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1.1 Definition of Organometallic and Metal–Organic
Compounds

Organometallic compounds can be defined as compounds that contain at least
one chemical bond between a carbon atom of an organic moiety and a metal. The
metal can be alkaline, alkaline earth, transition metal, lanthanide, or a metalloid
such as boron, silicon, and phosphorus. Therefore, metal–phosphine complexes
are also often included in this category, although they do not contain a typical
metal–carbon bond – they are more commonly referred to as “metal–organic
compounds.” For the purposes of this book, applications of both organometal-
lic and metal–organic compounds are discussed on the basis of “organometallic
chemistry.”

1.1.1 Applications and Key Reactivity

The three major types of applications of organometallic compounds in industry
are in the areas of electronics, polymers, and organic synthesis. In organic synthe-
sis, the organometallic compounds are used as either catalysts or stoichiometric
reagents.

1.1.1.1 Electronic Applications
For electronic applications typically, the organometallic complex is subjected to
chemical vapor deposition (CVD) to form an appropriate thin layer or subjected
to organometallic chemical vapor deposition (OMCVD) where the deposition
ultimately occurs via a chemical reaction at the substrate surface to produce a
high-quality material. The production of thin films of semiconductor materials is
used, for example, for LED applications via metal–organic vapor-phase epitaxy
(MOVPE) where volatile organometallic Me3E (E = Ga, In, Al, and Sb) com-
pounds are used as precursors. They react with ultrapure gaseous hydrides in
a specialized reactor to form the semiconducting product as a crystalline wafer
[1–23].
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1.1.1.2 Polymers
Another major application for organometallic complexes is in the polymer indus-
try. Three common types of polymers produced via catalysis are particularly note-
worthy. Polysiloxanes, also known as silicone, are polymers made up of repeat-
ing units of siloxane [4]. They have widespread application in a large number of
different fields ranging from cookware to construction materials (e.g. GE sili-
cone), medicine, and toys. Pt-based catalysts are commonly applied in the sil-
icone industry for the production of a variety of products [5]. A milestone in
the history of organometallic chemistry in the industry was the discovery of the
Ziegler–Natta catalyst and its application in polymerization reactions [6]. Ziegler
and Natta were awarded the Nobel Prize for their work in this field in 1963 [7].
Another area that has been recognized for its importance is olefin metathesis for
which a Nobel Prize has been awarded to Grubbs, Schrock, and Chauvin. This has
been applied to synthesize polymers via ROMP (ring-opening metathesis poly-
merization) [8].

1.1.1.3 Organic Synthesis
The focus of this book, however, is on the exploitation of organometallic com-
pounds for organic synthesis, relevant to industry applications. One of the major
applications in organic synthesis is catalysis.

In cases where the organometallic compound is used as a catalyst, for example
in a process involving cross coupling, a precatalyst should be able to get activated
to the active catalytic species to bind with the organic substrate(s), do the trans-
formation, and release the product such that the active catalytic species returns
to its original state in the catalytic cycle. During the organic transformation, the
concentration of the catalyst can decrease with time because of poisoning. The
efficacy and efficiency of the catalyst depend on how fast and how long it can
retain its original activity. The turnover numbers (TONs) and turnover frequen-
cies (TOF) are usually used to describe the activity of a catalyst. Organic chemists
have started using organometallic compounds as catalysts to develop more effi-
cient and practical processes [9–12].

The reactivity of organometallic complexes toward various reagents is the
reason behind the widespread use of organometallic compounds as catalysts for
a variety of organic transformations. The most important types of organometal-
lic reactions are oxidative addition, reductive elimination, carbometalation,
hydrometalation, β-hydride elimination, organometallic substitution reaction,
carbon–hydrogen bond activation, cyclometalation, migratory insertion, nucle-
ophilic abstraction, and electron transfer. In the following paragraphs, we will
provide a brief overview of the basic theory with some selected applications.

Oxidative addition involves the breakage of a bond between two atoms X–Y.
Splitting of H2 with the formation of two new metal–H bonds is an example of
an oxidative addition process (Scheme 1.1). Reductive elimination is the reverse
of this process. In an oxidative addition process, the oxidation state of the metal
is increased by 2, whereas in reductive elimination, oxidation state of the metal is
decreased by 2. Both steps are crucial for metal-catalyzed cross-coupling reac-
tions, as the first and the last steps of the catalytic cycle. Several factors can
affect these two steps. The structure of the ligand (phosphine or other molecules
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coordinated with the metal), the coordination number of the metal in the com-
plex, and the way in which the complex is activated to the catalytic species in
the catalytic cycle, etc., can be modified and tailored to get the best outcome
for a particular reaction [13]. The oxidative addition of H2 onto Vaska’s com-
plex (Scheme 1.1) is a crucial step in metal-catalyzed hydrogenation reactions.
The application of this methodology to industrially relevant molecules is further
discussed in Section 1.3.3.
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Scheme 1.1 Oxidative addition and reductive elimination.

Carbometalation involves, as the name suggests, the simultaneous formation
of a carbon–metal and a C—C bond. This is most commonly used to form a stoi-
chiometric metal-containing reagent, such as the reaction between ethyllithium
and bis-phenylacetylene in the synthesis of TamoxifenTM, a breast cancer drug
(Scheme 1.2) [14].
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Scheme 1.2 Carbometalation as a key step toward the synthesis of TamoxifenTM.

Hydrometalation is similar to carbometalation, where, instead of a C—C
bond, a C—H bond is formed alongside the carbon–metal bond. One such
example is hydroalumination, where DIBAL (i-Bu2AlH) is added across an
alkyne (Scheme 1.3) [15]. This, similar to carbometalation, is most commonly
a stoichiometric transformation with the aim of preparing an organometallic
reagent that can be used as a reactant for subsequent desired transformations.
β-Hydrogen elimination, technically the reverse of hydrometalation, can in

some cases result in the formation of undesired side products. In other cases, it
is a “blessing” as the preferred reaction pathway. In Shell higher olefin process
(SHOP), for the oligomerization to occur, a final β-hydrogen elimination reaction
is performed to release the substrate from the catalyst (Scheme 1.4a) [16]. In
the cross-coupling reaction between an aryl halide and an organometallic
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Scheme 1.4 a) β-hydride elimination is exploited in the Shell higher olefin process (SHOP).
b) sp2−sp3 cross-coupling in the synthesis of a diabetes drug.

reagent containing β-hydrogens, this reaction can form the undesired alkene
side products, hence detrimental. This is the reason why sp2–sp3 coupling and
sp3–sp3 coupling become very challenging even today. However, a few success
stories of these types of cross-coupling reactions have been reported, such as
sp2–sp3 Negishi reaction for the synthesis of LX2761, a diabetes drug by Lexicon
Pharmaceuticals (Scheme 1.4b) [17].

Organometallic substitution reactions can occur either via an associative or a
dissociative substitution mechanism. This can be compared to SN1 and SN2 sub-
stitution mechanisms in organic chemistry. The overall outcome in either case is
an exchange of a ligand on the organometallic complex. Scheme 1.5 illustrates an
associative substitution mechanism to exchange Cl for X on Vaska’s complex. This
complex does not have any significant references to being employed in industry
as a catalyst, but studies of its reactivity has been vital in providing the conceptual
framework for homogeneous catalysis [18].

One of the reactions that has become increasingly exploited, particularly to
complement the cross-coupling chemistry, is C–H activation. This is where the
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Organometallic substitution reaction
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Scheme 1.5 Organometallic substitution reaction exemplified by Vaska’s complex. Source:
Wilkins 1991 [24]. Reproduced with permission of John Wiley & Sons.

metal gets inserted into a C—H bond of the substrate. There are many differ-
ent pathways for this to happen; it can be promoted and directed to the site of
choice by using a directing group, such as the amide exemplified in Scheme 1.6.
Iridium-catalyzed direct borylation reactions can also be considered as a type
of C–H functionalization reaction. This type of reactions is further discussed in
Section 1.3.2.1.
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Scheme 1.6 Carbon–hydrogen bond activation exemplified by the total synthesis of
calothrixin B, which possesses various biological activities such as anti-malarial and anti-cance.
Source: Ramkumar and Nagarajan 2013 [25]. Reproduced with permission of American
Chemical Society.

In cyclometalation reaction, the strain of certain motifs is often exploited to
insert the metal into C—C bonds. One example is the Rh-catalyzed insertion
into cyclopropanes to form metallacyclobutanes (Scheme 1.7). This has been
applied in the total synthesis of (±)-β-cuparenone [19]. Metallacyclobutanes also
form a very crucial part of the metathesis olefination mechanism, as deduced by
Chauvin [20].
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Scheme 1.7 Cyclometalation exemplified by the oxidative additions of Rh into a
cyclopropane moiety.
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Scheme 1.8 Migratory insertion exemplified by a step in the Cativa process.

Migratory insertion is crucial for any carbonylation reaction and is illustrated
in Scheme 1.8 by a step in the iridium-catalyzed Cativa process, where methanol
is converted into acetic acid [21]. The migration involves the insertion of one lig-
and (CO) into the metal—C bond (Ir-Me). The reverse reaction, decarbonylation
of aldehydes to form an alkane with the release of CO, is also a reaction known
to be catalyzed by Rh complexes [22], such as Wilkinson’s catalyst [23]. Migra-
tory insertion is not restricted to CO alone but can also occur with SO2, CO2,
and, most importantly, alkenes. The insertion of an alkene into an M—C bond is
the key step in any oligo- or polymerization reaction, such as the Ziegler–Natta
process [26].

Nucleophilic abstraction is a process when a ligand is fully or partly removed
from the metal by the action of a nucleophile. In Scheme 1.9, the action of n-BuLi
on a chromium-coordinated benzene ligand results in hydrogen abstraction [27].
Basically, the chemical reactivity of the ligand is altered when coordinated with a
metal. This alters the reactivity of the ligated compound and may result in reac-
tions that are not possible to carry out with the same non-ligated substrate.

Nucleophilic abstraction

Cr(CO)3

H BuLi

Cr(CO)3

Li

Scheme 1.9 Nucleophilic abstraction illustrated by hydrogen abstraction using n-BuLi.

Another important organometallic reaction to be discussed is electron
transfer. The ability of certain organometallic complexes to initiate electron
transfer reactions in combination with a visible light source has made some
transformations possible that cannot be achieved using conventional chemistry.
This is illustrated in Scheme 1.10 with one step in the photocatalytic Pschorr
reaction using Ru(bpy)32+ as the photoredox catalyst [28, 29]. The phenanthrene
formed can be further used for various purposes, such as in the manufacture
of dyes, pharmaceuticals, etc. [30]. The potential of metal-catalyzed electron
transfer reactions forms the basis for a new area in organic synthesis with lot of
potentials [31].

Exploitation of the wide variety of “organometallic reactivity” has made the field
of organometallics one of the most applied areas in process chemistry with partic-
ular importance to the pharmaceutical, agrochemical, polymer, and fine chemical
industries.
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Scheme 1.10 Electron transfer illustrated by one step in the photocatalytic Pschorr reaction to
form phenanthrene.

1.2 Industrial Process Considerations

Organometallic compounds are routinely prepared and used as stoichiometric
reagents or catalysts for a range of synthetic processes on a multikilogram scale
or even a ton scale.

In order to operate a commercially viable industrial chemical process, a reli-
able chemical synthesis route is needed as well as an understanding of how a
process will behave during the scale up by taking into consideration factors such
as heat and mass transfer, mixing, particle size, and filterability, etc. Air, mois-
ture, and thermal sensitivity of some of the organometallic complexes or their
intermediates needs to be addressed with proper handling techniques including
inert conditions to achieve the maximum process efficiency and process safety.
In addition, incorporation of environmental impact of the process is also very
important, where exposure of chemicals and solvents and waste generation need
to be minimized.

It is important to have a scalable chemical process, usually optimized on a
bench scale to produce milligram to gram and then transferred to the pilot plant,
typically to a kilogram scale. During this transfer, typically, one needs to read-
just the rate of reagent addition to manage the exotherm, rate of agitation, rate of
heating, degassing cycles, reaction time, etc. Identifying the optimal catalyst with
the minimal loading especially when one uses platinum group metals (PGMs)
in conjunction with expensive ligands is also important. Even for a well-known
organic transformation such as a Pd-catalyzed cross-coupling, the process will
not be economical if the reaction is poorly optimized, considering metal loss,
purification of the products, and waste disposal. A proper understanding of the
thermodynamics and kinetics is also important.

Experience in using DOE coupled with a “knowledge-based” process approach
can accelerate the process development. It is important to involve both chemists
and chemical engineers during the scale-up and process optimization, consider-
ing the equipment design, safety, raw material selection, etc. Even if the precata-
lyst is not sensitive to air, one has to conduct the reactions under inert conditions
as the “active catalytic species” in the cycle might be sensitive to air. This can not
only minimize the by-product formation but also increase the life cycle of the
catalyst and hence the TONs and TOFs.
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The kinetic control of an organometallic process can be another important fac-
tor. One example is low-temperature reactions involving organolithium reagents,
where it is essential to avoid significant decomposition of thermally sensitive
species, thermal promotion of undesired side reactions, and control the reactivity
of exothermic processes.

Treatment of waste streams from organometallic processes must be consid-
ered carefully as they may contain precious metal or even other transition metal
residues originating from the decomposition of the organometallic compounds.
Apart from the well-documented environmental impact of PGM compounds,
finely divided PGM particles, if allowed to dry out, pose a significant fire
hazard. Because of the significant environmental hazards associated with heavy
metal residues, predominantly arising from their persistence in the biosphere
via bioaccumulation, generation of this type of waste stream on production
scale should be avoided wherever possible, with environmental regulations
strictly controlling the level of any emissions. Some common catalyst precursor
complexes release harmful side products when activated or substituted. For
instance, [Pd(COD)(Cl)2] releases 1,5-cyclooctadiene (COD) in the presence
of phosphines, which, among its other chemical hazards, has a pungent odor
even in low concentrations. Therefore, extreme care must be taken when dealing
with process waste that contains it. Similarly, many of the metal carbonyl
compounds can generate CO gas, which needs to be properly vented. Some of
these carbonyl-based compounds undergo sublimation as well.

1.3 Brief Notes on the Historical Development
of Organometallic Chemistry for Organic Synthesis
Applications Pertaining to the Contents of this Book

Most organometallic processes have evolved and developed from seminal dis-
coveries in the late 1800s or early 1900s. In some cases, it is easier to pinpoint the
exact seminal reports, whereas in other cases, this task is not so easy. Sabatier’s
report of nickel-catalyzed hydrogenation can easily be identified as the discov-
ery of metal-catalyzed hydrogenation reactions [32], for which he got the Nobel
Prize in Chemistry in 1912. For the cross-coupling area, its origin is slightly more
difficult to deduce precisely although our 2012 review articles and book provide a
much better understanding of the area [9, 10, 13, 33, 34]. One could argue that it
dates back to 1912 Nobel laureate Victor Grignard’s discovery of RMgX reagents,
where Grignard shared the Nobel Prize with Sabatier. Although both technolo-
gies (Grignard in 1912 and cross-coupling in 2010) got Nobel Prizes, the former is
considered to be a “breakthrough innovation,” whereas the latter is called “incre-
mental innovation.” The impact of cross-coupling in chemical processes shows its
significance by being awarded the Nobel Prize, in comparison to many competing
technologies.

In this section, we will briefly go through the origins of a few prominent areas
within organometallic chemistry and how they relate to the current industrial
applications with respect to the topics covered by the chapters in this book.
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1.3.1 Synthesis of Stoichiometric Organometallic Reagents

1.3.1.1 Conventional Batch Synthesis
Arguably, the most important stoichiometric organometallic reagents are
organolithium compounds, RLi. The studies of these reagents were pioneered
by Karl Ziegler, Georg Wittig, and Henry Gilman [35]. Their relatively straight-
forward preparation, high basicity, and wide array of functionality provide
convenient access to useful synthetic routes such as metalation, deprotona-
tion, carbolithiation, and transfer or exchange of the nucleophilic organic
fragment R−.

In 1899, by substituting Mg for Zn in alkylation reactions, Philippe Barbier’s
student Victor Grignard (Figure 1.1) developed the RMgX alkylating agents that
bear his name to this day. Being a less sensitive but more potent source of alkyl
anions than their Zn-based counterparts, Grignard showed how they can effi-
ciently alkylate carbonyl compounds, a discovery that proved to have huge impact
in synthetic chemistry and earned him a Nobel Prize in 1912 [36].

Today, Victor Grignard is remembered as the father of organometallic chem-
istry. Organomagnesium compounds represent very useful alternatives to their
lithium counterparts, exemplified by the widespread use of Grignard reagents,
RMgX, for efficient alkylations and arylations. These reagents are now produced
in multiton quantities. Organocalcium compounds are more reactive alkyl
sources than Grignard reagents, but their applications are limited because of
the increased difficulty of their preparation and the thermal instability they
exhibit. Organocalcium compounds have also shown promise as hydroamination
catalysts. In comparison to organolithium and organomagnesium, organoalu-
minum compounds, R3Al reagents, are generally far less effective stoichiometric
reagents but do add to alkenes and alkynes with high regio- and stereoselectivity
via carboalumination. Importantly, however, they have found particular use as a
vital component of the heterogeneous Ziegler–Natta polymerization process for
the industrial-scale production of polyethylene and polypropylene. Aluminum

Figure 1.1 Victor Grignard. Source: https://commons
.wikimedia.org/w/index.php?curid=545837. Licensed
under CC BY 3.0.
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alkyls are also widely utilized for group III–V chemistry for the production of
electronic materials via CVD.

1.3.1.2 Organometallics in Flow
Industrial-scale organic synthesis for fine chemical applications, such as natural
products or active pharmaceutical ingredients (APIs), and organometallic syn-
theses have traditionally been conducted in batch using large-volume (>100 l)
reactors. In continuous flow processes, small amounts of reagent solutions are
continuously pumped along a flowing stream to mix at a specific junction with
resonance time to react them together to yield the product, which is being puri-
fied under the flow conditions and collected. In some cases, a cascade approach
has been considered where multiple reagents have been mixed sequentially
rather than performing reactions in different batch reactors. Industries have
been using this technique for the manufacture of petrochemicals and bulk
chemicals as this approach has proven to be not only most economical but
also produce good-quality products consistently. The recent interest in flow
chemistry in academia for the synthesis of more complex organic compounds
has increased efforts to apply this rapidly burgeoning technology both in fine
chemical and pharmaceutical industries. The advantages that flow processes can
bring in a commercial context relative to batch production are shorter reaction
times, greater temperature control, rapid optimization, shorter path length for
photochemical reactions, and improved process safety. Chapter 2, authored
by Joseph Martinelli of Eli Lilly, presents the design, development, and imple-
mentation of an API manufacturing route under continuous flow conditions
to showcase the application of this technology in organic synthesis. Chapter 3
details the lithiation and borylation chemistry under flow, as developed by Joerg
Sedelmeier and Andreas Hafner at Novartis. This chapter provides a snapshot
of how this technology can also be applied for the synthesis of organometallic
reagents.

1.3.2 Cross-coupling Reactions

Several years after Grignard’s discovery of RMgX reagents, in 1941, Kha-
rasch undertook the first systematic investigation of transition-metal-catalyzed
sp2–sp2 carbon coupling, detailing the observation of homocoupling of Grignard
reagents [37, 38]. Subsequent research from his group led to the earliest report
of a cross-coupling reaction, where a cobalt-based catalyst was used to couple
vinyl bromide with an aryl Grignard reagent [39]. This made him to be the father
of cross-coupling reactions.

The metal catalysts in question are also organometallic complexes that medi-
ate the coupling of two different hydrocarbon fragments for organic synthesis
purposes in the fine chemical, agrochemical, and pharmaceutical industries. A
simplified catalytic cycle is shown in Scheme 1.11. Many of the key reactivity
steps that are characteristic for organometallic complexes are a prerequisite for
these reactions to take place. Initial oxidative addition is followed by transmeta-
lation (organometallic substitution) and finally reductive elimination to form the
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Scheme 1.11 Simplified catalytic cycles for cross-coupling reactions.

desired product and regenerate the catalyst. Each of these steps has been the sub-
ject of a number of studies to try and understand the exact nature of their mecha-
nism. For Suzuki–Miyaura reactions, the transmetalation step has been the focus
of attention of several research groups. The Denmark, Lloyd-Jones, and Hartwig
groups have independently studied this step of the catalytic cycle for these types
of cross-coupling reactions [40–42]. In Sonogashira reactions (sp–sp2 bond for-
mation), a Cu cocatalyst is commonly employed [43]. In many recent refinements
of this reaction, however, the need for a cocatalyst has been circumvented by,
for example, a careful choice of Pd catalyst and reaction conditions [44–46]. The
mechanism of the Heck reaction differs from the other named cross-coupling
reactions in that a β-hydrogen elimination is crucial for the formation of the final
product.

Many pioneers have played a role in the development of this area and lent their
names to the reactions they have discovered. The importance of cross-coupling
to the field of chemistry was ultimately recognized in 2010 by awarding the
Nobel Prize to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki for their
research efforts in palladium-catalyzed cross-couplings in organic synthesis
[9, 10, 13, 35, 36]. Cross-coupling is an example where incremental innovation is
of equal importance to the breakthrough discovery, significant enough even for
the award of the Nobel Prize.

Following from an earlier work by Fujiwara, in 1969, Richard Heck published
the first examples of cross-coupling using stoichiometric palladium(II). Building
on a separate work by Mizoroki, he proposed the first Pd(0)-mediated catalytic
cycle for the cross-coupling of iodobenzene and styrene, opening the door for
an explosion of discoveries in Pd-catalyzed cross-coupling chemistry. The tra-
ditional Mizoroki–Heck reaction forms a substituted alkene via cross-coupling
of an unsaturated halide or pseudo-halide with an alkene under Pd catalysis
and is frequently employed for C–C coupling in industrial settings. The Heck
mechanism can also be accessed using nickel to mediate the catalysis. Under
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certain conditions, this brings advantages relative to the palladium version,
such as higher activity. This is thought to be because of lower energy barriers to
crucial steps in the catalytic cycle and greater selectivity to the desired product
because of the greater efficiency of undesirable β-hydride elimination for Pd vs
Ni. One example of successful implementation and scale-up of a nickel-catalyzed
Mizoroki–Heck reaction at BI is discussed in detail in Chapter 4 by Jean-Nicolas
Desrosiers and Chris H. Senanayake. This chapter is also relevant in terms of the
emerging area of the use of base metal instead of precious metal catalysis.

The Suzuki–Miyaura reaction, where a boronic acid/ester is coupled to a halide
or pseudo-halide precursor under palladium-mediated catalysis, is the most com-
mon C–C coupling reaction in industry. Suzuki couplings are advantageous at a
large scale because of the mild reaction conditions, the commercially available
and relative environmentally benign boronic acid/ester starting materials, and
the comparative ease of disposal of boron-containing by-products compared to
processes using other organometallic reagents.

The Kumada cross-coupling reaction utilizes a Grignard reagent and an organic
halide as precursors and classically operates under palladium or nickel cataly-
sis. Although demonstrated to be a largely efficient C—C bond formation strat-
egy, Kumada couplings can be problematic in large-scale synthesis because of
the high reactivity of Grignard reagents, which exhibit limited functional group
tolerance. However, there is a new trend where palladium catalysts are substi-
tuted for those containing iron, advantages of which include lower cost of the
metal because of higher earth abundance and lower toxicity. Although still rela-
tively new, the iron-catalyzed Kumada coupling represents a rapidly growing area
of organometallic synthesis with great industrial potential, which is discussed
in Chapter 5, authored by Rakeshwar Bandichhor of Dr Reddy’s Laboratories.
Similar to the nickel-catalyzed Mizoroki–Heck reaction detailed in Chapter 4,
Chapter 5 provides another example of the industrial trend in switching from
precious metal to earth-abundant metal catalysis.

Overall, the breadth of catalytic cross-coupling reactions has found significant
application in the field of organic synthesis for the production of pharmaceuti-
cally and agriculturally relevant molecules, often employed in several steps as part
of a multistep synthesis. Under carefully optimized conditions, these catalysts
typically offer advantages over stoichiometric alternatives such as high selectivity,
mild reaction conditions, functional group tolerance, low loadings, and avoid-
ance of protecting groups. In cases where the metal-catalyzed cross-coupling
reaction takes place in the end game of a total synthesis, it is important to deter-
mine the levels of residual metal in the final API. There are well-defined limits for
each metal and how much a drug can legally contain [47]. In general, homoge-
neous cross-coupling catalysts cannot be recycled, although the metal itself can
be recovered from the waste stream.

1.3.2.1 C—H Bond Activation
In 1983, Robert Bergman and William Graham independently detail the
first transition-metal-mediated intermolecular C–H activation of alkanes
by oxidative addition by pentamethylcyclopentadienyl–iridium(I) complexes
[48, 49]. This opened up the possibility of carrying out cross-coupling reactions
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where only one cross-coupling partner, or in rarer cases, neither of the two
cross-coupling partners, is pre-functionalized as an aryl (pseudo)halide or an
organometallic reagent. Noteworthy efforts within this field have been reported
by the research groups of Keith Fagnou and coworkers [50], Melanie Sanford
and coworkers [51], Christina White and coworkers [52], and Jin-Quan Yu and
coworkers [53]. One class of reaction that falls under the C–H activation cate-
gory is direct arylation of aromatics or heterocycles. In this type of chemistry,
the heterocycle is nonfunctionalized and the successful reaction relies on the
inherent nucleophilicity of the substrate or inherent acidity of certain C—H
bonds in the molecule in order to achieve regioselectivity. Another breakthrough
discovery in this area is the iridium/bipyridine-catalyzed direct borylation,
first reported by Hartwig and coworkers [54]. This methodology was recently
employed by Pfizer to form a nicotine analog (Scheme 1.12) [55].
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Scheme 1.12 Iridium-catalysed direct borylation in Pfizer’s synthesis of a nicotine analog.

Several other metal complexes based on, e.g. Pd or Ru have been successfully
employed in C–H activation or direct arylation reactions. Chapter 6, authored
by Collin Chan, Albert J. DelMonte, Chao Hang, Yi Hsiao, and Eric M. Simmons
from BMS describes an intramolecular Pd-catalyzed direct arylation reaction
that was used in the manufacturing route of Beclabuvir. Ru complexes are also
emerging as alternative, or complementary, catalysts to the Pd ones for the pur-
pose of CH activation chemistry. Anita Mehta of Chicago Discovery Solutions
describes her experience of Ru-catalyzed direct arylation reactions in water in
Chapter 7.

1.3.2.2 Carbonylation
Transition-metal-catalyzed carbonylation (introduction of CO) of methanol has
been employed very successfully in the large-scale manufacture of acetic acid
in the Monsanto process, which uses an anionic Rh carbonyl catalyst [56]. This
process has since been superseded by the more economical and environmentally
friendly Cativa process, which relies on an analogous iridium-based catalyst sys-
tem [21, 57]. Pd catalysts have also been employed in carbonylation chemistry,
which is now a widely applied methodology in the pharmaceutical industry [58].

1.3.2.3 Catalysis in Water – Micellar Catalysis
Despite the widespread use of palladium-catalyzed cross-coupling both in
research and in production, for some of the more problematic transformations
such as the arylation of nitroalkanes, most or all of the process conditions can
require organic solvents, a dry/inert atmosphere, elevated temperatures, and
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high catalyst loadings. A promising alternative to conventional cross-coupling
conditions for which the former factors are requisite is micellar catalysis,
whereby a surfactant is dispersed in aqueous media and the internal conditions
of the micelles formed mimic organic solvents in which the substrates and the
catalyst are compatible and the catalysis takes place. Care must be taken to select
a surfactant that is environmentally benign and can interact with hydrophilic and
hydrophobic functionalities (amphiphilic), whose polarity can accommodate the
reagents to maximize the catalytic activity. The choice of catalyst itself is also
important, as greater lipophilicity permits a lower catalyst loading. For organic
synthesis on an industrial scale, micellar catalysis could confer major advantages
in process safety, cost, and waste remediation, which is examined in Chapter 8
by Sachin Handa.

1.3.3 Hydrogenation Reactions

In 1900, French chemist Paul Sabatier first defined homogeneous and heteroge-
neous catalysis [59]. Together with Senderens, he discovered that the use of a
trace amount of nickel as a catalyst promotes the hydrogenation of carbon com-
pounds, and his work inspired others to develop the hydrogenation of fats, central
to advances in the food industry [60]. He later shared a Nobel Prize with Grignard
in 1912 for his work.

In 1922, Franz Fischer and Hans Tropsch reported the heterogeneously
catalyzed production of linear alkanes and olefins from a mixture of CO and
hydrogen (syngas) largely without oxygenated by-products. The process was
so successful that it was later industrialized in 1925. In 1938, the German
chemist Otto Roelen, during his investigation into the Fischer–Tropsch process,
discovered that olefins can be catalytically converted to aldehydes in a process
known as hydroformylation or the oxo process [61]. A Co2(CO)8 catalyst was
used to affect the conversion with the H2/CO syngas feedstock. Now, the
industrial-scale production of most useful synthetic aldehydes from alkenes is
achieved via this process, traditionally under Rh- or Co-catalyzed conditions.
The products can be hydrogenated to produce alcohols or used directly as
starting materials in the organic synthesis of complex pharmaceutical agents
[62]. Another process employing olefin as a raw material is the Wacker process.
This involves the catalytic oxidation of ethylene to acetaldehyde and is one of the
first Pd-catalyzed homogeneous processes on an industrial scale [63, 64].

Continuing the hydrogenation thread, in 1965, Wilkinson and Coffey reported
the catalytic activity of [RhCl(PPh3)3] for the homogeneous hydrogenation of
alkenes [65, 66]. This discovery formed the basis for the development of asym-
metric homogeneous hydrogenation as exemplified by the chiral Noyori-type
ruthenium catalysts [67]. In 2001, William Knowles, Ryoji Noyori, and Karl Barry
Sharpless were awarded the Nobel Prize in Chemistry for their work on enantios-
elective metal-catalyzed hydrogenation and oxidation reactions [68].

Asymmetric hydrogenation – the addition of two H atoms preferentially to
one of the two faces of a prochiral unsaturated molecule – is a very important
tool in the manufacture of bioactive pharmaceuticals and agrochemicals. The
enantioselectivity derives from the chirality of the ligand bound to the metal
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(commonly ruthenium or iridium) center in the active catalyst. The substrate
is oriented relative to the chiral ligand in the catalyst–substrate complex to
minimize steric interactions, and hydrogen is delivered to the sterically least
hindered face. Asymmetric hydrogenation was first successfully applied to the
industrial-scale manufacture of l-Dopa (Scheme 1.13) [69], and a treatment for
Parkinson’s disease aided by the explosion in the availability of chiral catalysts in
the 1990s has since been used in the production of a range of pharmaceuticals,
such as the calcium channel blocker mibefradil (Scheme 1.13) [70]. In Chapter 9,
authored by Stephen Roseblade of Johnson Matthey, the aspects of asymmetric
homogeneous hydrogenation and details of its application in several industrial
cases are discussed.
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Scheme 1.13 The application of asymmetric hydrogenation in the syntheses of L-DOPA and
mibefradil.

1.3.4 Olefin Formation Reactions

1.3.4.1 Wittig Reaction
In 1954, Georg Wittig discovered the olefination reaction that bears his name
[71]. The transformation used a new nucleophilic carbon source, a dipolar phos-
phonium ylide, to convert carbonyl compounds into alkenes (Scheme 1.14).

R2C R2CO + P3″R CR′2 CR′2 P3″R O+

Scheme 1.14 Wittig olefination.

Wittig’s work later earned him the Nobel Prize in Chemistry in 1979. To this
date, no real viable solution has been presented to turn this into a catalytic version
that could eliminate the problem of the large amount of phosphine oxide side
product that is generated.

1.3.4.2 Metathesis Reactions
In 2005, Yves Chauvin, Robert Grubbs, and Richard Schrock won the Nobel Prize
in Chemistry for the development of the metathesis method in organic synthesis.
Most commonly, the catalysts used for metathesis reactions are based on ruthe-
nium or molybdenum. The key intermediates in the catalytic cycle are a series of
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metallacyclobutanes initiated from the reaction between the carbene-containing
catalyst and one of the starting olefins (Scheme 1.15).
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Scheme 1.15 General catalytic cycle for Metathesis reactions.

Olefin metathesis is finding increasing use in drug discovery and process chem-
istry on a commercial manufacturing scale, and with developments in catalyst
systems, highly functionalized substrates can now be targeted. Exemplified by the
first (publicly disclosed) case in the pharmaceutical industry to apply metathesis
at scale, namely the hepatitis C drug candidate ciluprevir [72], chemists are able
to access increasingly diverse chemistry on scale. Industrially relevant metathesis
chemistry is discussed by John Phillips of Materia in Chapter 10.

1.3.4.3 Dehydrative Decarbonylation
Because of the ubiquity of carboxylic acids in industrial feedstocks obtained
from biomass processing, such as the fatty acids, citric acid, and itaconic acid, an
efficient method of transforming these groups into useful alkene functionalities,
particularly linear olefins for the production of important polymers, is an
attractive synthetic objective. Such a process – dehydrative decarbonylation – is
traditionally achieved with palladium, rhodium, iridium, or nickel catalysts
and can provide value-added odd-numbered alpha olefins desirable in the
large-scale production of polymers, lubricants, and surfactants, from renewable
even-numbered natural fatty acids. Dehydrative decarbonylation is discussed in
by Alex John at California State Polytechnic University in Chapter 11.

1.3.4.4 Olefins as Starting Materials
Nucleophilic addition chemistry to an alkene is regarded as a fundamental
methodology for organic synthesis; however, unactivated alkenes do not demon-
strate this chemistry because of their lack of polarity. Substitution of the alkene
with a carbonyl functionality such as in α,β-unsaturated carbonyl compounds
renders the β position electrophilic by resonance and amenable to reaction with
nucleophiles. With an appropriately selected nucleophile, conjugate addition
results in C—C bond formation, saturation of the former olefin, and retention
of the carbonyl group for further reactivity, thus is a very useful transformation
in the synthesis of complex organic molecules relevant to the fine chemical and
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pharmaceutical industries. As stereocontrol is so important, practical catalytic
methods that confer this are highly desirable for large-scale processes, and
rhodium systems incorporating chiral ligands have shown particular utility in
affecting enantioselective conjugate additions [73].

1.3.5 Poly- or Oligomerization Processes

In 1955, German Karl Ziegler and Italian Giulio Natta developed a process to
produce stereoregular polymers from 1-alkenes on a commercial scale [74]. The
catalyst class that bears their name generally comprises silica-supported titanium
halides and alkyl aluminum activators, capable of polymerizing propylene and
other 1-alkenes to highly crystalline isotactic polymers.

The Ziegler–Natta (ZN) polymerization process has been widely industrialized
to provide almost the entire global supply of polyethylene and polypropylene.
By contrast to the more dominant heterogeneous ZN system, which employs
silica-supported titanium tri- or tetrachloride with added organoaluminum acti-
vators, homogeneous ZN catalysis generally employs a metallocene catalyst of
the type [CpR

2MCl2] (CpR = cyclopentadienide derivative, M = Ti, Zr, and Hf)
alongside a methylaluminoxane (MAO) activator. The homogeneous ZN sys-
tem enables a structural control at the molecular level that is not available to
heterogeneous ZN catalysts via the constrained geometry of the organometallic
complex. Non-metallocene-based ZN catalysts incorporate a wide range of alter-
native ligand types bearing heteroatoms that impart different steric constraints
at the metal center, leading to divergent polymerization regimes.

1.3.6 Photoredox Catalysis for Organic Synthesis

In recent years, there has been an increasing interest in the development of
synthetic applications of photoinduced electron transfer chemistry [75, 76].
This technology has also been adopted by industrial teams and demonstrated
in a number of research publications [77, 78]. The catalysts of choice for this
type of reactions are in general Ru- or Ir-based organometallic complexes with
bipyridine- or phenylpyridine-based ligands.

1.4 Conclusion and Outlook

The use of organometallic complexes as catalysts or stoichiometric reagents
has revolutionized the way organic molecules are being synthesized in the
pharmaceutical, agrochemical, and fine chemical industries. This has not
been an overnight change but a very gradual development starting from an
initial discovery followed by incremental improvements and modifications.
Cross-coupling reactions such as Suzuki–Miyaura are good examples of this.

Without any doubt, the growing requirements for greener, more efficient, and
streamlined processes in industry will lead to further development and refining
of current technologies. In some cases, well-established organometallic reactiv-
ity can be exploited for the purpose of carrying out organic transformations in a
new manner. The emerging area of photoredox catalysis in cross-coupling reac-
tions is a good example. Another area, where similar developments are ongoing,
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is that of electrochemistry in organic synthesis. In other cases, it may be chemi-
cal engineering breakthroughs that make a major contribution to more efficient
processes. Continuous processes carried out in flow reactors showcase examples
of this emerging technology.

There is also a growing trend of working toward displacing precious metals by
earth-abundant, metal-based catalysts. Although this is an achievable target for
certain transformations, this is still to be established as a general viable alterna-
tive. One thing is certain; organometallic chemistry in the industry, whether as
catalysts or stoichiometric reagents or whether transition metals or base metals,
will remain the strongest pillar in organic synthesis especially from the perspec-
tive of process chemistry.
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