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Abstract: Transition metal catalysts play a vital role in a wide range of industrial organic processes.
The large-scale production of chemicals relying on catalyzed organic reactions represents a sustainable
approach to supply society with end products for many daily life applications. Homogeneous (mainly
for academic uses) and heterogeneous (crucial in industrial processes) metal-based catalysts have been
developed for a plethora of organic reactions. The search for more sustainable strategies has led to the
development of a countless number of metal-supported catalysts, nanosystems, and electrochemical
and photochemical catalysts. In this work, although a vast number of transition metals can be used in
this context, special attention is devoted to Ir- and Pd-based catalysts in the industrial manufacture of
pharmaceutical drugs. Pd is by far the most widely used and versatile catalyst not only in academia
but also in industry. Moreover, Ir-based complexes have emerged as attractive catalysts, particularly
in asymmetric hydrogenation reactions. Ir- and Pd-based asymmetric reductions, aminations, cross-
coupling reactions, and C–H activation are covered herein in the production of biologically active
compounds or precursors; adaptation to bulk conditions is particularly highlighted.

Keywords: transition metals; fine chemicals; scale-up; catalysis

1. Introduction

Transition metal is the common term to refer to the d-block elements of the periodic
table [1]. The main feature of these elements is their partially filled d subshell in the metallic
state. This characteristic confers transition metals with the ability to adopt diverse and
interchangeable oxidation states, which allows them to exchange electrons in a chemical
reaction undergoing oxidation or reduction processes [2]. In addition, transition metals
form complexes with numerous reaction reagents [3–5]. Transition metals are available
either as homogeneous [6] or heterogeneous catalysts, including reactions based on electro-
chemical processes [7]. The former are largely employed in academic research, while the
latter represent the preferred choice in industry, as they can be easily separated from the
products using only standard filtration operations.

Inspired by nanosized metal catalysts (e.g., nanoclusters and nanoparticles) [8] or
supported metals [9], the immobilization of homogeneous metal-based complexes emerged
as a topic of interest. Many such systems were initially reported to exhibit a series of
disadvantages that, in principle, hindered their industrial implementation: stability, costs,
metal contamination of the final product, or low reaction rates and selectivities [10]. Never-
theless, in subsequent years, new immobilized metal catalysts with improved properties to
overcome such problems were marketed [11]. In the search for processes endowed with
atomic economy and sustainability, photoredox catalysts with metal complexes have also
been developed [12].

Taken together, these properties make transition metals key elements for the catalysis
of organic reactions not only in academia but also in industry [13,14]. Thus, several
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methods, ligands, and conditions for transition metal catalysis of organic reactions have
been explored, reviewed, and increasingly reported in the literature in the past few decades.
Numerous key industrial processes are based on transition-metal-catalyzed reactions, such
as the Wacker process, metathesis reactions, carbonylations, or hydrogenations, among
others [15].

A recent editorial pointed out the citation bias between industrial and academic
research papers [16]. Additionally, literature reviews covering organic synthesis at the
industrial level are scarce. Several factors can explain this difference despite the increasingly
important role in the chemical synthesis of transition metal catalysts in the production
of fine chemicals. One explanation might be the little knowledge of industrial chemistry
taught in chemistry degrees in academia, which focuses mainly on the transformation of
raw materials and the production of bulk chemicals. Thus, these transition-metal-catalyzed
processes remain outside the scope of this literature review. In contrast, we focus on
transition-metal-catalyzed organic reactions that are used in the large-scale production
of investigational new drugs. In particular, palladium, which is by far the transition
metal most widely used in catalysis in both academia and industry [17], and iridium
are the bases of the review. The latter has emerged as a very versatile catalyst for C–H
borylation of heteroarenes (starting materials for cross-coupling reactions), and particularly
for asymmetric hydrogenation reactions of olefins and ketimines [18]. In the present review,
key processes with Ir and Pd complexes are described in the industrial preparation of
pharmaceutical drugs (asymmetric reductions, aminations, cross-coupling reactions, and
C–H activation). The intention was not to perform a thorough literature review on the
selected topic but to draw the attention of academic chemists to the relevance of scaling
up transition-metal-catalyzed organic reactions in the pharmaceutical industry. The time
frame selected was the last five years.

2. Asymmetric Reductions
2.1. Iridium
2.1.1. JAK Inhibitor Tofacitinib

Tofacitinib (1) is a Janus-activated kinase (JAK) inhibitor approved for the treatment
of rheumatoid arthritis (2012) and active psoriatic arthritis (2017) [19]. The challenge
in the synthesis of 1 relies on obtaining the chiral piperidine fragment (Figure 1). The
key step is the asymmetric reductive amination of 2 to obtain intermediate 3. The proce-
dure described by Pfizer involves the reductive amination of 2 with methyl amine and
sodium borohydride/acetic acid as the reducing reagent. Compound 3 is obtained in
92% yield as a mixture of the corresponding four diastereomeric forms. Thus, it must be
submitted to diastereomeric crystallization (32% HCl in toluene/EtOH) followed by chiral
resolution with di-p-toluoyl-L-tartaric acid (L-DTTA) or (+)-phencyphos to yield the almost
enantiomerically pure salt (99% ee) with a poor overall yield (25%) [20].

Catalysts 2022, 12, x FOR PEER REVIEW 3 of 12 
 

 

edly led to low yields of 3, together with low ee values, presumably due to decomposi-
tion of the catalyst into achiral species. Remarkably, the mildly acidic environment was 
fully compatible with the iridium-catalyzed asymmetric hydrogenation step. As a result, 
3 was obtained in 86% yield and 72% ee under optimized conditions using a combination 
of ARA and DKR processes with the bidentate phosphine ligand BiPheP, featuring axial 
chirality. Although the enantiomeric purity of 3 was lower than in the existing procedure, 
the yield significantly surpassed the theoretical maximum of 50% without epimerization. 

 

 
(a) (b) 

Figure 1. (a) Structure of tofacitinib (1) highlighting the piperidine fragment; (b) key step of the 
synthetic procedure showing Pfizer’s procedure (top) and the improved approach using iridium as 
catalyst (bottom). 

2.1.2. BET Inhibitor BAY 1238097 
BAY 1238097 (4) belongs to the family of inhibitors of bromodomain and extrater-

minal (BET) proteins, which are potential druggable anticancer compounds [22]. The 
synthetic procedure developed at Bayer included the reduction of 5 as the key step, 
which was carried out with sodium cyanoborohydride, leading to racemic 6 (Figure 2) 
[23]. However, a cost-efficient process for the asymmetric hydrogenation of prochiral 
intermediate 5 on a kilogram scale was greatly needed. Verzijl and coworkers initially 
attempted to accomplish a metal-catalyzed (Noyori Ru catalysts) proton transfer; how-
ever, no complete conversion was observed, and accordingly, this approach was revealed 
to be useless to develop a scalable and low-cost procedure. Based on their expertise in 
scalable enantioselective C=N double-bond hydrogenation reactions, they then shifted to 
hydrogenations, and in particular, Ir catalysts were analyzed. High-throughput experi-
mentation and parallel screening of reaction conditions and ligands led to an unopti-
mized solution to the problem. A plethora of experimental conditions were tested in the 
search for the best conversions and ee values after four different screenings; they in-
cluded a total of 60 chiral ligands, solvent (DCM, THF, TFE, AcOH, i-PrOH, EtOAc, and 
toluene), temperature (rt and 60 °C), and the presence or absence of I2 as additive. In the 
initial screening, the most promising ligands fell into three categories: WalPhos 
(bisphosphine-derived ferrocene), UBAPhox (oxazoline containing a phosphinite motif), 
and POX (phosphine-based ferrocene with an oxazoline moiety), with the latter having 
generally poorer enantioselectivities. Although some of the WalPhos and UBAPhox lig-
ands led to the highest enantioselectivities, no complete conversion was achieved; in-
creasing the temperature to 60 °C led to complete conversion without detrimental effects 
on the enantioselectivity. Taking this into consideration, ligand WalPhos-003 was se-
lected for the scale-up process, using [Ir(COD)Cl]2 as the metal source; the catalyst did 
not have to be preformed, but chelation occurred under a H2 atmosphere, and the use of 
corrosive I2 could be avoided in this case. A catalytic load of 1.5% was used in order to 
avoid the displacement of the chiral ligand by 6 observed at a high substrate–catalyst ra-
tio. Moreover, all of the tested reactions proceeded with complete regioselectivity, as no 
hydrogenation of C=N on the 1,2-positions was observed. Thus, the asymmetric hydro-

Figure 1. (a) Structure of tofacitinib (1) highlighting the piperidine fragment; (b) key step of the
synthetic procedure showing Pfizer’s procedure (top) and the improved approach using iridium as
catalyst (bottom).



Catalysts 2022, 12, 164 3 of 11

An elegant solution is the one-pot asymmetric reductive amination (ARA) of 2 under
dynamic kinetic resolution (DKR) [21]. In that study, Verzijl and coworkers screened the
reaction conditions, including the ligand (12 different chiral phosphine ligands), solvent
(CH2Cl2, EtOAc, MeOH, and isopropyl alcohol), the use or not of I2 as an additive (com-
monly used in combination with Ir catalysts), and the ratio of substrate to catalyst using
high-throughput experimentation. Using these combinations, the authors tested 96 dif-
ferent catalyst mixtures in a liquid-handling robot in order to optimize the process. They
discovered that imine synthesis could take place in AcOH without the need to remove
the water generated during the reaction; such mildly acidic conditions were proved to be
useful not only to promote the formation of the corresponding transient imine but also
to accomplish the epimerization of the imine, as well as 2, a prerequisite for achieving
the DKR process. The use of strongly basic conditions (t-BuOK) unexpectedly led to low
yields of 3, together with low ee values, presumably due to decomposition of the catalyst
into achiral species. Remarkably, the mildly acidic environment was fully compatible
with the iridium-catalyzed asymmetric hydrogenation step. As a result, 3 was obtained in
86% yield and 72% ee under optimized conditions using a combination of ARA and DKR
processes with the bidentate phosphine ligand BiPheP, featuring axial chirality. Although
the enantiomeric purity of 3 was lower than in the existing procedure, the yield significantly
surpassed the theoretical maximum of 50% without epimerization.

2.1.2. BET Inhibitor BAY 1238097

BAY 1238097 (4) belongs to the family of inhibitors of bromodomain and extraterminal
(BET) proteins, which are potential druggable anticancer compounds [22]. The synthetic
procedure developed at Bayer included the reduction of 5 as the key step, which was
carried out with sodium cyanoborohydride, leading to racemic 6 (Figure 2) [23]. However,
a cost-efficient process for the asymmetric hydrogenation of prochiral intermediate 5 on a
kilogram scale was greatly needed. Verzijl and coworkers initially attempted to accomplish
a metal-catalyzed (Noyori Ru catalysts) proton transfer; however, no complete conversion
was observed, and accordingly, this approach was revealed to be useless to develop a
scalable and low-cost procedure. Based on their expertise in scalable enantioselective
C=N double-bond hydrogenation reactions, they then shifted to hydrogenations, and in
particular, Ir catalysts were analyzed. High-throughput experimentation and parallel
screening of reaction conditions and ligands led to an unoptimized solution to the problem.
A plethora of experimental conditions were tested in the search for the best conversions and
ee values after four different screenings; they included a total of 60 chiral ligands, solvent
(DCM, THF, TFE, AcOH, i-PrOH, EtOAc, and toluene), temperature (rt and 60 ◦C), and the
presence or absence of I2 as additive. In the initial screening, the most promising ligands
fell into three categories: WalPhos (bisphosphine-derived ferrocene), UBAPhox (oxazoline
containing a phosphinite motif), and POX (phosphine-based ferrocene with an oxazoline
moiety), with the latter having generally poorer enantioselectivities. Although some of
the WalPhos and UBAPhox ligands led to the highest enantioselectivities, no complete
conversion was achieved; increasing the temperature to 60 ◦C led to complete conversion
without detrimental effects on the enantioselectivity. Taking this into consideration, ligand
WalPhos-003 was selected for the scale-up process, using [Ir(COD)Cl]2 as the metal source;
the catalyst did not have to be preformed, but chelation occurred under a H2 atmosphere,
and the use of corrosive I2 could be avoided in this case. A catalytic load of 1.5% was used
in order to avoid the displacement of the chiral ligand by 6 observed at a high substrate–
catalyst ratio. Moreover, all of the tested reactions proceeded with complete regioselectivity,
as no hydrogenation of C=N on the 1,2-positions was observed. Thus, the asymmetric
hydrogenation of 5 using Ir/WalPhos-003 as a catalyst allowed the preparation of the chiral
intermediate (S)-6 in a batchwise fashion (27 kg, 69.4% average yield) and in excellent
enantiomeric purity (99% ee) [24].
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Figure 2. (a) Structure of BAY 1238097 (4) highlighting the benzodiazepine fragment; (b) key step of
the synthetic procedure showing Bayer’s procedure (top) and the improved approach using iridium
as catalyst (bottom).

3. Aminations
3.1. Palladium
JAK and ERK Inhibitors

JAK has been identified as an upstream activator of the extracellular signal-regulated
kinase (ERK) pathway [25]. As promising anticancer drugs, JAK1 inhibitor AZD4205 (7) [26]
and ERK1/2 inhibitor AZD0364 (8) [27] recently entered Phase I/II and Phase I clinical trials,
respectively [28]. Both compounds have an aryl-NH-aryl’ moiety in common (Figure 3a),
which can be prepared through C–N bonding. The palladium-catalyzed Buchwald–Hartwig
amination remains the gold standard for the construction of C–N bonds [29], which are
frequently found in drugs. The main issues to be solved are the appropriate choice of
solvent (in order to avoid the precipitation of reagents, the formation of emulsions, or the
need to use an aqueous work-up) and base (critical for allowing compatibility of other
functionalities added to the substrates). In order to scale up the reaction for its application in
the production of drugs, Pithani and coworkers established mildly basic aqueous biphasic
reaction conditions (Figure 3b) [30]. The use of other solvents in the optimization step,
such as ethereal solvents or DMF, led to precipitation of some of the components or to the
formation of emulsions, respectively, in the work-up. In their approach, the reaction runs
in 2-methyltetrahydrofuran (MeTHF) and uses water as a cosolvent. The addition of water
produces a positive impact on the outcome of the reaction since it solubilizes the inorganic
salt. Furthermore, water affords a homogeneous biphasic reaction mixture, which prevents
scalability issues. The best conditions were determined to be the use of Pd2(dba)3 and the
biaryl ligand DavePhos in the biphasic medium; attempts to replace MeTHF with other
solvents, such as dioxane or MeCN, failed. The palladium-catalyzed Buchwald–Hartwig
amination allowed for the multikilogram (hectogram to >50 kg) synthesis of diverse JAK1
(e.g., AZD4205, 7) and ERK1/2 (e.g., AZD0364, 8) inhibitors.
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4. Cross-Coupling
4.1. Palladium
4.1.1. ATR Inhibitor Ceralasertib

Ataxia-telangiectasia and the RAD3-related (ATR) kinase inhibitor ceralasertib (12,
AZD6738) entered Phase II clinical trials in 2019 (NCT03682289) [28] to study how the
drug works alone or in combination with olaparib in treating diverse solid tumors [31].
The chemistry to manufacture ceralasertib (12) represented a challenge in the scale-up
from the gram to multikilogram scale [32]. Scientists had to address several synthetic
issues while meeting the demands of materials for clinical trials; the main drawbacks in
the initial synthetic pathway were the lack of stereoselectivity at the sulfoxide stage, the
low reproducibility of the formation of the sulfoximine, and the cyclopropanation step,
together with the requirement for several chromatographic separations, which hindered
the scale-up for the industrial demand. Compared to the initial medicinal chemistry route
(overall yield = 6.5%), the improvement in three key steps, namely, sulfoximine formation,
cyclopropanation, and the final Suzuki–Miyaura coupling, allowed the preparation of
several kilograms of ceralasertib (12) in an overall yield of 18%. Figure 4 shows how the
Suzuki–Miyaura coupling was applied at the diverse phases of the scaling-up process.
In order to limit the formation of a homodimer from boronated derivative 25, oxygen
had to be purged from the reaction vessel (degasification with N2 for 2 h). When using
Pd(dppf)Cl2 as the best catalyst and keeping its load at 2 mol %, the temperature could
be reduced to 75 ◦C, and the detected amount of the homocoupled product from 15 was
just 0.04%. Target derivative 12 could be isolated after a series of filtrations, extractions,
and crystallization from butan-1-ol/n-heptane mixtures. At the plant scale, such optimized
conditions allowed the reaction of 61.6 and 53.5 kg of 13 and 15, respectively, to furnish 12
(45 kg, 65% yield).

4.1.2. A2AR Antagonist AZD4635

Adenosine signaling through the adenosine 2A receptor (A2AR) on immune cells
elicits a range of immunosuppressive effects that promote tumor growth and limit the
efficacy of immune checkpoint inhibitors. AZD4635 (16) (Figure 5a) is a potent and selective
A2AR inhibitor that has shown indirect antitumor effects on immune cells [33], and it is
currently being evaluated in diverse Phase I (NCT02740985, NCT03381274) and Phase II
(NCT04495179, NCT04089553) clinical trials [28]. Therefore, a multikilogram process was
developed, with the key step being the Suzuki–Miyaura coupling of pinacol boronate ester
17 (4.11 kg) and aryl bromide 18 (4.37 kg) (Figure 5b) [34]. Although the production of
16 was accomplished in high yields, the main drawback of the process was related to the
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unexpected corrosion observed inside the reaction vessel of a thermopocket constructed
from tantalum. This metal is commonly used to repair damaged glass-lined steel vessels,
which are widely prevalent in manufacturing units; nevertheless, the use of methanolic
solutions of bromine (5%) with less than 5% water dissolves the protective oxide coating,
thus leading to the observed corrosion. The resulting intermediate 18 contained 558 ppm
of tantalum, which is unacceptable according to the specifications required for active
pharmaceutical ingredients (APIs). Fortunately, the insoluble tantalum material could
be removed with the implementation of an in-line filtration prior to isolation, leading
to a concentration lower than 1 ppm. Besides accidental tantalum, API 16 contained
high levels of palladium (121–129 ppm) from the Suzuki–Miyaura coupling and iridium
(66–69 ppm) from the synthesis of 17. Both palladium and iridium metals were partially
removed through crystallization of 16 without the need for scavenging, leading to final
concentrations of 16 and 29 ppm, respectively. This work highlights the relevance of
controlling traces of (heavy) metals in APIs.
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4.1.3. MET Inhibitor Merestinib

Merestinib (LY2801653, 19, Figure 6a), initially developed to target the MET receptor
tyrosine kinase, is an oral tyrosine and serine/threonine kinase multitarget inhibitor with
antiproliferative and antiangiogenic activity [35]. With a yearly demand of circa 2000 kg
for Phase II clinical trials, the production of merestinib at the demonstration stage was
switched from conventional continuous manufacturing to a hybrid method that included
four small-volume continuous processes [36]. The reasons behind this change were related
to the risks due to known and potential genotoxic impurities when producing kilograms of
merestinib (19), including some intermediates and the starting nitrobenzene derivative 21.
In addition to running reactions in continuous flow, the synthetic sequence was reordered
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to avoid the use of ZnBr2, which could produce undesired dehalogenation as a side effect.
In the new route, the Suzuki–Miyaura cross-coupling reaction between pyrazole 20 and
bromide 21 (Figure 6b) was placed first in the sequence (intermittent-flow stirred tank),
thus avoiding the use of ZnBr2 for inhibiting debromination during the hydrogenation step.
Impurities were kept to acceptable levels by carrying out a continuous extractive metal
treatment, as well as a crystallization process. The flow performance of the Suzuki coupling
reactions was proved to furnish a similar yield and product purity compared to a batch
process; interestingly, reduced Pd impurities were detected in the final product (<20 ppm vs.
30 ppm). From the demonstration campaign, 13.7 kg/day was expected for compound 22.
Subsequently, the nitro-group hydrogenolysis of 22 (trickle-bed reactor platform), amide
bond formation, and deprotection (heated flow reactor) took place. High conversion of
the nitro reduction step was mandatory to limit the amount of reactive intermediates.
Minimization of impurities was also implemented in the amide bond formation. For that
reason, a mixed anhydride was used instead of classical coupling reagents. This allowed
the complete solubilization of the reagents, as well as an increase in the reaction kinetics.
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5. C–H Activation
5.1. Palladium–Copper
PDE4 Inhibitor

Although phosphodiesterase 4 (PDE4) inhibitors appear to be potential agents for
asthma and chronic obstructive pulmonary disease (COPD) [37], they have also begun
to be investigated for CNS diseases, such as memory impairments or multiple sclerosis,
among others [38]. This is the case for compound 23 (Figure 7a), whose fumarate salt was
considered as a potential candidate for the treatment of Alzheimer’s disease [39]. This
PDE4 inhibitor represents a noteworthy example of the differences in drug development
between academia and industry. Clinical trials demand kilogram amounts of APIs, and
the time to provide this material is generally short. In contrast to academic researchers,
medicinal chemists at companies first develop fast but inefficient synthetic routes in order to
comply with timing. However, an improvement in the synthetic pathway of the API is con-
stantly sought. In the particular case of PDE4 inhibitor 23, the so-called second-generation
synthesis involved the direct coupling of benzoxazole 24 with the heteroaryl bromide
25 (obtained from 4-bromo-1-fluoro-2-nitrobenzene in five steps) using a combination of
Pd(OAc)2/Cu(OTf)2/Ph3P to effect C–H/C–Br coupling (Figure 7b); this kind of approach
avoids the need to prepare stoichiometric amounts of aryl-metal reagents. The optimization
of the reaction conditions involved the addition of the appropriate Cu salt and the effects
of the ligand and the solvent. The coupling was significantly accelerated by the addition of
CuOTf, increasing the yield of 23 to 87%, while reducing half the amount of Pd(OAc)2 to
5 mol%. Thus, the higher Lewis acidities of Cu salts increase the reactivity, probably due to
the activation of 24. Among the panel of ligands tested (P(o-Tol)3, PtBu3, cataCXium A (a
di-adamantane-based phosphine), XPhos type, dppf, or PEPPI-IPr), Ph3P was the preferred
one; in the absence of ligand, no reaction took place, and Ph3P allowed short reaction times
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and resulted in the lowest amounts of residual benzimidazole 25. A 2.5 Ph3P/Pd ratio was
found to be optimal for suppressing unknown impurities in the outcome of the reaction.
Moreover, the solvent could be changed from N-methyl-2-pyrrolidone (NMP) to toluene.
Notably, the coupling reaction allowed a decrease in the number of synthetic steps for
accessing 23 and, more importantly, circumvention of the use of 2-aminophenol, which is
known to be mutagenic.
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6. Conclusions

Concerned by the great importance of metal catalysis in industry, in this review, we
focus on the application of Ir and Pd catalysts for the large-scale production of drug sub-
stances. The choice of the metals to cover this review is due, on the one hand, to the
extraordinary versatility of Pd complexes for catalyzing an ample number of organic reac-
tions and, on the other hand, to the emerging importance of Ir, particularly for catalyzing
asymmetric hydrogenation reactions. The benefits of the catalyzed pathways are high-
lighted. Thus, relevant pharmaceutical drugs are discussed in which one of the key steps is
a metal complex-catalyzed reaction: asymmetric reductions, Buchwald–Hartwig amination,
Suzuki–Miyaura, and C–H/C–Br coupling reactions. In all of the analyzed cases, high
yields and (if so) ee values were observed, and the title reactions could be executed up to a
multikilogram scale, suitable for the industrial manufacturing process. Special emphasis
has been made on the scale-up optimization and the elimination of contaminating metal
traces so as to fulfill the legal requirements of purity. The pharmaceutical industry, while
based on academic findings and discoveries on synthetic processes, has evolved to comply
with regulations such as current Good Manufacturing Practices (cGMP) in order to deliver
APIs that meet the required specifications. Thus, industrial chemists do not only quest for
high-yield reactions, but they also have to deal with a number of regulatory issues, such as
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total impurities in drug substances, crystal form, residual metals, and residual solvents, to
mention a few. In this scenario, new concepts and innovations should provide solutions
to regulatory constraints. In the past two decades, the pharmaceutical industry and the
U.S. Food and Drug Administration (FDA) have recognized continuous manufacturing as
an economically and environmentally transformative means of drug production. While
continuous manufacturing develops as a plausible alternative to batch processes, another
point of intervention related to sustainability should be considered for the future of in-
dustrial catalysis, i.e., the replacement of transition metals by greener systems [40]. We
hope that this work will encourage academic scientists to explore the hitherto less devel-
oped organocatalytic processes in industry, with the aim of overcoming the limitations of
metal-catalyzed reactions in terms of cost and residue generation.
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