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1.1 OVERVIEW OF CATALYSIS

Catalysis typically provides the technology to enable the efficient and cost-effective
synthesis of pharmaceutical products. By definition, catalysis increases the reaction
rate by lowering the activation energy of the reaction, therefore allowing the chemical
transformation to take place under much milder conditions over the uncatalyzed
process. Furthermore, the catalyst typically imparts chemo-, regio-, or stereoselec-
tivities over the course of the reaction to enable highly efficient syntheses of target
molecules.
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Catalysis is one of the principle drivers for the modern economy. Catalysis-based
industries contribute more than 35% of the global GDP [1]. It has been estimated that
about 90% of the chemicals are derived in some fashion from catalytic processes [2].
The annual worldwide demand for catalysts is approaching one million metric tons,
and further growth in this sector was projected to continue [3]. Furthermore, catalysis
is one of the 12 green chemistry principles [4]. The use of catalysis can significantly
reduce waste streams, simplify synthetic processes, and reduce both cycle times and
volume requirements, especially in chemical manufacturing. Catalysis often enables
a business to enhance the value of the product while minimizing the overall carbon-
footprint of their activities.

The significance of catalysis and its proven impact on the advancement of science
was recognized by several Nobel Prizes in Chemistry. In 1909, Wilhelm Ostwald won
the Nobel Prize for “his work on catalysis and for his investigation into the
fundamental principles governing chemical equilibria and rates of reaction.” During
the first decade of this century, four transition-metal catalyzed reactions were
honored with Nobel Prizes in Chemistry: asymmetric hydrogenation and oxidation
(2001; Knowles, Noyori, and Sharpless), metathesis (2005, Chauvin, Grubbs, and
Schrock), and cross-coupling reactions (2010; Heck, Negishi, and Suzuki). These
reactions not only have academic significance but also proved to be critical for the
production of industrially important products.

Noyori’s BINAP-Rh-catalyzed asymmetric allylic amine isomerization reaction
was used to develop an industrial process for menthol (Scheme 1.1) [5]. Menthol is
one of the most widely utilized natural products. In 2007, the total world production
of menthol was > 19,000 tons, over a quarter of which was used for pharmaceutical
purposes, while the remainder was used for consumer products such as toothpaste,
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SCHEME 1.1 Industrial menthol processes.
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cosmetics, confectionary, and tobacco products [6]. Natural menthol is supplied via
isolation from mint cultivated primarily in Asian countries. However, the market
demand greatly exceeded the natural supply. In addition, the reliability of natural
supply is affected by weather and climate of the mint-growing region. A need existed
for an efficient and economical method for synthetic menthol to close the supply gap
and also to alleviate the volatility of price on the market.

The new Takasago—Noyori menthol process commenced with the conversion of
myrcene to geranyldiethylamine by treatment with lithium and diethylamine. Then
asymmetric isomerization of the allylic amine with a cationic BINAP-Rh catalyst
afforded a chiral enamine, which was hydrolyzed to (R)-citronellal (96-99%ee).
Elaboration of (R)-citronellal to (—)-menthol was accomplished in two additional
straightforward steps. This new process allowed Takasago to produce 1000-3000 tons
of synthetic menthol every year for the past 30 years.

BASEF recently disclosed a new menthol process using Chiraphos-Rh-catalyzed
hydrogenation reaction as the key step [7]. They were able to achieve the direct
asymmetric hydrogenation of neral to give (R)-citronellal with 87%ee. The projected
production capacity of the BASF menthol process was 3000-5000 tons/year [8]. This
menthol process described here clearly underscored the importance of catalysis to our
everyday life.

1.2 TRANSITION METAL CATALYSIS IN THE
PHARMACEUTICAL INDUSTRY

Transition metal catalyzed processes have been extensively utilized in the pharma-
ceutical industry for over the past 30 years. They have been employed for library
preparations, discovery syntheses, and large-scale preparation of active pharmaceu-
tical ingredients. This use relates to the efficiency to conduct a large number of
chemical transformations with tolerance of numerous functional groups, and high
enantio-, diastereo-, and chemoselectivities. The most commonly applied transition
metal catalyzed applications relate to the transformations that result in a cross-
coupling for the formation of carbon—carbon and carbon—heteroatom bonds,
asymmetric hydrogenation, oxidation, asymmetric addition, and metathesis. The
emergence of each technology, evolution into its current status, impact, and recent
advances that are projected to provide additional value to the pharmaceutical industry
deserve further discussion.

1.2.1 Cross-Couplings for the Formation of Carbon—Carbon Bonds

The importance of cross-couplings for the formation of carbon—carbon bonds to the
chemical industry is best appreciated by awarding the 2010 Nobel Prize to Heck,
Negishi, and Suzuki for “palladium-catalyzed cross-couplings in organic synthesis.”
The basis of cross-coupling is the reductive elimination of two organic components
from a high valent late transition metal for the formation of a C-C bond
(Scheme 1.2) [9]. The utility of this reaction was realized by the development of
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SCHEME 1.2 General cross-coupling mechanism and extensions.

suitable components for the selective formation of the mixed bis-organometallic
intermediate. In 1971, Kochi demonstrated that a Fe(III) complex can catalyze the
coupling of organo-magnesium reagents with haloalkenes [10]. The following year in
1972, Kumada, Tamao, and Corriu independently reported the cross-coupling of
organo-magnesium reagents with alkenyl or aryl halides catalyzed by a Ni(Il)
complex [11]. Since these seminal reports, palladium and nickel complexes have
emerged as the mainstream catalysts employing organo-boronates, silicon, tin,
magnesium, and zinc reagents as the nucleophilic components wherein the corre-
sponding cross-couplings are referred to as Suzuki-Miyaura [12], Hiyama [13],
Stille [14], Kumada [15], and Negishi [16] couplings. The transmetallation operation
can also be replaced by a migratory insertion with an olefin or carbon monoxide to
achieve a Heck coupling [17] or carbonylation [18]. Since the advent of these
technologies and by proper choice of reaction components, catalyst, and conditions,
most carbon—carbon single bonds can be constructed through this process.

The utility of cross-couplings for the accessibility of bi-aryl, aryl-alkenyl, and
aryl-alkynyl moieties has made these structures common synthetic intermediates for
APIs and as pharmacophores rationally designed into numerous drugs and clinical
candidates as exemplified by Losartan, Naratriptan, and Singulair (Fig. 1.1) [19]. A
survey of reactions scaled in Pfizer’s GMP facility at the Groton site showed a steady
increase in the use of cross-couplings over the past two decades [20]. Of the 14% of
reactions that generate a C—C bond, 4.3% were cross-couplings from 1985 to 1996,
which increased to 14.5% for the period between 1997 and 2007. Further utility of
cross-couplings will be due to advances in broadening the substrate scope for
incorporation into a cross coupling. Extension to less reactive electrophiles such
as aryl chlorides [21], phenolates [22], carbon-nitriles [23], and aryl ammonium
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FIGURE 1.1 Selected examples for application of C—C cross-couplings.

salts [24] has greatly increased the flexibility for incorporating a larger pool of
commercially available materials into a synthesis. Recently, some progress for the
cross-coupling of aryl fluorides has been achieved [25]. Complementary to the
advances with the electrophile, the nucleophile scope has also expanded to include
aldol equivalents [26], carboxylic acids (decarboxylative couplings) [27], perfluori-
nated alkanes [28], and C-H insertions [29]. Progress has also been made for
enantioselective cross-couplings [30] to provide access to atropisomers, which
are emerging as pharmacophores [31]. More promising are the developments of
enantioselective cross-couplings for the generation of classical carbon stereocenters,
which provide general access to otherwise difficult structures [32]. These advances in
cross-couplings are growing exponentially, a trend that will add additional value to
the pharmaceutical industry.

1.2.2 Cross-Couplings for the Formation of Carbon-Heteroatom Bonds

The impact of cross-couplings for the formation of carbon—heteroatom bonds is more
significant to the pharmaceutical industry than cross-couplings for the formation of
C-C bonds. The process for heteroatom coupling is based on principles similar to
those used for carbon—carbon bonds but varies with mechanism due to the influences
of metal, ligand, and nucleophilic component (Scheme 1.3) [33]. Although the copper
mediated C-N coupling has been known for over a century, that is, Ullmann [34] and
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SCHEME 1.3 General scope of C—X bond formation through a cross-coupling.



6 TRANSITION METAL CATALYSIS IN THE PHARMACEUTICAL INDUSTRY

Goldberg [35] reactions, the use of harsh conditions prevented general application to
complex molecule synthesis. The discovery and development of ligand-mediated
copper catalyzed couplings by Buchwald and coworkers [36] and Goodbrand et al. [37]
allowed for much milder conditions and tolerance of numerous functional groups.
These reactions have been extended to the coupling of nitrogen, phosphorous, oxygen,
and sulfur providing general access to the respective carbon sp’~X bond. Comple-
mentary to copper-catalyzed reactions, the palladium-catalyzed process has been
known since the pioneering research of Migita and coworkers with amide-tin
reagents [38]. The expansion in the palladium process originated from the independent
developments of tin-free processes by Buchwald [39], Louie and Hartwig [40]. The
palladium-catalyzed process was then extended to the formation of C—O, C-P, and C-B
bonds. The recent application for the formation of a C-B bond by Ishiyama and
coworkers [41] presented a valuable process for the preparation of organo-boronates
for Suzuki couplings with significant functional group tolerance that simply cannot be
achieved by traditional Grignard or organo-lithium-mediated approaches. The breadth
of bond formations that are possible with cross-couplings for the formation of carbon—
heteroatom bonds is nearly unmatched when compared to other methodologies.

The impact of cross-couplings for carbon-heteroatom bond formation for the
pharmaceutical industry is considerable. These methodologies provide the robust-
ness required for the formation of a large diversity of structures that are necessary for
discovery and development (Fig. 1.2). Some notable examples are the multibillion
dollar drugs Gleevec from Novartis [42], Abilify from Otsuka Pharmaceuticals [43],
and Pfizer’s Phase III candidate Torcetrapid [44]. The advances in broadening the
electrophile scope for cross-couplings for carbon—carbon bonds are often extended to
the formation of carbon-heteroatom bonds. The use of aryl chlorides [45] and aryl
ethers [46] are routinely depicted in the recent literature. Other significant devel-
opments in cross-couplings are related to C—H activations and numerous reports are
published on the efficient amination of C—H bonds [47]. One promising methodology
reported by Hartwig is the C—H borolation promoted by an iridium catalyst, which
provides interesting regioselectivities that are not achievable by existing methodol-
ogies [48]. These seminal advances will further increase the substrate scope and
applicability for pharmaceutical synthesis.
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FIGURE 1.2 Selected examples for application of heteroatom cross-couplings.
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1.2.3 Asymmetric Hydrogenation

Asymmetric hydrogenation is the most significant asymmetric technology utilized to
establish chirality in pharmaceutical products. Half of the 2001 Nobel Prize was
awarded to William Knowles and Ryoji Noyori “for their work on chirally catalyzed
hydrogenation reactions.” A hydrogenation is the transfer of a molecule of hydrogen
to a pi-bond resulting in a formal reduction, typically catalyzed by a transition metal
(Scheme 1.4) [49]. The utility of the process is the ability to control reduction of one
enantiotopic face of the pi-bond by a chiral ligand resulting in asymmetric induction.
Since the advent of transition metal catalyzed asymmetric hydrogenations by
Knowles and Noyori, an exceedingly large pool of chiral ligands have been invented
typically based on the class of biaryl diphosphines, monophosphines, phospholanes,
ferrocenyl-based diphosphines, and miscellaneous phosphines, which have compa-
rable performance [50]. As coined by Jacobsen, the selected few that are routinely
applied to large-scale production of commercially relevant molecules are referred to
as “privileged ligands [51].” Intellectual protection for the initial structures has
expired, and the industry has free access to utilize the technology. Some structures are
still protected by patents. However, since the variation based on the ligand structure
can be considerable while retaining similar performance to known systems, mod-
ification of the initial ligand design to circumvent IP protection is often achiev-
able [52]. Asymmetric hydrogenation has been applied to the saturation of C=C,
C=0, and C=N bonds most typically with Rh, Ru, and Ir-based catalysts. Due to the
high levels of discrimination exhibited for these processes, multiple stereocenters can
often be established in a single transformation through a hydrogenation that proceeds
through a dynamic kinetic asymmetric transformation.

Asymmetric hydrogenation can be considered as the powerhouse for installation
of chirality into a drug substance [53]. Numerous examples attest to this importance
(Fig. 1.3). The classical example of multiton applications are the synthesis of
L-Dopa by Monsanto as well as the menthol processes described earlier in this
chapter [54]. Sitagliptin from Merck [44b] and a Cathepsin S inhibitor from
Boehringer Ingelheim [55] highlight the usefulness of this technology for the
synthesis of human pharmaceuticals. The value of asymmetric hydrogenation for
the establishment of chirality is due to the low cost for hydrogen, high levels of
asymmetric induction, and most importantly the typical high turnover allowing for
exceedingly low catalyst loadings. Achievement of 10,000—1,000,000 turnovers is
common and expected for production processes. Due to the large pool of available
ligands, pharmaceutical companies and specialized CROs built catalysis or auto-
mation groups that can conduct high throughput optimization to establish the
optimal ligand and conditions for a particular transformation.

H—H

R R? o) RS ‘ k ] BB oM RS\N,H
>—< N |:‘|> Rh, Ru, Ir, Pd, Pt 3
R3 R4 R1JJ\R2 R1J\R2 catalysts Ra: <R4 R1%|I_'|R2 R1/k|:_,|R2

SCHEME 1.4 General hydrogenation scope.
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FIGURE 1.3 Selected examples for application of asymmetric hydrogenation.

Clearly asymmetric hydrogenation is one of the most mature of all asymmetric
catalytic technologies employed by the pharmaceutical and agrochemical industries.
There are several reasons why this methodology has been so fully embraced. From an
operations perspective, asymmetric hydrogenation requires no significant changes to
equipment that has been used for many years for standard hydrogenations at scale.
Thus, minimal capital investments and limited operator retraining are needed to use
the technology. The steady march of chiral ligand development in the past 35 years
has led to reasonably good scope with respect to the substrate classes which can be
successfully reduced. In parallel, there have been dramatic improvements in the
efficiency of these chiral catalysts, leading to ever higher TON’s (turnover numbers)
and TOF’s (turnover frequencies) and lower catalyst loadings. Hydrogen, particu-
larly on a mole basis, is also by far the cheapest reducing agent available. When these
advantages are coupled with a transformation that is inherently “atom economical,”
which also provides value-added (chiral) products the broad acceptance of asym-
metric hydrogenation can be understood.

However, asymmetric hydrogenation of certain substrates is still challenging. For
example, only recently has a general process for the asymmetric hydrogenation of
some tetra-substituted and unfunctionalized olefins been reported by Pfaltz and
coworkers [56]. These catalysts normally require the relatively expensive BAr"
counterion, which also has a high molecular weight. There is also nearly exclusive
use of iridium for these hydrogenations, rather than cheaper precious metals such as
ruthenium. Achieving very low catalyst loadings thus becomes a critical part of the
cost analysis in these processes as well. These outstanding issues of expanding the
substrate scope and improving the economics of asymmetric hydrogenation will
likely form the basis of future academic and industrial research in this critical area.

1.2.4 Oxidative Catalysis

Oxidative catalysis, the complementary process to hydrogenation, has also impacted
pharmaceutical research and development albeit to a lesser degree than for academic
total synthesis. Oxidations catalyzed by transition metals involve a broad class of
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transformations to generate pro-chiral, racemic, and chiral products. The significance
of asymmetric oxidations was recognized by awarding half of the 2001 Nobel Prize to
Sharpless “for his work on chirally catalyzed oxidation reactions.” The general utility
for transition metals to catalyze an oxidation is through a metal-mediated oxidation
wherein the oxidized metal is regenerated by a stoichiometric oxidant (Scheme 1.5).
Use of the transition metal allows for use of less reactive and desirable oxidants as well
as providing the chemo- and stereoselectivity necessary for an efficient process. The
classical example for this mechanism was developed by Ley for the oxidation
of alcohols and aldehydes with a ruthenium oxide catalyst [57]. Some extensions
have been applied to allylic C—H oxidations [58], but the vast utility of transition metal
oxidations was realized by pi-bond oxidations. The Wacker process enables access to
aldehydes and ketones by the oxidation of olefins; however, utilization of the
methodology on highly functionalized compounds is restricted due to limited chemos-
electivity [59]. Alternatively, stereoselective olefin oxidation can efficiently provide
chiral epoxides, through a Sharpless [60] or Jacobsen—Katsuki [61] asymmetric
epoxidation, as well as chiral diols or amino-alcohols through a Sharpless dihydrox-
ylation [62] or amino-hydroxylation [63], respectively. Application of a slight mod-
ification of the Sharpless asymmetric epoxidation conditions to the oxidation of
sulfides has provided a general access to the chiral sulfoxide pharmacophore [64].
Transition metal catalyzed oxidation has had limited applications in the phar-
maceutical industry to date. The decreased use of oxidations in API syntheses in
relation to academic total syntheses [9] is due to the inefficiency of introducing
elements in an oxidation state that requires adjustment, associated waste, and safety
concerns. The typical use of nongreen solvents, such as chlorinated hydrocarbons,
further limits the utility for oxidations to the pharmaceutical industry. This issue is
reflected by one goal of the American Chemical Society Green Initiative for oxidations
without a chlorinated solvent [65]. The notable application to the synthesis of
esomepraxol [66], rosavastatin [67], and indinavir [68] underscores the value of
transition metal catalyzed oxidations (Fig. 1.4). The utility of asymmetric oxidations
for the formation of C—O bonds has also been extended to the synthesis of other more
complicated stereocenters. The use of a Sharpless asymmetric epoxidation by Eisai
provided the stereochemistry to construct a quaternary carbon stereocenter through a
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SCHEME 1.5 Transition metal catalyzed oxidation and extensions.
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FIGURE 1.4 Selected examples for application of oxidations.

subsequent Pinacol rearrangement (Scheme 1.6) [69]. This type of stereocenter cannot
be readily accessed by other more traditional asymmetric transformations thereby
demonstrating the significant utility of asymmetric oxidations toward API synthesis.
Recent advances in transition metal catalyzed oxidations toward asymmetric allylic
oxidation [70], oxidative coupling [71], and C-H oxidations [72] have provided
increased utility for complex molecule synthesis. Adaptation of these new method-
ologies by medicinal chemists for the design and discovery of new APIs and the
utilization of these new methods by process chemists will increase the use of these
valuable transition metal catalyzed oxidations.

1.2.5 Asymmetric Addition Reactions

Asymmetric addition reactions comprise a wide variety of transformations, which
due to their versatility provide access to chiral structures that are not otherwise
efficiently accessible by other technologies. The utility of transition metals for these
additions stems from the ability to use a substoichiometric amount of a chiral ligand
that provides a more efficient asymmetric transformation relative to more traditional
chiral auxiliary—based technologies. Although some reports on enantioselective
additions to aldehydes date back to the 1940s [73], the first reproducible reaction
was the addition of Grignard reagents to carbonyl species with a chiral ethereal
solvent reported by Cohen and Wright in 1953 [74]. Oguni et al. in 1984 reported the
(8)-leucinol catalyzed addition of diethylzinc to benzaldehyde with 49%ee [75]. This
seminal achievement sparked the dramatic developments in transition metal cata-
lyzed asymmetric additions with hundreds of methodological developments and
thousands of applications. These types of transition metal-based addition reactions
can be crudely divided into four types of transformations (Scheme 1.7). The first
involves addition to C=0 and C=N bonds. These additions provide chiral alcohol or
amine products by the addition of a carbon-based nucleophile such as through an
asymmetric organo-zinc-mediated, aldol, and cyanide addition reactions. The second

Sharpless
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Emopamil

SCHEME 1.6 Eisai SAE and application to a quaternary carbon stereocenter.
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SCHEME 1.7 General types of asymmetric addition reactions.

reaction type is the asymmetric addition to C=C bonds through a conjugate (1,4)
addition. The third class of additions is cycloadditions achieved by cyclopropana-
tions, dipolar [3+2] cycloadditions, and more traditional Diels—Alder [4 + 2]
reactions. The final addition type involves asymmetric allylic alkylations that provide
chiral allylic stereocenters.

The utility of asymmetric addition reactions for pharmaceutical companies comes
from the ability to access stereocenters that are not amenable to efficient construction
through asymmetric hydrogenation. This general trend is due to the higher catalyst
loadings and costs typically associated with implementing an asymmetric addition.
The suggestion of Pfizer’s Hawkins that the chances of using an asymmetric
transformation on commercial scale is greater if the process was implemented
early in development and applied to a late synthetic step [76] is more relevant for
asymmetric addition reactions than for hydrogenations. The costs associated with
resolution of an early intermediate can be lower than implementing the asymmetric
addition reaction. Several applications of asymmetric additions have been reported
by pharmaceutical companies (Fig. 1.5). The applications to GSK 3082 [77],
oseltamivir [78], and tipranavir [79] highlight the utility of the technology. Signif-
icant advances in asymmetric additions have recently emerged that can change these
perceptions. C—H activation for the stereoselective insertion of a heteroatom provides

MeO
N
S .o N 0
HO.C" N o
o s/ o o™
AL
NH,
tBu
MeO Tamiflu Aptivas
GSK 3082 (Oseltamivir) (Tipranavir)
HCV polymerase inhibitor Antiviral (influenza) Antiviral (HIV)

FIGURE 1.5 Selected examples of the application of asymmetric additions.
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the opportunity to establish stereocenters from readily available materials [80]. The
asymmetric addition to ketones has efficiently afforded chiral tertiary alcohols [81].
Recent advances in asymmetric allylations [82] and propargylations [83] provide
access to chiral homoallylic and propargylic alcohols that are not readily accessed by
hydrogenation of the corresponding 2,3-unsaturated ketones, due to their propensity
to isomerize the pi-bond into conjugation. The ability to access a large number of
chiral moieties and scaffolds through these advances will increase the value of
asymmetric addition reactions in pharmaceutical production.

1.2.6 Metathesis

Metathesis has also impacted academic research more significantly than for the
pharmaceutical industry. However, the scientific impact of metathesis technology
cannot be overstated, as exemplified by the awarding of the 2005 Nobel Prize to
Chauvin, Grubbs, and Schrock “for the development of the metathesis method in
organic synthesis.” Industrial application of the metathesis reaction dates back to the
1950s as exemplified by the Shell Higher Olefin Process (SHOP) [84]. Over the past
several decades, the emergence of highly active and well-defined molybdenum and
ruthenium metathesis catalysts allowed the chemoselectivity required for fine
chemical and complex organic molecule synthesis. The notable catalysts are
those developed by Grubbs and coworkers [85], Hoveyda and coworkers [86],
Nolan and coworkers [87], Grela and coworkers [88], Schrock et al. [89], and
Zhan [90]. Applications to the pharmaceutical industry are generally limited to the
ring closing metathesis (RCM) for the construction of medium to large rings and
cross metathesis (Scheme 1.8). The well-known tolerance of numerous functional
groups to the metathesis conditions and the ability to utilize unactivated olefins
presents significant utility for the incorporation into complex molecule synthesis.
The use of metathesis is more significant in early discovery with limited examples
in development. Some notable examples are depicted in Figure 1.6, which include
BILN 2061 [91], telcagepant [92], and SB-462795 [93]. The drawback to the
incorporation of metathesis into a multikilogram batch is often the limited catalyst
turnover and typical high dilution necessary to prevent dimerization. When condi-
tions and the substrate are thoroughly optimized, <1 mol% catalysts loadings with
reasonable concentrations can often be achieved. The importance for substrate
optimization is exemplified by the process reported by Boehringer Ingelheim for
the synthesis of the macrocycle BILN 2061. By derivatizing an amide nitrogen, the
molecule was shown to adopt a more favorable conformation for cyclization, which
enabled the reaction to be conducted at 20 times the initial reaction concentration.
Achieving a concentration of 0.2 M for the RCM equates to a 20-fold improvement

~ Ring closing metathesis Cross metathesis ’
"(Q:/\ "(@ R\Z + 2 N e
N Ru/Mo Ru catalysis

catalysis

SCHEME 1.8 General types of metathesis utilized in the pharmaceutical industry.
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FIGURE 1.6 Selected examples for application of metathesis.

in the volume-time factor for production (vida infra). Similar to other transition
metal catalysts processes, recent advances in metathesis chemistry have enabled
formation of tetra-substituted olefins [94], asymmetric metatheses [95], and the
metatheses of alkynes [96]. This research has directly increased the ability to
construct the increasingly complex biologically active molecules that are being
discovered and developed as the next generation of medicines.

1.3 CHALLENGES IN TAKING CATALYSIS TO INDUSTRIAL SCALES

In recent years, transition-metal catalysis has become a truly indispensible technol-
ogy for industrial scale production of APIs. This is due to several inter-related factors
(a) the constantly increasing regulatory requirements, for example, the strong
regulatory pressure to develop a single-enantiomer of a drug as well as more
stringent environmental protection legislations; (b) the pressure to reduce cost
and time to market (a single day delay to the market will result in >$1 million
loss for a $400 million annual revenue drug); and (c) the discovery of more efficient
catalytic reactions from both academia and industry. The interplay of all these
elements has resulted in the uptake of many of these catalytic methods for industrial
scale API production. Successful examples of catalytic reactions on commercial
scales are now routinely reported in the literature, yet there still exists a time delay
between the initial (usually academic) reports on new catalysis and their implemen-
tation in industry.

The development and implementation of a catalytic reaction for industrial scale
production is not trivial and many considerations have to be taken into account. The
major factors that might hamper the technology transfer from lab-scale to large-scale
production involve (a) the limited availability of the catalysts; (b) high cost of
catalysts; (c) nonscalable operations (such as column chromatography, high dilution,
extreme temperatures/pressures, unsafe reagents, etc.); and (d) the intellectual
property (IP) issues (Fig. 1.7). Thus, a significant amount of process research and
evaluation is almost always required to translate the chemistry demonstrated in initial
reports into a “process-friendly” state.
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FIGURE 1.7 Taking Benchtop reactions to large scales.

Perhaps most importantly though, it is generally in industry where the new
catalysis is truly “stressed” with complex substrates containing multiple potentially
interfering functional groups. At this time one often finds that the chemo-, stereo-, or
regioselectivity of a catalyst is not as good as the performance shown for a limited
number of substrates lacking true steric and electronic breadth. When catalysis
performs poorly at this early stage, the reasons for this are rarely apparent. The
substrate, the product, or the catalyst itself might be responsible, and significant effort
is often required to elucidate these effects. This is likely the critical juncture where
the speed with which new methodologies are embraced by industry is decided. When
time and resource investments are not made for new chemistries that are capable of
being truly transformative to API synthesis, their acceptance and use will be clearly
delayed and an early opportunity missed.

To overcome these hurdles, it therefore takes the efforts and collaboration from
both industry and academia. From the industry perspective, more efforts should be
directed at enhancing collaboration with academia on catalysis research and pro-
actively increasing investment in strategic technologies. The companies should
encourage forward thinking and a long-term vision. They should ideally provide
incentives and rewards for industrial scientists to take smart risks to innovate and
explore new chemistry.

Along this line, several major pharmaceutical companies have already invested
heavily in setting up new technological platforms such as high throughput catalysis
screening. Boehringer Ingelheim, Merck, and Pfizer all have their own in-house
catalysis groups dedicated to catalyst development and these organizations have
proven to be very successful [97].

Academic researchers by contrast should become more aware of and appreciate
the constraints of industry. The research programs should be designed in such a way
that barriers for technology transfer of the newly developed chemistry into the
industrial setting are minimized. Environmental friendly solvents and reagents
should be included in the routine optimization for new methodologies. Another
encouraging trend is that more research groups partner with chemical suppliers to
make their new catalysts commercially available for initial testing. Simple steps like
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these can greatly facilitate the uptake of new catalytic methods for pharmaceutical
applications.

To better understand the complexity of technology transfer to large-scale pro-
duction and how the factors described above play out in the pharmaceutical industry,
itis instructive to further consider Boehringer Ingelheim’s BILN 2061 process. BILN
2061 (Ciluprevir, Fig. 1.8) was discovered by Boehringer Ingelheim (BI) as an HCV
NS3 protease inhibitor [98] and entered the development phase in the late 2000 as
the first small molecule therapy for hepatitis C infection. The most unique structural
feature of the molecule was the 15-membered macrocycle ring containing a cis-double
bond. The macrocyclization was achieved via a ruthenium-catalyzed RCM reaction.
Back in 2000, RCM was largely an academic exercise [99] and there were no industrial
applications of this reaction to large-scale API synthesis. In order to support clinical
studies and the projected market supplies, Bl required the development of a manufactu-
ring process suitable for multiton production. A strategic decision was, therefore, made
to invest in the development of the metathesis reaction for production scales [100].

At the outset of the project, Grubbs’ first generation catalyst (1) [101] was used to
cyclize the tripeptide diene 2 (Scheme 1.9). When the acyclic precursor was treated
with >5 mol% catalyst in refluxing dichloromethane for 24 h, the desired macro-
cycle 3 was formed along with up to 50% of the epi-RCM product (epi-3). The extent
of epimerization varied from batch to batch and was scale-dependent. In addition to
the stereochemical concerns, other critical scale up issues for this key RCM reaction
were identified, which included: (1) the high dilution (0.01 M) required to minimize
the unproductive intermolecular metathesis side reactions, (2) high catalyst loadings,
(3) aprojected multimillion-dollar capital investment due to the high solvent volume,
(4) the uncertain supply of the catalyst due to cost and availability concerns, and (5) a
complicated IP situation. All of these issues need to be resolved before the
RCM reaction could be reliably scaled up to support the clinical development of
BILN 2061.
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FIGURE 1.8 BILN 2061.



16 TRANSITION METAL CATALYSIS IN THE PHARMACEUTICAL INDUSTRY

H
9 coMe *
u N >5 mol% Me y Z:)W(N\ﬁcogwe
o N, o s oN o
gy Sheoe T Yt g
[¢] ~ Reflux 0
3

SCHEME 1.9 Initial results for RCM reaction.

Reaction

In order to better understand the RCM reaction, additional catalysts were screened
(Fig. 1.9). With the second generation, NHC-containing catalysts from Grubbs and
coworkers [102], Hoveyda and coworkers [103], and Grela and coworkers [104] (4, 5,
and 6), very little isomerization occurred in the RCM reaction. However, these more
reactive catalysts led to the formation of 8-10 mol% of the cyclic dimer, which not
only resulted in lower yields but also complicated product purification. In contrast,
the first generation Hoveyda catalyst 7 [105] that has somewhat attenuated activity,
gave a much cleaner reaction with almost no dimer formation and no epimerization.
With 3-5 mol% catalyst at 0.01 M diene concentration, 90-95% yields of compound
3 were obtained after 24 h in refluxing dichloromethane. More than 100 kg API was
manufactured by using these conditions. Several critical scale up concerns still
remained. The most serious issue was the high dilution required to effect an efficient
macrocyclization. When the initial diene concentration was increased from 0.01 to
0.1 M, the yield of 3 dropped from >90% to 40%. This challenge is certainly not
unique to the Boehringer’s substrate. In fact, most of the RCM-based macrocycliza-
tions required a substrate concentration ranging between 0.2 and 8.5mM, and a
catalyst loading at 2—10 mol% [106].

From a business perspective to secure the projected market supplies, the large
reaction volume requirement of the RCM would necessitate a multimillion dollar
capital investment to build a new production facility at Boehringer’s manufacturing
site. Although the RCM reaction itself is intrinsically green by virtue of being a
catalytic process with excellent atom economy [107], the need for high dilution
resulted in an E-factor [108] of 370 kg/kg for this step alone. This means that to
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FIGURE 1.9 RCM catalysts.
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cyclize 1kg diene, ~370kg of chemical waste would be generated. An average
synthetic step should have an E-factor in the range of 5-30 kg/kg. In addition, it was
highly desirable to replace dichloromethane with a greener solvent.

During the early work on the RCM reaction, a small but detectable effect on the
RCM rate by varying the substituent on the remote C-4 position was noticed. Based
on this observation, it was hypothesized that by changing the substituents on the
acyclic precursor backbone, it might be possible to coil the molecule into a confor-
mation that is more favorable for intramolecular cyclization. Indeed, it was found that
the protecting group on the C-4 amide nitrogen has a profound influence on the
conformation of the acyclic precursor and consequently the concentration require-
ment for the intramolecular macrocyclization.

A series of diene precursors with different substituents on the C-4 amide nitrogen
were synthesized. Using Grela’s catalyst, when R =H (2), an 82% yield of 3 was
obtained at 0.01 M concentration (Scheme 1.10). The reaction was not only faster
with Boc as a protecting group on the nitrogen as in compound 8 but also cleaner even
at 0.2 M with lower catalyst loading (93% yield of 9). Presumably, the introduction of
the Boc group on the C-4 amide nitrogen relieved the ring strain of the acyclic
precursor, thereby facilitating the desired intramolecular metathesis pathway.
Detailed mechanistic studies using NMR techniques also showed that by changing
from the unprotected substrate 2 to the Boc-protected diene 8, the initiation site of
metathesis shifted from the vinylcyclopropane to the nonenoic acid moiety
(Scheme 1.11). It was hypothesized that initiation at the vinylcyclopropane leads
to a slower reaction due to stabilization of the Ru carbene by chelation, whereas
initiation at the nonenoic acid site accelerates the ring-closing step.

With this breakthrough discovery, the RCM reaction could be accomplished at
more than 20-fold higher substrate concentration with the use of 0.05 mol% catalyst,
to give 93% yield of the RCM product within a short reaction time. To prepare 1 kg of
macrocycle intermediate 3, only 0.5 g catalyst and 7.5 L of solvent were needed. As a
result, the E-factor of this step was reduced from 370 to 52 kg/kg. The new RCM
process thus improved the greenness of the reaction by about one order of magnitude.
In addition, the reaction solvent was changed from dichloromethane to toluene
without negatively impacting the performance of the RCM. More importantly, the
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SCHEME 1.10 RCM reaction with modified substrates.
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new RCM process could be readily accommodated in the existing standard multi-
purpose reactors in chemical production, and the need for a multimillion dollar
capital investment was averted.

Securing the IP rights for various RCM catalysts was required to use this metathesis
chemistry to supply the market with the HCV protease inhibitor. This “freedom-to-
operate” is necessary to ensure the reliability of the drug supply once the compound is
marketed. Any disruption of this supply could potentially affect patient safety, and was
therefore unacceptable. The IP issue was taken very seriously and was handled with
care throughout process development. In parallel to the scientific program, Bl engaged
in extensive contract negotiations with several technology owners and eventually was
able to reach an agreement of collaboration with Professor Grela.

Through innovative chemical research and development, a breakthrough was
achieved for the RCM reaction for BILN 2061 production. The new macrocyclization
process runs at improved concentrations with a low catalyst loading (ca. 0.05%) to
give the RCM product in >90% yield. Overall, these improvements significantly
reduced the API cost. This achievement was highlighted in professor Grubbs’ Nobel
Prize Speech [109] as well as in Chemical & Engineering News [110]. The success
story of BILN 2061 showed that in order to develop a commercially viable catalytic
process, a multitude of inter-related factors need to be considered including reaction
optimization, green chemistry, IP, the manufacturing facility, catalyst cost, and raw
material sourcing. These challenges can only be met through the collaborative work
of a multidisciplinary team.

1.4 SUMMARY AND FUTURE OUTLOOK

The rapid growth of transition-metal catalysis has enabled the pharmaceutical
industry to accelerate both drug discovery and drug development. Future catalysis
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research will undoubtedly bring more exciting chemistry and allow novel transfor-
mations to take place with ultra low catalyst loadings and good functional group
compatibility. Collaboration of synthetic organic, physical organic, as well as
organometallic, analytical and computational chemists provides the foundation to
elucidate mechanistic pathways, rationalize catalyst behavior, invent new method-
ologies, and optimize and implement processes into chemical production. The
ultimate goal of this effort is to develop catalysts that impart the selectivities,
reactivity, and atom economy needed for cost-effective approaches to a variety of
critical chemical transformations. Finally, a close collaboration between academia
and industry is vitally important for the expedient implementation of catalysis on
scale. It is our hope that this book will not only serve as an overview of the fast-
growing field of transition-metal catalysis but also provide impetus and inspirations
for the future discovery of more efficient and practical catalysts to help us tackle the
economical and ecological challenges in the twenty-first century.
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