinc complex
(Scheme11.26), previously shown to behighly active for theROPof LA [70].However,
the ROP of MPP proceeded significantly more slowly than that of LA. This reaction
required 75 h to achieve 89% conversion and anMn of 40 000. LactoneMPP is readily
synthesized from propionic acid and hexanal, two compounds that can be produced

Scheme 11.26 Polymerization of (a-methyl-b-pentyl-b-propiolactone) using a zinc alkoxide.
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from biorenewable resources. PMPP was targeted as a biodegradable, biorenewable
alternative to polyethylene that is blended with PLA in order to increase the
mechanical toughness of PLA.
Poly(3-hydroxybutyrate) (PHB), one of the most common PHAs, can be synthe-

sized to give isotactic polyester through the use of optically pure (R)- or (S)-b-
butyrolactone (BBL); however, syndiotactic PHB has been an elusive target. Notably,
in a recent study, Carpentier and co-workers employed an yttrium isopropoxide
complex (ArO2)Y(THF)OiPr (Scheme 11.27) to generate highly syndiotactic PHB in
1 min from rac-BBL [71]. The polymer contained 90% syndiotactic linkages and
possessed anMn of 23 000 gmol�1 and a PDI of 1.15. Adecrease in temperature from
20 to �20 �C resulted in an increase in syndiotacticity to 94%.

Another report of high activity in the polymerization of BBL comes from Coates
and co-workers [72]. They used a b-diiminate zinc catalyst, (BDI-iPr)ZnOiPr, to effect
the ROP of rac-BBL in 5min at 70 �C to produce PHBwith anMn of 25 000 and a PDI
of 1.14.At amonomer : initiator ratio of 2000 : 1,Mn values as high as 144 000 gmol�1

were achieved. Also, isotactic PHBwas generated using optically pure (R)-BBL in the
feed, although complete conversionwas not realized as the highly crystalline polymer
precipitated out of benzene solution at 67% conversion. It was also shown that the
catalyst system is active for the ROP of b-valerolactone (BVL).
N-Heterocyclic carbenes (NHCs, Scheme 11.25) have also been shown byHedrick

and co-workers to effect the ROP of BBL [67]. They were able to polymerize 44 equiv.
of BBL relative to pyrenebutanol initiator to afford PHB with a PDI of 1.15.

11.3.3
ROP of Other Cyclic Esters

In addition to LA and BBL, e-caprolactone (CL) and similar lactones are suitable
monomers for the synthesis of biodegradable aliphatic polyesters via well-defined

Scheme 11.27 Synthesis of syndiotactic PHB using yttrium catalyst (ArO2)Y(THF)OiPr.
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single-site catalysts. Hillmyer and co-workers recently reported the ROP of (�)-
menthide (Scheme 11.28) using complex (ArON2)ZnOEt (Scheme 11.26) [73].
Menthide is an e-lactone readily synthesized from naturally occurring (�)-menthol
(Scheme 11.28). This reaction gaveMn values in excess of 90 000 gmol�1 and narrow
PDIs.More recently, the same group reported the copolymerization ofmenthidewith
rac-LA to form an ABA triblock thermoplastic elastomer from completely renewable
resources [74]. This polymer has potential application in the biomedical and
pharmaceutical fields.

An N-heterocyclic carbene (Scheme 11.25) was also shown by Hedrick and
co-workers to catalyze theROPofCL [67]. Theywere able to achieve high conversions,
albeit at longer times than for the previously mentioned ROP of LA (24 h instead
of 2 h). In addition, star polyesters were synthesized using a six-arm hydroxyl-
functionalized poly(propylene glycol) initiator. A guanidine base (Scheme 11.25)
was also shown by Waymouth and co-workers to polymerize VL and CL [68]. In the
ROP of VL, they used a slightly higher catalyst loading than with LA and achieved a
polymer with a high Mn (16 000 gmol�1) and narrow PDI (1.12) in 30min at 25 �C.
The ROP of CL, however, required much longer times in addition to higher catalyst
loading. In 8 h, the ROP of CL catalyzed by the guanidine base resulted in anMn of
21 000 gmol�1 and PDI of 1.16. Diblock copolymers were produced through the use
of monohydroxy-functionalized macroinitiators such as poly(ethylene oxide). These
block copolymers exhibited clean chain extensions.

11.3.4
Copolymerization of Epoxides and Cyclic Anhydrides

In addition to the ROP of cyclic esters, the alternating copolymerization of epoxides
and cyclic anhydrides is a novel method for aliphatic polyester synthesis. This
technique affords a polymer repeat structure identical to that of a condensation
polyester, in which a diol and diacid are copolymerized via a polycondensation
reaction (Scheme 11.18). However, the use of an anhydride and epoxide avoids
the production of small-molecule byproducts and allows for the facile synthesis
of high molecular weight polyesters. A number of anhydrides and epoxides are
naturally occurring or can be readily synthesized from naturally occurring starting
materials.
One of thefirst examples of epoxide–cyclic anhydride copolymerization came from

Inoue and co-workers [75]. They employed an aluminum porphyrin–quaternary salt
system, (TPP)AlCl–EtPh3PBr, to copolymerize a variety of epoxides with phthalic

Scheme 11.28 Polymerization of menthide using a zinc alkoxide catalyst.
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anhydride, including propylene oxide and cyclohexene oxide (Scheme 11.29). With a
chloride initiator, polymers with Mn values up to 4000 gmol�1 were synthesized,
while PDIs were as low as 1.08. The system was shown to be living by the addition of
more epoxide to the growing poly(alkylene phthalate), which caused a noticeable
increase in Mn while retaining the narrow PDI. However, one drawback to this
system is the long reaction times required: 4–16 days were necessary to achieve full
conversion of 25 equiv. of each monomer.

Recently, Coates and co-workers reported amore efficientmethod for the synthesis
of aliphatic polyesters from epoxides and cyclic anhydrides using a b-diiminate (BDI)
zinc complex, (CN-BDI)ZnOAc [76], which has been developed for use in ROP
reactions over the past decade. This complexwas active for a number of combinations
of epoxides and cyclic anhydrides, including cyclohexene oxide and diglycolic
anhydride (Scheme 11.30). Mn values in excess of 50 000 gmol�1 and PDIs as low
as 1.11 were obtained. This system is noteworthy in that most ROPs can be
performed in a matter of hours, instead of days, and can attain high molecular
weight polymers while retaining low PDIs.

Scheme 11.30 Alternating copolymerization of epoxides and
cyclic anhydrides using (CN-BDI)ZnOAc.

Scheme 11.29 Copolymerization of epoxides and maleic anhydride using (TPP)AlCl–EtPh3PBr.
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11.3.5
Summary

Interest in aliphatic polyesters has increased considerably over the past few decades,
due in large part to their biodegradable properties and the biorenewable origin of
many of the monomers. These materials have found many uses in today�s society,
from drug delivery systems, degradable tissue scaffolds and sutures, to commodity
plastics and textiles. Although the cost of aliphatic polyesters has decreased, they are
still more expensive than polyalkenes. With continuing research and an increasing
public knowledge of, and interest in, this area, the cost of aliphatic polyesters is
expected to becomemore competitive with polyalkenes. This development should be
instrumental in lessening the environmental impact of our heavy dependence on
non-biodegradable and non-biorenewable plastics.
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12
The Aerobic Oxidation of p-Xylene to Terephthalic acid: a Classic
Case of Green Chemistry in Action
Walt Partenheimer and Martyn Poliakoff

Although the ultimate aim of most green chemistry research is industrial imple-
mentation, the research is often perceived as being primarily an academic pursuit.
This chapter is different. It focuses on the continuing development and improvement
of a major commercial bulk chemical process, the oxidation of p-xylene. The two
authors, W.P., a US industrial chemist with more than 30 years� experience of
oxidation processes, and M.P., a UK academic green chemist, were first brought
together by the oxidation of p-xylene in supercritical water, which forms the final
section of this chapter. Their aim is to bring this story of this process to a wider
chemical public. The chapter shows how apparently simple reactions can have
unexpected mechanistic complexity and how this complexity offers fascinating
opportunities for major innovation even in well-established processes. A key objec-
tive is to show that, despite the fact that the drivers continue to be largely commercial,
the developments in this process have all the appearance of being guided by the
Principles of Green Chemistry. Indeed, the oxidation of p-xylene may well be one of
the best demonstrations that greener processes are more profitable.

12.1
Introduction

The commercial methods for the manufacture of terephthalic acid are based on
dissolving p-xylene and the components of the catalyst into a given solvent and
passing a source of molecular oxygen (O2), usually air, through it (Scheme 12.1).
Most of the manufactured terephthalic acid is used to produce poly(ethylene

terephthalate) (PET) by its reaction with ethylene glycol (Scheme 12.2).
One of the most visible forms of PET is in the manufacture of water bottles,

although it has many other forms, including fibers, films and engineered plastics.
Over 6 million tons per year were produced in the 2002 [1].
The structure of this chapter is based on the historical methods of preparation of

terephthalic acid, demonstrating how the discovery of each method allowed for a
large increase in greenness in the manufacturing process (Table 12.1). Each advance
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is based on the invention of new catalysts; small variants in these processes have been
discussed elsewhere [2]. After a brief description of each process, the greenness of the
process will be outlined and then the catalytic mechanisms responsible for the green
aspects will be highlighted, ending with a discussion of the weaknesses in the
process. Our discussion of greenness will be based on the 12 Principles of Green
Chemistry and Engineering [3]; those that are relevant to this chapter are given in
Table 12.2. Engineering aspects of these processes are beyond the scope of this
chapter and have been discussed elsewhere [1, 2, 4–7].
The earliest methods for preparing terephthalic acid used stoichiometric reagents

such as permanganate and dichromate salts. The first commercial manufacturing
methods were initiated with the invention of the Co(II) acetate catalyst using acetic

Scheme 12.2

Scheme 12.1

Table 12.1 Past, present and future methods for manufacturing terephthalic acid from p-xylene.

Catalyst Solvent Descriptiona

Past None – stoichiometric — —

Present Co(OAc)2 Acetic
acid

Witten process. Autoxidation
followed by esterification

Present Co(OAc)2 Acetic
acid

Eastman process. Autoxidation
with an organic co-oxidant

Present Co(OAc)2�Mn(OAc)2�HBr Acetic acid Mid-Century process. Autoxidation
Future (?) MnBr2 (?) Water Autoxidation

aAutoxidation is defined as products obtained by reaction of a hydrocarbon using dioxygen as the
primary oxidant.
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acid as the solvent in 1938 [8]. There are two variants of this method based on aerobic
oxidation with the products being separated and purified by esterification (Witten
process) and air oxidation using a co-oxidant such as acetaldehyde (Eastman process).
A giant step forward in terephthalic acid manufacture was the invention of metal–
bromide catalysts, the most prominent being the combination of Co(II) and Mn(II)
acetates with bromide salts in 1954 [4, 9, 10]. Finally, we discuss a possible future
process based on changing the solvent from acetic acid to �hot� water (250–374 �C) or
supercritical water (Tc¼ 374 �C, Pc¼ 221 bar).

12.2
Methods of Making Terephthalic Acid Using Stoichiometric Reagents

Introductory textbooks in organic chemistry and also advanced treatises on oxidation
chemistry teach the oxidation of methylaromatic compounds using permanganate
and dichromate salts [11], e.g. Scheme 12.3.

The atom economy of the reaction in Scheme 12.1 to give terephthalic acid (Green
Principle 2, Table 12.2), based on the moles of product and by-products pro-
duced [12, 13], is only 38% Current terephthalic acid plants often have a capacity
of at least 1 billion lb per year. It is difficult to conceive of a process using potassium

Table 12.2 Selected Principles of Green Chemistry and
Engineering used in this chapter (adapted andmodified from [3]).

Principlea Description

1 It is better to prevent waste than to treat or clean up waste
2 Atom economy; maximize all materials used into the desired product
3 Safer solvents; should be innocuous and made unnecessary if possible
4 Design for energy efficiency and simplicity
5 Use renewable feedstocks
6 Use catalysts, as selective as possible, rather than stoichiometric reagents
7 Avoid derivatization or masking of the reagents
8 Less hazardous chemical syntheses; methods should be designed to

generate substances that have little or no toxicity.

aNote that the numbering of these principles has been changed from those used in [3].

Scheme 12.3
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permanganate and generating multi-million pounds of waste in the form of manga-
nese(II) oxide and alkali metal hydroxide.

12.3
Methods for Preparing Terephthalic Acid Using Cobalt Acetate and Dioxygen
in Acetic Acid

We begin by discussing the large increase in greenness in going from a stoichio-
metric preparation of terephthalic acid to a catalytic process using O2 as the oxidant.
Thenwe describe the catalyticmechanisms responsible for the increasing greenness.
Finally, we explain the disadvantages of the Co–acetic acid-based chemical processes
so that one can appreciate the value of the next advance in greenness – the invention
of the Co�Mn�Br catalyst.

Principle 2 – Atom Economy
The Co catalyst allows for the direct incorporation of dioxygen into p-xylene in which
the atomeconomy is increased from38% inScheme12.3 to 82% inScheme12.1. The
number of by-products is reduced from 3 in the stoichiometric oxidation to just
simply water in Scheme 12.1. Although water is normally considered a green by-
product, it is not �green� in this instance since it deactivates the catalyst [14]; hence the
energy-intensive separation of the water from the acetic acid eventually becomes
necessary. This is one of the key driving forces for developing a process that uses
water as a solvent.

Principle 5 – Renewable Feedstocks
Air, which contains 20.9%ofO2, is usually used as the source ofO2 in these processes.
Air is a renewable resource since O2 is generated biologically via photosynthesis.
p-Xylene, however, is not renewable since it comes from petroleum refining.

Principle 4 – Design for Simplicity and Energy Efficiency
One outstanding green property of the acetic acid solvent is that terephthalic acid is
highly insoluble in it, whereas all the other intermediates (shown in Scheme 12.4)
andby-products produced aremuchmore soluble. Thus, as p-xylene is being oxidized
in acetic acid, the terephthalic acid preferentially precipitates. The product is thus
separated from the by-products and catalyst as it is being produced. The solubility of
terephthalic acid at 150 �C, the approximate operating temperature of these process-
es, is only 0.38 g per 100 g of acetic acid. Hence the one disadvantage of homo-
geneously catalyzed processes – that of separation of the product from the solvent and
catalyst – is largely absent when acetic acid is used.
One of the great green advantages of this aerobic reaction is that the enthalpy

change of the reaction in Scheme 12.1 is�336 kcalmol�1. This enormous amount of
heat can be captured by conversion of water to steam in heat exchangers and then
used to provide energy in subsequent chemical steps – such as for the purification of
the terephthalic acid or for conversion of terephthalic acid to PET. For example, one
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method used to purify terephthalic acid is by recrystallization in water at around
�300 �C. The energy required to heat 1mol of terephthalic acid from room tempera-
ture (25 �C) to 300 �C is 275 kcalmol�1, which could be supplied by the heat of
reaction.

Principle 8 – LessHazardous Chemical Synthesis Producing Substances with Little or No
Toxicity
Both terephthalic acid and dimethyl terephthalate have low toxicity and cause only
mild and reversible irritation to the skin, eyes and the respiratory system [16].

Principles 1 and 6 – Use Selective Catalysts to Reduce By-products
Co(II) acetate dissolved in acetic acid strongly activates molecular oxygen and also
reduces undesirable by-products. Activation of oxygen is necessary because it exists
in a triplet electronic spin state ð3O2Þ and p-xylene is in a singlet spin state. This
dissimilarity in spin produces a large activation energy barrier, which causes the
reaction to be very slow [17]. Experimentally, this can be shown by heating toluene in
acetic acid to 205 �C at 34 bar pressure for 25min and obtaining only a trace of
benzaldehyde [17, 18]. However, addition of Co(II) acetate immediately initiates a
reaction and benzyl alcohol, benzaldehyde and benzoic acid are obtained. The
increase in activity and selectivity that Co(II) imparts to this free radical chain
mechanism has been demonstrated by oxidation in acetic acid of 4-methylbenzal-
dehyde (p-tolualdehyde) one of the intermediates in p-xylene oxidation [15]. The
oxidizability of 4-methylbenzaldehyde is 340 times greater than that of p-xylene;
consequently, its oxidation can be observed even in the absence of a catalyst. As
shown in Scheme 12.5, addition of the cobalt catalyst increases the rate of reaction by

Scheme 12.4 Intermediates present during the autoxidation of
p-xylene to terephthalic acid. For a more detailed description and
the relative reactivities of the intermediates, see [21].
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a factor of 2.5 and dramatically decreases the yields of the by-products. The yield of
toluene is reduced by a factor of 10, that of p-tolyl formate is decreased by a factor of
300 and p-cresol falls to undetectable amounts. The amount of CO2 is reduced by a
factor of 7.4! p-Cresol is a very strong antioxidant, the concentration of which
increases with time in the uncatalyzed reaction and eventually causes the reaction
to terminate at a conversion of only 43%. In the presence of cobalt catalyst, the
reaction continues to 100%, giving high yields of p-toluic acid [15].

Themechanistic rationale for the dramatic increase in reaction rate and selectivity
is given in Scheme 12.6 (Reactions 12.1–12.16). The initiation, propagation and
termination steps of the free radical chain mechanism are given in Reactions
12.1–12.4. The product of these reactions is 4-methylperoxybenzoic acid. The bond
strengths of peroxides are weak (�25–30 kcalmol�1) and, above 80 �C, the thermal
dissociation of these bonds can occur to give the carboxyl radical and hydroxyl
radicals, Reaction 12.5. The carboxyl radical readily undergoes decarboxylation,
Reaction 12.9, to give the 4-methylphenyl radical. Hydrogen atom abstraction of
this radical generates the observed by-product, toluene. The 4-methylphenyl radical
will also react at a diffusion-controlled rate with O2 and go through a series of
reactions to generate the 4-methylcresol, Reaction 12.13. The hydroxyl radical,
generated in Reaction 12.5, is always undesirable in selective oxidations, for two
reasons. (i) It is highly energetic and reacts exothermically with virtually any available
C�Hbond; it reacts preferentially with the aromatic ring, with an enthalpy change of
�15 kcalmol�1, to form the cyclohexyldienyl radical, which subsequently rearranges
to 2-hydroxyl-4-methylbenzaldehyde, Reaction 12.6. (ii) The reaction rates of the
hydroxyl radical with organic substrates is often close to diffusion controlled; it reacts
with p-xylene at a rate of 7.0� 109 Lmol�1 s�1) [19]. The observed by-product, p-tolyl
formate, forms via the Baeyer–Villiger rearrangement of the reaction of the 4-
methylbenzaldehyde with the 4-methylperoxybenzoic acid, Reaction 12.11. The
greenhouse gas CO2 forms from the oxidation of the phenols, Reactions 12.8
and 12.15, and from the decarboxylation of the 4-methylbenzylcarboxyl radical,

Scheme 12.5 p-Toluic acid and by-products from the oxidation of
p-tolualdehyde (4-methylbenzaldehyde) in 5% water–acetic acid
with and without the presence of Co(II) acetate (at 10mM).
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Reaction 12.9. The cresols oxidize to the quinones, which are highly colored and
hence undesirable, since one of the key specifications for commercial terephthalic
acid is a high degree of whiteness.

It is well established that Co(II) reacts with peroxyaromatic acids at a very high
rate [15]. In acetic acid, the reaction of 3-chloroperoxybenzoic acid with Co(II) is
400 000 times faster than its thermal dissociation (Scheme 12.7). The reaction with
Co(II) is also much more selective, giving higher yields to the carboxylic acid with
significant decreases in the 4-chlorobenzene by-product (the equivalent of toluene
formation in Scheme 12.6) andCO2. Thus in Scheme 12.6, the reaction of Co(II) with

Scheme 12.6 The mechanism for the formation of toluene, p-
cresol, p-tolyl formate and carbon dioxide from the autoxidation of
4-methylbenzaldehyde (p-tolualdehyde).
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the 4-methylperoxyacid, Reaction 12.16, is much faster than both the thermal
dissociation, Reaction 12.5, and the Baeyer–Villiger reaction, Reaction 12.11. The
direct formation of the aromatic acid via Reaction 12.16 is therefore highly favored
when a cobalt catalyst is added and is consistent with the large observed reduction in
yield of the by-products, toluene, 4-methylcresol, p-tolyl formate and CO2.

Co(II) acetate appears to be unique in its ability to catalyze autoxidations of this
type. One of the fundamental problems with free radical chain mechanisms is how
the initiation step occurs [18]. It has been shown that Co(II) acetate reacts with trace
amounts of peroxides in acetic acid to generate small amounts of Co(III) and of
products which are derived from the formation of themethyl radical (methyl acetate,
CO2 and CH4). Both themethyl radical, CH3

q, and Co(III), are known to generate the
benzylic radical (CH3PhCH2

q) and hence initiate the reaction (Scheme 12.8a). Of all
the first-row transitionmetals (Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn), only Co has this
ability. Similarly, Co is unique in its ability to catalyze the oxidation of p-toluic acid,
one of the intermediates in p-xylene oxidation [18].
Not only is the Co(III) generated by trace amounts of peroxide but also, once the

free radical chain mechanism is operational, Co(III) is generated from the peroxy
acid, Reaction 12.16 (Scheme 12.6), and by reaction with the highly energetic
hydroxyl radical. As discussed above, the reduction of the steady-state concentration
of the hydroxyl radical in these reactions is highly desirable because of the lack of
selectivity and high reactivity of OH q toward virtually any organic substrate [19]. Co
(II) and most other metals used in autoxidation react very quickly with the hydroxyl
radical (Table 12.3), thereby lowering its concentration and hence increasing the
selectivity of the process. The increase in selectivity imparts �greenness� by decreas-
ing waste.
This free radical mechanism explains how the conservation of electronic spin,

which prevents the direct reaction of 3O2 with hydrocarbons, can be overcome. In
the propagation step of the free radicalmechanism, the hydrocarbon is itself a radical
species in a doublet spin state and reacts essentially at diffusion-controlled rates with
O2 to give the peroxy radical:

2CH3PhCH2
qþ 3O2 ! 2CH3PhCH2OO

q ð12:17Þ

Scheme 12.7 A comparison of the thermal decomposition and
stoichiometric oxidation of 3-chloroperbenzoic acid with Co(II)
acetate in acetic acid at 60 �C in 10% water–acetic acid [20].
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Scheme 12.8 The initiation of the oxidation of p-xylene with (a) Co, (b) Co�Br and (c) Co�Mn�Br
catalysts. The t1/2 data are from experiments at 60 �C in 10% water–acetic acid. Vertical distances
between Co(II)�Co(III), Mn(II)�Mn(III) and Br(–1)–Br(0) are proportional to their redox
potentials. Co(III)a and Co(III)i are different forms of Co(III) with the activity of Co(III)a being greater
than that of Co(III)i. Redrawn from [55].

Table 12.3 Rates of reaction of the hydroxyl radical with selected
compounds in aqueous solution [19].

Species reacting with OH radical Product of reaction pH Rate constant (Lmol�1 s�1)

Bromide ion BrOH� 1 1.1· 1010

Co(II) Co(III)OH 7 8· 105

Mn(II) Mn(III)OH 6.7 2.9· 107
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We have seen how the aerobic autoxidation of p-xylene is superior in greenness to
stoichiometric oxidation and how the cobalt catalyst imparts great selectivity in
reducingmany unwanted by-products. The problem with this chemistry, however, is
that one is limited to low terephthalic acid yields of �15% with large amounts of
partially oxidized intermediates shown in Scheme 12.4. The reasons for this are
complex but include the following:

. The reaction is sluggish even at high catalyst concentrations since Co(III) reacts
slowly with p-xylene (Scheme 12.8a).

. Studies using the Hammett equation show that the transition state of Co(III) res-
ponds strongly to electron-withdrawing substituents on the ring, such as a carboxyl
group, and hence p-toluic acid is 76 times less reactive than p-xylene [15, 21, 22].

. The steady-state concentration of Co(III) is high during the reaction, often 50–70%
of the metal present [17, 23]. Co(III) is a very strong oxidant in acetic acid [Co(II)�
Co(III) reduction potential¼ 1.8 V] and is known readily to decarboxylate aromatic
and aliphatic acids [24].

The structure of the coordination compounds in acetic acid–water solutions has
been discussed in detail [25]. The rates of ligand exchange of Co(II) are essentially
instantaneous at room temperature and the coordination sphere contains acetic acid,
acetate, water and oxygenated products such as benzaldehydes and carboxylic acids.
Both acetic acid and p-toluic acid are decarboxylated by Co(III), generating the
plethora of by-products shown in Scheme 12.9. The reaction is also strongly
deactivated by the decarboxylation reaction because (i) the p-cresol formed is a
strong antioxidant and (ii) Co(III) is in competition with the desired reaction,
Reaction 12.21, which produces the benzylic radical as opposed to the undesired
decarboxylations, Reactions 12.22 and 12.23 (Scheme 12.9).
Whycantherateofreactionnotbeincreasedbyincreasingthetemperaturesothatthe

oxidation can be driven to completion giving terephthalic acid in high yield? The
activation energy for the Co(III) decarboxylation is very high (42 kcalmol�1 in anhy-
drous acetic acid, 33 kcalmol�1 in 5% water–acetic acid and 28 kcalmol�1 in 10%
water–acetic acid [26]). As the temperature increases, the importance of decarboxyl-
ation, Reactions 12.22 and 12.23 becomedominant at�120 �Cand the relative rates of
conversion to the desired aromatic acid decrease above this temperature [17, 23, 26].
Two strategies have been used to overcome the low terephthalic acid yields in the

cobalt-catalyzed reaction. Both of these strategies use co-oxidation processes to drive
the reaction of p-xylene to terephthalic acid to high yield. The Eastman process adds
acetaldehyde to the oxidation reaction along with the p-xylene. The acetaldehyde is
oxidized to peroxyacetic acid and this peroxy acid effectively oxidizes Co(II) to Co(III),
which drives the reaction to completion. Large amounts of acetaldehyde are required
(about 2mol of acetaldehyde–p-xylene [27]), making the reaction stoichiometric in
acetaldehyde. The process is a net producer of acetic acid. Similar processes have
used paraldehyde [26] and 2-butanone [23] as the co-oxidants. In the Witten process,
the initial oxidation mixture of p-toluic acid and terephthalic acid is esterified with
methanol. The dimethyl terephthalate is separated from the monomethyl-p-toluic
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acid and the latter is recirculated back to the oxidation reactor. Then one has a co-
oxidation of the more active p-xylene with the less reactive monomethyl-p-toluic acid
to produce monomethyl terephthalate. Continuous oxidation followed by esterifica-
tion and separation of the esters eventually produces dimethyl terephthalate with
about 90% selectivity.

12.4
Adding Bromide to Improve Terephthalic Acid Production Using Cobalt
and Manganese Acetates in Acetic Acid

A huge step forward in greening of this reaction occurred in 1954 with the discovery
of metal–bromide catalysts by Landau, Saffer and Barker [10, 28]. Their initial

Scheme 12.9 Structure of possible coordination compounds of cobalt in water–acetic acid
solutions, incorporating aromatic acids in the coordination sphere of Co(II), and some of the by-
products from decarboxylation.
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discovery was with an MnBr2 catalyst with 1,4-diisopropylbenzene as the substrate.
Although the Co�Mn�Br catalyst is muchmore active than theMn�Br catalyst and
the diisopropylbenzene substrate is significantly more difficult to oxidize to ter-
ephthalic acid than is p-xylene, a large boost in activity and yieldwas apparent and they
immediately recognized the commercial significance of the discovery. Some of the
more important characteristics of this momentous discovery are given in Table 12.4.
The metal–bromide catalysts give a yield boost in terephthalic acid from 15% to
>95%! Furthermore, even at typical operating temperatures of around 200 �C, the
solubility of terephthalic acid is only 1.7 g per 100 g of acetic acid and the hence a large
majority of it precipitates as it is formed in the reactor. The composition of the solids
is typically >99% terephthalic acid.
Some of the enhancement in greenness includes the following.

Principles 1 and 6 – Prevent Waste. Use More Selective Catalysts
As seen in Table 12.4, addition of bromide to cobalt not only quadruples the rate of
reaction, but simultaneously make it much more selective and also the rate of CO2

generation decreases by a factor of 5.9. Addition of Mn to the Co�Br catalyst further
increases it activity and selectivity (Table 12.4).

Principles 4 and 7 – Design for Energy Efficiency and Simplicity. Avoid Derivatization
or Masking of the Reagents
In theWitten process, esterification, amasking of the carboxylic acid group, is used to
separate and purify the terephthalic acid. Esterifications are slow, equilibrium-
controlled reactions and the products are separated by distillation. Since the Witten
process makes dimethyl terephthalate (DMT), MeOH is released during the

Table 12.4 Comparison of uncatalyzed with Co-, Co�Br- and
Co�Mn�Br-catalyzed oxidation of p-xylene in acetic acid. Data
from [4, 15, 17].

Description
No
catalyst

Co
catalyst

Co�Br
catalyst

Co�Mn�Br
catalyst

Terephthalic acid yield
(%), on a per pass basis [17]

— �15 �95 >95

Relative reactivity of catalyst [15, 17] 1.0 2.5 9.5 41
CO2, relative, substrate¼
4-methylbenzaldehyde
(p-tolualdehyde) [15]

17 2.2 — 1

CO2, relative, substrate¼
p-xylene [17]

— 5.9 1.0 —

Toluene, yield (%) [15] 0.078 0.071 — 0.0
Tolyl formate, yield (%) [15] 1.5 0.005 — 0.0
Reactivity, p-xylene/p-toluic acid — 76 22 21
Steady-state [Co(III)] (%) [17] — 11 <0.6 <0.6
Typical catalyst concentration (M) — �0.1 0.02/0.02 0.01/0.01/0.02
Range of operating temperatures (�C) — 70–150 30–225 30–225
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manufacture of PETand it must be captured and returned to themanufacturer of the
DMT. All these extra energy-intensive steps can be eliminated with the use of the
Co�Mn�Br catalyst. Similarly, the Eastman process generates an excess of acetic
acid, which is avoided with the Co�Mn�Br catalyst.

Principle 4 – Design for Energy Efficiency and Simplicity
The fact that the product separates itself as it is being produced avoids the problem
usually associated with homogeneously catalyzed processes, i.e. the separation of the
product from the solvent and catalyst. Also, the process is sufficiently selective that a
significant amount of the solvent containing the catalyst (mother liquor) can be
directly recycled back to the oxidation reactor without purification. Various schemes
have been developed to recycle the remaining catalyst metals. The metals can be
precipitated from acetic acid as their oxalate [29] or carbonate salts [30]. The solid salts
can be returned to the oxidation reactor since their dissolution in acetic acid and
subsequent oxidation simply release CO2. Also, methods have been developed to
separate the cobalt and manganese from the corrosion metals, such as iron and
chromium [31]. Since the Co�Mn�Br catalyst is much more active, much less
catalyst needs to be used than for the Co catalyst alone; see Table 12.4 for typical
catalyst concentrations. Finally, the capture of the energy released during the
oxidation reaction is improved because the reactors can be operated at higher
temperatures. For the cobalt catalyst the temperatures are 120–150 �C whereas for
theCo�Mn�Br catalyst typical operating temperatures will range from 170 to 225 �C.

Principle 3 – Less Hazardous to the Environment
The Co�Br and Co�Mn–Br catalysts generate less CO2 and toxic carbon monoxide
than the Co catalyst (Table 12.4). Methods have been developed to destroy effectively
the carbon monoxide and other organic species, in the vent gas streams. Also, the
action of bacteria is often used in the plants to destroy all of the organic waste (acetic
acid, terephthalic acid, intermediates and by-products). The resulting sludge can be
dried and burned or spread on land [16, 32].
One key observation to explain the mechanism of the increased selectivity of the

metal–bromide catalysts is the steady-state concentration of Co(III) in the reactor. In
one example in Table 12.4, the concentration was reduced from 11% to <0.6% of the
total cobalt in solution. This is readily observed when performing these oxidations in
glass reactors.When the Co(II) acetate is initially dissolved with the p-xylene in acetic
acid the color is light blue. After initiation of the reaction, the color is changed to deep
green by the Co(III) that is formed. If one now adds an equimolar amount of sodium
bromideto thecobalt in theflask, thecolor immediatelyreverts to lightblueasnearlyall
of theCo(III) disappears. At the same time, the rate of reaction increases and the rates
ofCO2and toluenegenerationdecrease significantly (Table12.4).The reduction inby-
product formation is expected because they are the result of Co(III) decarboxylation
and nowmuch less Co(III) exists in solution. There is a rapid reaction of Co(III) with
Br� to generate a bromine(0) species (Scheme 12.8b), which effectively lowers the
concentrationofCo(III) insolution.Thebromine(0) rapidlyabstractsahydrogenatom
fromp-xylene togenerate thebenzylic radical,whichpropagates the free radical chain.
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Also known are the rates of reaction when a peroxy acid is added to a mixture of
Co(II),Mn(II) and bromide in acetic acid (Scheme 12.8c). The reaction of Co(III) with
Mn(II) is faster than that of Br�, hence Mn(II) is oxidized before Br�. The very fast
reactionofMn(II)withCo(III) lowers the concentrationofCo(III) even further than in
theCo�Br catalyst, resulting in an evenmore selective system.Addition ofMn(II) to a
Co�Br catalyst does not significantly change its color. SinceMn(II) is nearly colorless
whereasMn(III) is intensebrown,boththesteady-stateconcentrationofCoandMnare
intheir þ IIstate.Finally, theCo,MnandBrcanlowerthesteady-stateconcentrationof
the unselective OH radicals which react spontaneously and very rapidly with OH
(Table 12.3), to form catalytically active species, i.e. Co(III), Mn(III) and Br(0).
As discussed above, the maximum temperature of a Co catalyst is limited because

the decarboxylation of the carboxylic acids via Co(III) becomes the predominant
reaction at temperatures >120 �C. The lower steady-state concentrations of Co(III)
and Mn(III) in a Co�Mn�Br catalyst allow one to operate at higher temperatures.
As a consequence, p-xylene can be completely oxidized to terephthalic acid in a
reasonably short, industrially acceptable, residence time.
There are, however, four drawbacks associated with the Co�Mn�Br-catalyzed

autoxidation of p-xylene, three of which are associated with the acetic acid solvent. (i)
Significant quantities of acetic acid are oxidatively destroyed; the exact amounts are
proprietary to the commercial manufacturers of terephthalic acid but, in 1995, about
12% of the acetic acid (6.8� 105 tons) sold worldwide was used to replenish the
terephthalic acid plants that use acetic acid as a solvent [33]. (ii) Methyl bromide, a
severe ozone-depleting chemical, is found in the vent gases; it is probably formed
from the methyl radicals generated by acetic acid decarboxylation, Reaction 12.22
(Figure 12.6), with the reduced Br(0) species in solution. (iii)Water is a product of the
oxidation of p-xylene(2mol per mole of terephthalic acid) and this water must be
separated from the acetic acid by a energy-intensive distillation step. (iv) Even though
the product precipitates from the reaction in >99% purity, it contains �0.5% of 4-
CBA, which is a chain stopper in the esterification needed for PETmanufacture; the
concentration of 4-CBA has to be lowered by further purification either via hydro-
genation in water or by further oxidation at higher temperatures which causes a
significant increase in solvent oxidative degradation [6].

12.5
Potential Processes Using Water as a Solvent

At this point, we switch to discussing a possible future development in xylene
oxidation, namely switching from acetic acid to H2O as the process solvent. These
developments are not mere speculation; they based on results published in the open
literature, particularly by Savage�s group in Michigan and Poliakoff�s group in
Nottingham. Although xylene oxidation in high-temperature water is still at an early
stage, there is a long history of commercial wet air oxidation and total oxidation in
supercritical water has also been carried out commercially [58], albeit on a scale very
modest compared with that of current terephthalic acid plants.
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Three of the four problems described in the previous section are associated with
the acetic acid solvent. Therefore, it is not surprising that attempts have beenmade in
the past by terephthalic acidmanufacturers to eliminate the acetic acid or to usewater
as a solvent. As early as 1961 there was a report by McIntyre and Ravens of ICI [34].
This was followed by a series of reports byHronec and Ilavsky in 1982–83 [35, 36] and
from Amoco in 1990 [37].
In 1996, work began at Nottingham on continuous selective partial oxidation in

supercritical H2O. Interest in high-temperature water was further stimulated by a
paper by Holliday et al., who demonstrated that selective batch oxidation could be
performed on a small scale in sub-critical water at 300–355 �C [38]. This was followed
by reports on continuous oxidation from the Nottingham team in collaboration with
INVISTA [39–42] and from Savage�s group in Michigan largely on batch reac-
tions [43–46].
Partenheimer was introduced to this area by the 2002 report from Nottingham of

the continuous oxidation of p-xylene using MnBr2 as a catalyst in supercritical water
to produce terephthalic acid in high yield (>80%) with no detectable 4-CBA in the
product [39]. This is particularly exciting because there is a possibility of simultaneously
eliminating all four of the problems discussed above! More specifically, if water were
successfully employed as a solvent, one would have the following advancements in
green chemistry.

Principles 1 and 8 – Prevent Waste and Generation of Hazardous Substances
The elimination of the products of the oxidative combustion of acetic acid (CO – toxic;
CO2 – greenhouse gas; and CH3Br – ozone depleting).

Principle 3 – Safer Solvents
Acetic acid is susceptible to explosions whereas water is non-combustible.

Principle 4 – Design for Energy Efficiency and Simplicity
There would no need to separate water from the acetic acid. With no 4-CBA in the
product, downstream purification steps, such as hydrogenation, may become un-
necessary. If hydrogenation in water is necessary, then there is solvent compatibility
and simplicity, since oxidation, hydrogenation and crystallization can be performed
in the same solvent. Also, there is the advantage of operating at higher temperatures
(300–400 �C) than either the Co- or Co�Mn�Br-catalyzed processes (�150 and
�190 �C, respectively), so that energy recovery would be more efficient.
Phenomenologically, the mechanism of terephthalic acid in sub- and supercritical

water appears to be much the same as that in acetic acid, namely a catalyst-modified
free radical chain mechanism. Similarities between the reactions in the two solvents
include the following:

. The same product sequence as shown in Scheme 12.4 is reported in sub- and
supercritical water [39, 45, 46].

. At these high temperatures, one can observe the uncatalyzed oxidation of p-xylene
with the expected products (i.e. large amounts of toluene and cresols from the
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thermal decomposition of the hydroperoxides; see Scheme 12.6); the cresols will
prevent high yields of the aromatic acids. The uncatalyzed oxidation of p-xylene at
240–500 �C and 200–300 bar gives a maximum yield of only 22% terephthalic acid
and up to a 64% yield of toluene [45, 46].

. Benzylic alcohols are always found in low yields (�1–5%) in metal-catalyzed
oxidation in acetic acid because the catalystmetals not only operate as redox catalysts
but also as Lewis acids to dehydrate the benzyl hydroperoxides to aldehydes very
rapidly, thereby by-passing the formation of the benzylic alcohol [49, 50]:

PhCH2OOHþMðþNÞ !PhCHOþMðþNÞðH2OÞ ð12:24Þ
Hence one would expect relatively high amounts of the benzylic alcohols to be
formed in uncatalyzed oxidation of p-xylene in water. This indeed has been reported
where p-xylene was found to give a �40% yield at 380 �C in water [46].

. Addition of the appropriate catalyst metal and bromide enhances the yield of
aromatic acid and increasing the catalyst concentration increases the yield further,
all of which suggests that oxidation in water is operating with the same mechan-
isms as in acetic acid [4, 38, 44, 45].

It is well established that the properties of water change greatly with increasing
temperature. Gases and organic substrates are very soluble in supercritical water
since its physical properties become similar to those acetone or anhydrous acetic acid.
For example, the dielectric constant of water decreases from 80 at ambient tempera-
ture to 4 at the critical point. By comparison, at room temperature, the dielectric
constant of acetone and anhydrous acetic acid are 1.3 and 6.2, respectively.
The structure of MnBr2 in water has been determined at 25, 325 and 400 �C using

EXAFS and XANES [51, 52]. As can be seen fromScheme 12.10, very little bromide is
in the coordination sphere at room temperature, whereas at 325 �C, a mixture of
tetrahedral and octahedral mono- and dibromo compounds exist with most of the
bromide directly bonded to Mn. At 400 �C in supercritical water, only the tetrahedral
[MnIIBr2(H2O)2] is detected. This is consistentwith the decreasing dielectric constant
of the solvent since ionic species are becoming less favored. This is supported by the
fact that the structure of CoBr2 in acetone, [CoBr2 (acetone)2] [53], is essentially the
same as that of MnBr2 in supercritical water [MnBr2(H2O)2].
With water as a solvent, the catalyst is significantly less active at 200 �C than at

400 �C. At 200 �C, a 37 times higher concentration of the Co�Mn�Br catalyst was
needed to obtain a yield of terephthalic acid similar to that obtained in acetic acid [37].
Much lower catalyst concentrations are required in water at 400 �C. The dielectric
constant of water changes from37 at 200 �C to 4 at 400 �C; hence there appears to be a
correlation between the degree of metal–bromide bonds and catalytic activity. A
similar relationship exists in acetic acid–water solutions between the degree of
metal–bromide bonds with dielectric constant and catalytic reactivity (Table 12.5). A
simplemodel has been devised to rationalize these relationships (Scheme 12.11) [52].
In autoxidation, the energetically difficult step is the initiation step where the

benzylic radical CH3PhCH2
q is generated from p-xylene,. When the dielectric
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constant is high, the value of the equilibrium constant in Scheme 12.11 is small. The
active catalyst is then generated via Reactions 12.25–12.28. Thus, Mn(II) is initially
oxidized toMn(III), ligand exchange occurs and bromide is incorporated into theMn
(III) coordination sphere. This coordination is followed by the intramolecular

Scheme 12.10 Structure of MnBr2 in water as a function of
temperature as determined by Br and Mn EXAFS and XANES
measurements [51, 52].

Table 12.5 Relationship of catalytic activity of the Co�Mn�Br
catalyst to the amount of metal–bromide bonds and dielectric
constant in acetic acid–water mixtures. Data from [25, 56, 57].

Solvent
Dielectric
constant

Metal as metal–bromide
species (%)a

Rate of p-toluic acid with
Co–Mn–Br catalyst (cm3 O2 min�1)

10% H2O in
HOAc

17 3 1.2

5% H2O in
HOAc

13 14 2.1

1% H2O in
HOAc

7.6 67 —

HOAc 6.2 89 4.8

aThe percentage of the Co andMnmetals in solution that have ametal–bromide bond as determined
using a bromide-selective electrode.
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electron transfer, Reaction 12.27, to generate the active catalyst species which in turn
generates the benzylic radical, Reaction 12.28. By contrast, when the dielectric
constant is low the equilibrium constant is high and most of the manganese exists
with anMn(II)�Br bond. The active catalytic species is then generated via Reactions
12.30 and 12.27. There are two reasons for expecting the route via Reactions
12.25–12.27 to be slower than that via Reactions 12.30 þ 12.27 because three
reactions are needed to generate the active species via Reactions 12.25–12.27,
whereas only two reactions are needed via Reactions 12.30 and 12.27 and the rate
of incorporation of the bromide anion into the coordination sphere will be much
slower for Mn(III) than that for Mn(II) [54]. The rate of generation of the active
species is expected to be faster when the dielectric constant is low, in agreement with
the experimental data in both water and acetic acid.
So far, discussion in this chapter has been entirely restricted to the oxidation of p-

xylene. This is because current processes involve the upstream separation of the
refinery C8 aromatic stream, consisting of a mixture of the three isomeric xylenes
with ethylbenzene, into its constituent compounds. Such separation is energy
intensive because the physical properties of the C8 components are rather similar.
After separation, the isomers are oxidized in separate processes (Figure 12.1),
because their rates of oxidation are substantially different. An interesting aspect of
oxidation in supercritical water is that the rates of oxidation of the isomeric xylenes
are very similar [41] and it is possible to co-oxidize them in a way which cannot easily
be done in acetic acid (Table 12.6 and Figure 12.2). This opens up the exciting
possibility of directly co-oxidizing the three xylenes without separating them; this is
potentially important from a green chemistry perspective because the corresponding
carboxylic acids have more widely differing properties and are more easily separated
than the xylene precursors.

12.6
Summary and Final Comments

We have described how the preparation of terephthalic acid has been greened from
the highly wasteful stoichiometric oxidation, to the Co(II) acetate catalyst in acetic
acid which a renewable source of oxidant, O2, can be used and which is able to drive

Scheme12.11 Amodel to rationalize the activity ofmetal–bromide catalysts in acetic acid andwater.
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the oxidation of p-xylene down selective pathways to terephthalic acid. Further
greening was seen with the simple addition of Mn and Br to the Co catalyst to give
a great boost in activity and selectivity, so that >95% yields could be obtained with
>99% purity of the isolated terephthalic acid. These advances have enabled major

Figure 12.1 Schematic of current processes for separating the refinery C8 aromatic stream into its
components and oxidizing the different compounds to their corresponding acids. Reproduced with
permission from [41], � The Royal Society of Chemistry.

Table 12.6 Yieldsa observed in the continuous Mn–Br oxidation
of mixed xylenes in supercritical H2O. Adapted from [41].

o-:m-:p-Xylenea (w/Wt) Di-CA: total yield (%) o-Di-CA (%)b m-Di-CA(%)b p-Di-CA(%)b

33.3 : 33.3 : 33.3 59 47 62 69
66 : 17 : 17 60 58 65 67
17 : 66 : 17 52 34 58 47
17 : 17 : 66 47 39 50 48
100 : 0 : 0 52 52 - -
0 : 100 : 0 66 - 66 -
0 : 0 : 100 61 - - 61

aAll calculated by HPLC (di-CA¼dicarboxylic acid).
bFeed composition of the xylenemixture by weight. All the reactions were carried out under the same
conditions; see [41] for details.
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process simplification to be implemented. In the future, a change in solvent from
acetic acid to water could eliminate the wasteful oxidation of the acetic acid and
possibly reduce the number of processing steps.
The use of water as an oxidation solvent is in infancy andmany questions still need

to be addressed. For example, the specifications for the terephthalic acid to be used in
PETare very stringent. The terephthalic acidmust be very white and not contain trace
organic and inorganic impurities that may impart undesirable properties to the PET
during its preparation. �Hot� water can be very corrosive, somaterials of construction
will be important. Elimination of the oxidative destruction of acetic acidwill eliminate
one of the primary variable costs of the current process. However, one does not yet
know howmuch of the p-xylene, its intermediates and terephthalic acid product will
undergo this same oxidative destruction. Onemight expect that the �burn� of p-xylene
oxidation in water might be higher than in acetic acid because, for example, the
hydroxyl radicals, which were destroying the acetic acid, will now attack the p-xylene,
thereby increasing its rate of destruction. The use of water will have the challenging
task of competing against a very mature terephthalic acid manufacturing industry
which benefits from empirical learnings gathered over the last 50 years and also from
good scientific and technological understanding.

Figure 12.2 Schematic of a possible simultaneous oxidation
process in supercritical H2O for a mixture of all three isomeric
xylenes to their corresponding acids. Reproducedwith permission
from [41], � The Royal Society of Chemistry.
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