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Abstract

Organometallic chemistry occupies a central position at the interface of inorganic and organic
chemistry, functioning as a cornerstone of modern synthetic methodology. This comprehensive review
provides an in-depth analysis of the role of organometallic complexes spanning noble metals such as
palladium and ruthenium to emerging earth-abundant alternatives like nickel, iron, cobalt, and copper
in facilitating transformative carbon-carbon and carbon-heteroatom bond-forming reactions. We
systematically explore the fundamental mechanisms, catalytic cycles, substrate scope, and inherent
limitations of pivotal transformations, including the Suzuki-Miyaura, Heck, Stille, Negishi, and
Kumada cross-couplings, as well as olefin metathesis. Special emphasis is placed on the critical
influence of ligand architecture ranging from phosphines and N-heterocyclic carbenes (NHCs) to pincer
and bidentate systems on catalytic efficiency, selectivity, and stability. The development of air- and
moisture-stable pre-catalysts has significantly enhanced practicality, enabling broader application in
both academic and industrial settings.

The review further examines the ongoing paradigm shift toward sustainable and green catalytic
processes. This includes the strategic replacement of scarce and expensive noble metals with abundant
first-row transition metals, the adoption of environmentally benign solvents (e.g., water, ethanol, 2-
MeTHF), and the integration of energy-efficient activation methods such as photoredox and
electrochemical catalysis. Advances in heterogeneous catalysis, catalyst immobilization, and
continuous-flow technologies are highlighted as key enablers of recyclability, scalability, and reduced
environmental impact.

Industrial and pharmaceutical applications are rigorously evaluated through case studies of high-value
therapeutics, including Sitagliptin (Januvia®), Valsartan (Diovan®), and Lapatinib (Tykerb®),
illustrating how organometallic catalysis underpins the synthesis of complex drug molecules.
Concurrently, we address persistent challenges such as residual metal contamination (in compliance
with ICH Q3D guidelines), catalyst deactivation, and the economic burden of precious metal use. By
synthesizing insights from mechanistic inorganic chemistry and synthetic organic applications, this
review not only provides a state-of-the-art overview but also offers a forward-looking perspective on
the future of catalysis where sustainability, efficiency, and innovation converge to redefine the frontiers
of chemical synthesis.

Keywords: Organometallic chemistry, transition metal catalysis, cross-coupling reactions, sustainable
synthesis, palladium, iron catalysis, green chemistry, pharmaceutical synthesis

1. Introduction

Organometallic chemistry, defined by the presence of at least one direct bond between a
metal center and a carbon atom of an organic ligand, has emerged as one of the most
dynamic and transformative fields in modern chemistry. Over the past century, it has evolved
from a niche area of inorganic chemistry into a foundational pillar of synthetic organic
methodology, enabling the construction of complex molecular architectures that were
previously inaccessible through classical organic reactions. This interdisciplinary domain
bridges the principles of inorganic coordination chemistry such as metal oxidation states,
ligand field effects, and redox processes with the synthetic goals of organic chemistry,
including bond formation, stereocontrol, and functional group compatibility.

The pivotal role of organometallic compounds in catalysis was formally recognized with the
Nobel Prize in Chemistry 2010, awarded to Richard F. Heck, Ei-ichi Negishi, and Akira
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Suzuki for their development of palladium-catalyzed cross-
coupling  reactions.  These transformations  have
revolutionized the synthesis of biaryl and heterobiaryl
systems, which are ubiquitous in pharmaceuticals,
agrochemicals, natural products, and advanced materials.
The ability to form carbon-carbon and carbon-heteroatom
bonds under mild, selective, and efficient conditions has
made these reactions indispensable in both academic
research and industrial manufacturing.
At the heart of this revolution lies the palladium-catalyzed
cross-coupling paradigm, which operates through a well-
defined catalytic cycle involving oxidative addition,
transmetalation, and reductive elimination. Palladium's
unique combination of accessible oxidation states (Pd%/Pd"),
moderate reactivity, and compatibility with a wide range of
functional groups has made it the metal of choice for
decades. However, the high cost, limited global supply, and
potential toxicity of palladium have prompted a critical
reevaluation of catalytic systems, particularly in the context
of large-scale industrial applications and green chemistry
principles.
This has catalyzed a paradigm shift toward the use of earth-
abundant first-row transition metals such as iron, nickel,
cobalt, and copper which offer compelling advantages in
terms of cost, sustainability, and environmental impact.
These metals are not only significantly cheaper and more
abundant than palladium, but they also exhibit distinct and
often complementary reactivity patterns. For example,
nickel can activate alkyl halides and participate in single-
electron transfer (SET) pathways, enabling C(sp3)-C(sp?)
couplings that are challenging with palladium. Iron, despite
its historical underutilization, has shown remarkable activity
in Kumada and Suzuki-type reactions, with growing
evidence of low toxicity and high biocompatibility.
Moreover, the pharmaceutical industry faces stringent
regulatory requirements regarding residual metal content in
active pharmaceutical ingredients (APIs). Guidelines such
as ICH Q3D impose strict limits on permissible levels of
heavy metals (e.g., Pd < 10 ppm), necessitating the
development of highly active catalysts that operate at ppm-
level loadings, as well as efficient metal scavenging
techniques (e.g., silica-thiol, polymer-supported
scavengers). This has driven innovation in catalyst design,
including the development of air-stable pre-catalysts,
heterogeneous systems, and ligand-free nanoparticles.
Beyond metal selection, the choice of solvent, reaction
conditions, and process engineering have become central to
sustainable synthesis. Traditional cross-couplings often rely
on toxic, high-boiling solvents such as DMF, NMP, or
dioxane, which pose environmental and safety concerns. In
response, the field has embraced green solvents like ethanol,
2-MeTHF, CPME, and water, as well as continuous flow
technologies that enhance safety, reproducibility, and
scalability. The integration of photocatalysis and
electrochemistry with organometallic catalysis has further
expanded the synthetic toolbox, enabling energy-efficient,
redox-neutral transformations under mild conditions.
This review provides a comprehensive and up-to-date
analysis of organometallic catalysis in organic synthesis,
with a focus on bridging inorganic mechanistic insights with
organic synthetic applications. We systematically examine:
e The fundamental mechanisms and catalytic cycles of
key transformations
e  The comparative performance of noble vs. base metals
e The critical role of ligand design in modulating
reactivity and selectivity
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Industrial scalability and process optimization strategies
Recent advances in sustainability, including green
solvents, catalyst recovery, and flow chemistry
Real-world pharmaceutical and materials applications
By integrating knowledge from both inorganic and organic
chemistry, this work highlights the interdisciplinary synergy
that continues to drive innovation in catalysis. As we move
toward a future defined by sustainability, efficiency, and
precision, organometallic chemistry remains at the forefront
of chemical discovery, offering transformative solutions for
drug development, materials science, and green
manufacturing.

2. Classification and Reactivity of Organometallic
Catalysts

2.1 Palladium-Based Systems

Palladium complexes represent the most extensively studied
and widely applied class of organometallic catalysts in
cross-coupling chemistry. Their dominance stems from a
unique combination of favorable properties: high catalytic
activity, broad functional group tolerance, well-understood
redox behavior (Pd’/Pd"), and versatility across multiple
reaction types.

The most commonly used precatalysts include:

e Tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4]
e  Bis(dibenzylideneacetone)palladium(0) [Pdz(dba)s]

e  Palladium(II) acetate [Pd(OAc):]

These compounds generate active Pd® species in situ, which
enter the canonical catalytic cycle: (1) oxidative addition
into the C-X bond (X = Cl, Br, I, OTf), (2) transmetalation
with an organometallic nucleophile (e.g., boronic acid,
stannane, zincate), and (3) reductive elimination to form the
new C-C bond and regenerate the catalyst.

A major breakthrough in palladium catalysis came with the
development of bulky, electron-rich phosphine ligands by
Buchwald, Hartwig, and others. Ligands such as SPhos,
XPhos, DavePhos, and RuPhos significantly enhance the
reactivity of Pd catalysts, enabling the activation of
unreactive aryl chlorides and facilitating couplings with
sterically hindered substrates. These ligands stabilize the Pd
center, prevent aggregation, and accelerate reductive
elimination (1,

Equally impactful has been the development of N-
Heterocyclic Carbenes (NHCs), which form stronger o-
bonds with palladium than phosphines, resulting in
exceptional thermal stability and high turnover numbers
(TON). Complexes such as PEPPSI (Pyridine-Enhanced
Precatalyst Preparation, Stabilization, and Initiation) are air-
stable, easy to handle, and effective in a wide range of
cross-couplings, including challenging C-N and C-O bond
formations [322,

Despite their success, palladium catalysts face challenges
related to cost (~$60,000/kg), residual metal contamination,
and sensitivity to air and moisture in some cases. These
limitations have driven the search for alternatives,
particularly in industrial settings where catalyst loading and
purification costs are critical.

2.2 Nickel Catalysts

Nickel has emerged as a powerful and cost-effective
alternative to palladium, offering distinct mechanistic
pathways and expanded substrate scope. Nickel is
significantly cheaper (~$20/kg) and more abundant than
palladium, making it attractive for large-scale applications.
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Ni® undergoes faster oxidative addition than Pd®, particularly
with alkyl halides, enabling C(sp3)-C(sp?) couplings that are
difficult with palladium due to slow oxidative addition and
competing  B-hydride  elimination.  However,  Ni"
intermediates are more prone to single-electron transfer
(SET) processes, leading to radical side reactions and lower
selectivity in some cases.

Recent advances in ligand design have mitigated these
issues. Bidentate ligands such as bipyridines (bpy),
diimines, and diphosphines stabilize Ni centers and enable
asymmetric cross-couplings with high enantioselectivity.
Notably, the nickel-catalyzed asymmetric Negishi coupling
developed for the synthesis of Sitagliptin represents a
landmark achievement in pharmaceutical process chemistry
7

The integration of photoredox catalysis with nickel has
opened new frontiers in dual catalytic systems, allowing C-
C bond formation under mild, visible-light-driven
conditions. These systems are particularly effective for C-H
functionalization, aryl amination, and cross-electrophile
coupling [*3.621,

Additionally, electrochemical nickel catalysis has gained
traction as a sustainable alternative, replacing chemical
oxidants with anodic current, thereby improving atom
economy and reducing waste 64,

2.3 Ruthenium in Olefin Metathesis

Ruthenium-based catalysts have revolutionized olefin
metathesis, a reaction that involves the redistribution of
alkylidene fragments between alkenes. The Grubbs catalysts
particularly Grubbs I, Grubbs I1, and Hoveyda-Grubbs |1 are
the most widely used due to their high activity, functional
group tolerance, and ease of handling [* 2],

The mechanism proceeds via a [2+2] cycloaddition between
the Ru=CHR moiety and the olefin, forming a
metallacyclobutane intermediate, which then undergoes
cycloreversion to yield the new olefin product.

https://www.biochemjournal.com

These catalysts are employed in:

e Ring-Closing Metathesis (RCM): for macrocycle and
heterocycle synthesis

e  Cross-Metathesis  (CM):
functionalized alkenes

e Ring-Opening Metathesis Polymerization (ROMP): for
advanced materials and polymers

for the synthesis of

Their stability and compatibility with air and moisture have
enabled widespread use in both academic and industrial
settings.

2.4 Iron and Cobalt: Sustainable Alternatives

Iron and cobalt represent the forefront of sustainable
catalysis. Iron is the most abundant transition metal in the
Earth’s crust, non-toxic, and biocompatible, making it ideal
for green chemistry applications. Iron complexes such as
FeCls, Fe(acac)s, and [Fe(IMes)(CO)+] have demonstrated
activity in Kumada, Suzuki-type, and C-H activation
reactions [ 5% 911,

Cobalt, particularly in low oxidation states (Co'), is gaining
attention for C-H functionalization, hydrovinylation, and
asymmetric synthesis. Pincer-ligated cobalt complexes
exhibit remarkable stability and selectivity, rivaling
palladium in certain transformations [#21,

While mechanistic understanding of base-metal catalysis
lags behind that of palladium, ongoing research is rapidly
closing this gap, paving the way for a new generation of
sustainable, efficient, and economical catalytic systems.

The choice of metal center significantly influences catalytic

efficiency, substrate scope, and sustainability. A
comparative overview of the most widely used
organometallic  catalysts in cross-coupling reactions

including palladium, nickel, iron, ruthenium, and copper is
summarized in Table 1, highlighting their advantages and
limitations in synthetic applications.

Table 1: Comparison of Common Organometallic Catalysts in Cross-Coupling Reactions

Metal Common Catalysts | Typical Loading | Substrate Scope Advantages Limitations
Aryl, vinyl, benzyl High efficiency, predictable Expensive, residual
pd | Pd(PPha)s, Pdx(dba)s, 0.1-5 mol% halides; broad FG | mechanism, excellent functional | contamination, air-sensitive (in
Pd(OAc): L
tolerance group compatibility some cases)
. . Aryl, alkyl, vinyl ~ . Air- and moisture-sensitive,
Ni NlClz((Ii\Ipi}i();)():;i\)Il(COd)z, 1-10 mol% halides; activates colrjoﬁncosé}:er::i?\:zsir?((jsuzl) c(;t(zlp gis prone to side reactions (e.g.,
2 C(sp?) centers piing, y homocoupling)
. . Limited mechanistic
Fe FeCls, Fe(acac)s, 5-20 mol% Aryl Grlgr)ards_, . Abunda_nt, non-to>_<|c, understanding, moisture-
[Fe(IMes)(CO)4] some boronic acids biocompatible, sustainable o s
sensitive, lower activity
Grubbs |, Grubbs II, Olefins, strained High functional group tol_era_nce, High cost, limited to olefin
Ru 1-5 mol% . stable under air, versatile in . -
Hoveyda-Grubbs I1 rings, macrocycles - metathesis, Ru residue concerns
metathesis
Aryl iodides,
terminal alkynes Very low cost, low toxicity, Requires high loading, slow
- 0
Cu Cul, CuTC, Cu:0 5-20 mol% (Sonogashira), effective for C-N bond formation kinetics, limited C-C scope
amines (Ullmann)

3. Key Reactions and Applications
3.1 Suzuki-Miyaura Coupling

The Suzuki-Miyaura coupling, first reported in 1979 by
Akira Suzuki and Norio Miyaura, stands as one of the most
widely employed carbon-carbon bond-forming reactions in
synthetic chemistry. It involves the palladium-catalyzed
coupling of an organoboron reagent typically an aryl- or
vinylboronic acid or ester with an organic halide (or

pseudohalide such as triflate, tosylate, or diazonium salt) in

the presence of a base.

R1-X + R2-B(OH). — R1-R2 + by-products (Pd(0), base)

The reaction proceeds through a well-established catalytic

cycle:

1. Ocxidative Addition: Pd°® inserts into the C-X bond,
forming an R:-Pd!-X complex.

2. Transmetalation: The boronic acid, activated by base to
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form a tetracoordinated boronate

transfers its organic group to palladium.
3. Reductive Elimination: The biaryl (or aryl-vinyl)

product is released, regenerating the Pd® catalyst.

[R#-B(OH):],

One of the key advantages of the Suzuki reaction is the low
toxicity, high stability, and commercial availability of
boronic acids compared to other organometallic reagents
(e.g., stannanes, zincates). Additionally, the reaction
exhibits exceptional functional group tolerance, allowing the
presence of nitro, cyano, ester, hydroxyl, and carbonyl
groups, making it ideal for late-stage functionalization in
drug discovery.

Recent advances have significantly expanded the scope

of the reaction

e Activation of aryl chlorides: Once considered
unreactive, aryl chlorides are now viable substrates
thanks to electron-rich, bulky phosphine ligands such as
SPhos, XPhos, and DavePhos (Buchwald-Hartwig
ligands) (1% 27411,

e Aqueous-phase reactions: Water-tolerant systems using
ligands like TPPTS (tris(3-sulfonatophenyl)phosphine)
enable greener processes [,

e Ligand-free and nanoparticle catalysts: Pd/C, Pd NPs,
and MOF-supported Pd systems offer recyclability and
reduced metal leaching [,

e Microwave-assisted synthesis: Accelerates reaction
rates and improves yields 5%,

Industrial applications are extensive. For example

e Pfizer uses a Suzuki coupling in the synthesis of
Lapatinib, a dual tyrosine kinase inhibitor for breast
cancer, employing Pd(OAc)./XPhos in a toluene/water
mixture with KsPOs as base P,

e Novartis employs a similar strategy in the production of
Valsartan, an angiotensin 1l receptor blocker, with
optimized conditions to minimize Pd residue (<10
ppm).

e Merck utilizes Suzuki coupling in the synthesis of
Verubecestat, a BACE1 inhibitor for Alzheimer’s
disease.

These processes often incorporate Pd scavengers (e.g.,
SiliaMetS Thiol, Smopex-111) to meet ICH Q3D guidelines
[85, 86]
The catalytic cycle of the Suzuki-Miyaura reaction involves
three fundamental steps: oxidative addition, transmetalation,
and reductive elimination. This mechanism is schematically
illustrated in Figure 1, which highlights the role of base in
generating the active boronate species and the regeneration
of the Pd° catalyst.

Reductive
Elimination
Ar—Ar—Ar Ar—P(OH),~
Baae |
ists ligand
Oxidative) gics;ﬁaiglga
Addition with boronate
PdPdLp, Ar—Pdlll—Ar’
L ~
4 Transmetalation
Forms C-C bond;
regenerates Pd catalyst

Fig 1: General catalytic cycle of the Suzuki-Miyaura cross-
coupling reaction
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3.2 Heck Reaction

The Heck reaction, developed by Richard F. Heck in the
early 1970s, enables the palladium-catalyzed vinylation of
aryl or vinyl halides with alkenes, forming substituted
alkenes without the need for organometallic nucleophiles.

Ar-X + CH=CH-R — Ar-CH=CH-R (Pd(0), base)

The mechanism involves

1. Oxidative Addition: Ar-X adds to Pd°.

2. Alkene Coordination and Insertion: The alkene
coordinates to Pd" and inserts into the Ar-Pd bond.

3. B-Hydride Elimination: Forms the coupled alkene and
H-Pd-X.

4. Base-Mediated Regeneration: Base removes HX,
regenerating Pd°.

Regioselectivity depends on the alkene

e Electron-deficient alkenes (e.g., acrylates) favor linear
(E)-products.

e Styrenes often give branched isomers.

A landmark industrial application is the synthesis of
Naproxen, a nonsteroidal anti-inflammatory drug (NSAID),
where 2-bromo-6-methoxynaphthalene is coupled with
ethylene under Pd catalysis [®1. The process operates at high
temperature and pressure but has been optimized for
scalability.

Recent developments include

e Asymmetric Heck reactions using chiral ligands (e.g.,
BINAP, PHOX) to construct quaternary stereocenters.

e Intramolecular Heck cyclizations for the synthesis of
complex polycycles (e.g., in Oseltamivir synthesis) %1,

e Ligand-free systems and heterogeneous catalysts for
greener processes.

3.3 Stille Coupling

The Stille coupling, developed by John K. Stille in the
1970s, involves the palladium-catalyzed reaction between
organotin reagents (stannanes) and organic halides or
triflates.

R1-X + R2-SnBus — R1-R2 + X-SnBus (Pd(0))

Despite its high functional group tolerance and mild reaction
conditions, the high toxicity of organotin compounds and
difficulties in purification have severely limited its industrial
use. However, it remains a powerful tool in academic
synthesis, particularly for the construction of complex
natural products such as palmerolide A, rapamycin, and
dynemicin A 2941,

Efforts to mitigate tin toxicity include

e Reduced stannane loading

e  Solid-phase scavenging

e Replacement with silicon (Hiyama coupling) or boron
(Suzuki) reagents

3.4 Negishi Coupling

The Negishi coupling, pioneered by Ei-ichi Negishi,
involves the palladium- or nickel-catalyzed reaction
between organozinc reagents and organic halides.

R1-X + R2-ZnX — R1-R2 (Pd/Ni)
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Organozinc reagents are less nucleophilic and less basic
than Grignard or organolithium reagents, offering excellent
chemoselectivity and compatibility with sensitive functional
groups. This makes the reaction ideal for alkyl-aryl
couplings, which are challenging with other methods.

A landmark pharmaceutical application is in the synthesis of
Sitagliptin (Januvia®), a DPP-4 inhibitor for type 2
diabetes. Merck developed a nickel-catalyzed asymmetric
Negishi coupling using a chiral pybox ligand, achieving
high enantioselectivity (95% ee) and enabling a more
sustainable, cost-effective route than the original
hydrogenation process 1. This innovation earned the U.S.
Presidential Green Chemistry Challenge Award in 2006.

3.5 Kumada Coupling

The Kumada coupling, reported in 1972 by Makoto
Kumada, uses organomagnesium (Grignard) reagents in the
presence of nickel or palladium catalysts.

Ar-X + R-MgX — Ar-R (Ni or Pd)

It is highly reactive but suffers from poor functional group
tolerance due to the strong basicity and nucleophilicity of
Grignard reagents. However, it is widely used in polymer
chemistry, such as in the synthesis of polythiophenes and
conjugated polymers for organic electronics and solar cells
[38]

Recent advances include

e Nickel-catalyzed Kumada couplings with aryl ethers
(C-O activation) 39,

e Ligand-controlled regioselectivity

https://www.biochemjournal.com

e Flow chemistry applications for safer handling of
pyrophoric reagents

3.6 Buchwald-Hartwig Amination

This reaction enables the formation of carbon-nitrogen
bonds between aryl halides and amines, catalyzed by
palladium with bulky phosphine ligands (e.g., XPhos,
DavePhos) [32 401,

Ar-X + H-NR'R2 — Ar-NR!R2 (Pd, base)

It is crucial in pharmaceutical synthesis, e.g.:
e Tolterodine (for overactive bladder)

e Vemurafenib (anticancer drug)

e Lersivirine (HIV treatment)

The development of air-stable precatalysts (e.g., Pd-PEPPSI,
G3-XantPhos) has made this reaction more accessible and
scalable [,

4. Recent Advances Toward Sustainable Catalysis

The growing emphasis on green and sustainable chemistry
has driven transformative changes in organometallic
catalysis, with a focus on reducing environmental impact,
improving atom economy, and enhancing process safety.
Each cross-coupling reaction offers distinct advantages and
limitations in terms of reactivity, functional group tolerance,
and practicality. A comprehensive comparison of the major
transition metal-catalyzed coupling reactions including
Suzuki, Heck, Stille, Negishi, and Buchwald-Hartwig is
presented in Table 2, providing a practical guide for reaction
selection in synthetic design.

Table 2: Comparison of Major Transition Metal-Catalyzed Cross-Coupling Reactions

Reaction | Catalyst(s) |Coupling Partner| Base Solvent Advantages Limitations Applications
Suzuki- | Pd(PPhs)s, | Ar-B(OH)., Ar- | K2CO;, Dioxane/H-O, air /;g\i,\s’tltjc;)élfc:‘l[g;ant Requires base, slow Valsartan,
Miyaura | Pd(dppf)Clz Bpin CsF, NaOH| toluene/EtOH/H.O ' transmetalation Lapatinib
broad scope
: . . B-Hydride .
Heck Pd(OAc)., | Alkenes (e.g., Et:N, DMF, NMP, Direct vinylation, no elimination. hiah Pd Oseltamivir,
Pd(PPhs)s |styrene, acrylates)| KaCO:s acetonitrile organometallic needed loa di’ng 9 Naproxen
. Pd(PPhs)a, ) Acid-sensitive High Sn toxicity, poor|  Axitinib,
Stille Pdz(dba)s R-SnR; None |DMF, THF, toluene substrates tolerated atom economy natural products
. . ... IAir/moisture sensitive,
Negishi Pd or N'.W'th R-ZnX None THF, ether High chemoselect_lwty, limited reagent Sitagliptin
phosphines alkyl-aryl couplings L
availability
Kumada Ni, Fe R-MgX None THF, ether No base requ!red, Poor FG tol_erance, Polyme_rs, fine
catalysts highly reactive reactive Grignards chemicals
Hiyama Pd/Cu  |R-SiR; (activated) F (TB/}F)’ DMF, THF Low toxicity of silanes Requires activation, Materlals
OH slow chemistry
Buchwald-| Pd/XPhos, Amines (R:aNH) NaO tBu, Toluene. dioxane C-N bond formation, | Expensive ligands, | Vemurafenib,
Hartwig [Pd/DavePhos Cs2C0s ' pharma-relevant steric effects Tolterodine

4.1 Earth-Abundant Metals

The shift from noble metals (Pd, Ru, Rh) to earth-abundant

first-row transition metals (Fe, Co, Ni, Cu) is one of the

most significant trends in modern catalysis.

e Iron: FeCls, Fe(acac)s, and Fe-NHC complexes have
shown activity in Suzuki-type, Kumada, and C-H
activation reactions. Iron is non-toxic, abundant, and
biocompatible, making it ideal for pharmaceutical
applications [4 1251, 911,

e Cobalt: Low-valent Co! species, stabilized by pincer or

e Copper: Cul and CuTC are widely used in Ullmann
coupling and Sonogashira reactions, offering a low-cost
alternative for C-N and C-C bond formation [36 501,

Despite challenges in mechanistic understanding and
catalyst stability, these systems are rapidly advancing.

4.2 Ligand-Free and Nanoparticle Catalysts
Heterogeneous catalysts, such as Pd nanoparticles (Pd NPs)
supported on carbon, silica, MOFs, or polymers, offer:

diimine ligands, are effective in hydrofunctionalization, °
C-H borylation, and asymmetric hydrogenation [°21, .
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e Reduced metal leaching
e  Compatibility with flow reactors

Examples include Pd/C for Suzuki and Heck reactions and
Fe;04@Si0:-Pd for aqueous-phase couplings %1,

4.3 Photocatalytic Activation

Photoredox catalysis, often combined with nickel or
palladium, enables cross-coupling under visible light at
room temperature. This reduces energy consumption and
avoids thermal decomposition 3621,

Dual catalytic systems (e.g., Ir/Ni, Ru/Ni) have enabled:

e C-H arylation

e Cross-electrophile coupling

e Decarboxylative couplings

These methods are particularly valuable in late-stage
functionalization of complex molecules.

4.4 Electrochemical Methods

Electrochemical cross-coupling replaces chemical oxidants

with anodic oxidation, improving atom economy and

reducing waste [63.64],

Examples:

e Electro-Heck reaction: Anodic oxidation regenerates
Pd!, avoiding stoichiometric oxidants.

https://www.biochemjournal.com

e Electro-Suzuki: Conducted in undivided cells with
minimal catalyst loading.
e Paired electrolysis: Simultaneous anodic and cathodic

reactions enhance efficiency.

This approach aligns with green chemistry principles and is
gaining traction in industrial R&D.

4.5 Green Solvents

The replacement of toxic solvents (DMF, NMP, dioxane)
with green alternatives is a major focus:

e Ethanol: Renewable, biodegradable, safe

e 2-MeTHF: Derived from biomass, low water solubility
e CPME: Stable, low peroxide formation

e Water: Non-toxic, cheap, but limited solubility
AstraZeneca’s Solvent Selection Guide ranks solvents based
on safety, health, and sustainability, promoting the use of
ethanol, 2-MeTHF, and water [*417],

Solvent selection plays a critical role in determining the
environmental impact and industrial viability of
organometallic reactions. A detailed assessment of common
solvents used in cross-coupling chemistry, based on
polarity, boiling point, and green chemistry metrics (E-
factor, PMI), is provided in Table 3.

Table 3: Solvent Systems in Organometallic Catalysis: Performance and Green Chemistry Assessment

o Water Green Chemistry
Solvent| Type |bp (°C) Miscibility Performance Profile Pros Cons
Toluene |Non-polar] 110 No High (Suzuki, Heck) Moderateg(();’Ml ~15 Inert, Pd-compatible VOC, toxic
THF Pola_r 66 Yes High (Negishi, Kumada) [Moderate-high waste|  Good solubility Forms perox@_as,
aprotic moisture-sensitive
pve | POl 1 q5s Yes | Very high (Stille, Heck) | Po°r (PMI>50,E- | Solubilizes polar | o0 1214t remove
aprotic factor high) species
Dioxane Pola_r 101 Yes High (Suzuki-H-0O mix) Moderate Stable, miscible 1,4-d|oxa_ne impurity
aprotic (carcinogen)
Ethanol gr%lg:: 78 Yes Moderate (aqueous Suzuki) | Excellent (green) Renewable, safe | May deactivate catalysts
2- Polar . . Biomass-derived, low L.
MeTHF | aprotic 80 Slight High Excellent (green) peroxide Low water solubility
Polar Moderate (needs . -
Water pratic 100 N/A ligands/surfactants) Excellent (green) |Safe, cheap, abundant| Poor organic solubility
CPME | Aprotic | 106 No High Excellent (green) Stable, Icr);g/kperomde More costly

4.6 Continuous Flow Systems

Flow chemistry offers significant advantages over batch
processes:

Safer handling of hazardous reagents

e  Better temperature and mixing control

o Integration with inline purification and scavenging

e  Scalability from lab to production

Examples:

e Novartis and MIT demonstrated continuous Suzuki
coupling with Pd scavenging, achieving high purity and
throughput [28],

e 3D-printed reactors enable
optimization [7°],

rapid prototyping and

Flow systems are increasingly used in GMP manufacturing
of APIs [2471.72],

5. Challenges and Future Perspectives

Despite the remarkable success of organometallic catalysis
in modern synthesis, several challenges persist that limit
broader industrial adoption and long-term sustainability.

5.1 Residual Metal Contamination

One of the most pressing issues, especially in
pharmaceutical ~ manufacturing, is  residual  metal
contamination in active pharmaceutical ingredients (APISs).
Regulatory bodies such as the U.S. FDA and European
Medicines Agency (EMA) enforce strict limits under ICH
Q3D guidelines, which specify permissible daily exposures
(PDE) for metals like palladium (<10 ppm), nickel (<5
ppm), and copper (<2 mg/day) 7.

Even trace amounts of transition metals can compromise
drug safety, catalyze decomposition, or trigger
immunogenic responses. This necessitates costly and time-
consuming purification steps, including:
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e Activated carbon treatment

e Polymer-supported scavengers (e.g.,
QuadraPure resins)

e Silica-bound thiols (e.g., SiliaMetS Thiol)

e  Crystallization-driven purification

Smopex-111,

While effective, these methods increase process mass
intensity (PMI) and reduce overall yield. Future solutions lie
in designing catalysts with built-in leaching resistance or
self-immolative ligands that facilitate metal removal [ 81,

5.2 Catalyst Deactivation and Stability

Catalyst deactivation remains a major hurdle. Common
causes include:

Aggregation into inactive nanoparticles

Oxidation of low-valent metal centers

Ligand dissociation or degradation

Poisoning by impurities (e.g., sulfur compounds)

For example, NHC ligands, though thermally stable, can
undergo hydrolysis under aqueous conditions. Similarly,
iron catalysts are prone to oxidation to inactive Fe'' species
in air.

To address this, researchers are developing air-stable pre-
catalysts (e.g., Pd-PEPPSI, Ni(COD). with chelating
ligands) and robust ligand frameworks (e.g., pincer ligands)
that resist decomposition [3 59,

5.3 Scalability and Process Viability

Many academic protocols are not directly scalable due to:

e High catalyst loading (5-10 mol%)

e Use of expensive or toxic solvents (DMF, dioxane)

e Requirement for inert conditions (glovebox, Schlenk
line)

e Low turnover numbers (TON) and turnover frequencies
(TOF)

Industrial processes demand high TON (>10,000), low
catalyst loading (ppm levels), and robustness under ambient
conditions. Bridging this gap requires collaboration between
academia and industry to optimize reactions for large-scale
use 151,

5.4 Air and Moisture Sensitivity

Base-metal catalysts (Ni, Fe, Co) are often air- and
moisture-sensitive, requiring inert handling that complicates
industrial implementation. While progress has been made
with ligand stabilization and pre-catalyst design, widespread
adoption still lags behind palladium systems.

5.5 Machine Learning and Al-Driven Catalyst Design
Emerging technologies such as machine learning (ML) and
artificial intelligence (Al) are transforming catalyst
discovery. By training models on large datasets of reaction
outcomes, researchers can:

Predict catalyst performance

Optimize ligand-metal combinations

Identify green solvent systems

Accelerate reaction screening

For example, MIT and Pfizer have developed Al platforms
that predict optimal conditions for cross-coupling reactions

https://www.biochemjournal.com

with high accuracy B &1, These tools reduce experimental
workload and enable data-driven synthetic planning 7:84],

5.6 The Future: Integration and Intelligence

The future of organometallic catalysis lies in integration:

e  Combining earth-abundant metals with green solvents

e Merging photocatalysis and electrochemistry with flow
reactors

e Developing self-optimizing systems using Al and
automation

We are moving toward intelligent synthetic platforms where
reactions are not only efficient and selective but also
sustainable, safe, and scalable. As the boundaries between
inorganic, organic, and computational chemistry blur,
organometallic catalysis will continue to evolve, driving
innovation across science and industry.

6. Industrial and Pharmaceutical Applications
Organometallic catalysis is not merely an academic pursuit
it is a cornerstone of modern chemical manufacturing. Its
impact is most evident in the pharmaceutical, agrochemical,
and materials industries, where it enables the efficient
synthesis of complex molecules.

6.1 Pharmaceutical Synthesis

Over 70% of all small-molecule drug candidates contain

biaryl or heterobiaryl motifs structures ideally constructed

via cross-coupling reactions [, Below are key case studies:

Sitagliptin (Januvia®) - Merck

e Reaction: Nickel-catalyzed
coupling

e Catalyst: NiCL/(R)-iPr-Pybox

e Impact: Replaced a high-pressure hydrogenation route,
reducing cost and waste

e  Green Chemistry Award: U.S. EPA, 2006 7%

asymmetric ~ Negishi

Valsartan (Diovan®) - Novartis

e Reaction: Suzuki-Miyaura coupling

e  C(Catalyst: Pd(PPhs)s with K.COs

e  Scale: Multi-hundred tons/year

e Purification: Activated carbon + crystallization to
achieve <10 ppm Pd

Lapatinib (Tykerb®) - Pfizer

e Reaction: Suzuki coupling of quinazoline and thiophene
boronic ester

e  Catalyst: Pd(OAc)./XPhos
Solvent: Toluene/water
Yield: >85% [5&]

Oseltamivir (Tamiflu®) - Roche

e Reaction: Intramolecular Heck cyclization

e Catalyst: Pd(OAc)2/P(0-Tol)s

e Challenge: Supply of shikimic acid; alternative routes
developed using cross-coupling 1!

Axitinib (Inlyta®) - Pfizer

e Reaction: Stille coupling

e Catalyst: Pd(PPhs)s/Cul

e Note: Despite tin toxicity, used due to reliability; efforts
ongoing to replace with Suzuki variant
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The industrial impact of organometallic catalysis is evident
FDA-approved
including Sitagliptin,

in the synthesis  of
pharmaceuticals.

Key examples

numerous

https://www.biochemjournal.com

Table 4: Industrial Applications of Organometallic Catalysis in FDA-Approved Pharmaceuticals

Valsartan, and Lapatinib are summarized in Table 4, which
details the catalytic reaction, metal system, and scale of
production.

Drug (Trade Name) Indication Key Bond/Formed| Catalytic System |Catalyst Loading Scale
Sitagliptin (Januvia®) Antidiabetic C-C (chiral center) [NiCL/(R)-iPr-Pybox| 1-2 mol% Multi-ton/year
Valsartan (Diovan®) Antihypertensive Biaryl linkage Pd(PPhs)«/XPhos | 0.3-0.8 mol% >100 tons/year
Lapatinib (Tykerb®) Anticancer Aryl-heteroaryl Pd(dppf)Cl. 0.5 mol% Commercial
Oseltamivir (Tamiflu®) Antiviral Cyclohexene ring |Pd(OAc)./P(o-Tol)s|  5-10 mol% Multi-kg
Axitinib (Inlyta®) Anticancer Pyridine-pheny!| Pd(PPhs)s/Cul 2-5 mol% Clinical/commercial
Brentuximab vedotin (Adcetris®)|Antibody-drug conjugate|  Aryl-alkyne  [Pd/Cu, PdCL(PPhs). 1-3 mol% GMP
Vemurafenib (Zelboraf®) Anticancer Aryl-amine Pd/XPhos 0.5-1 mol% Commercial
6.2 Agrochemicals and Fine Chemicals References
Cross-coupling is widely used in the synthesis of: 1. Ananikov VP. Trapped by transition metals: the
e Herbicides (e.g., Boscalid) challenge of residual contamination. ACS Sustain
e Fungicides (e.g., Bixafen) Chem Eng. 2015;3(8):1523-1543.
° Insecticides (e_g_‘ Fipron“ ana|ogs) httpS://dOi.Org/10.1021/aCSSUSChemeng.5b004l4
2. Crabtree RH. The organometallic chemistry of the

These often involve Suzuki or Buchwald-Hartwig reactions

transition metals. 7th ed. Hoboken (NJ): Wiley; 2019.

to install aryl-heteroaryl linkages. 3. Organ MG, Dubuis G, Stephan DW. PEPPSI
precatalysts: a new family of air-stable Pd-NHC
6.3 Materials Science complexes for cross-coupling. Angew Chem Int Ed
Organometallic catalysis is essential in the synthesis of: Engl. 2006;45(44):7651-7654.
e Conjugated polymers (e.g., polythiophenes via Kumada https://doi.org/10.1002/anie.200602889 .
coupling) 4. Zhou X, Fu GC. Nickel-catalyzed cross-coupling
e OLED materials (e.g., iridium complexes via C-H reactlons._ Org Process Res Dev. 2020;24(3):223-235.
activation) https://doi.org/10.1021/acs.oprd.9b00507 o
o Organic  semiconductors  (e.g., donor-acceptor 5. Hughes DL. The development of the Suzuki-Miyaura
COpOlymerS via Stille Coupling) reaction. - Org React. 2008;77:1-572.
https://doi.org/10.1002/0471264180.0r077.01
6.4 Continuous Flow and Automation 6. Mizuno K, Kakiqchi F, Murai S. Industrial application
Companies like Novartis, MIT, and Eli Lilly have of the Heck reaction. J Org Chem. 1995/60(3):652-654.
pioneered continuous flow systems for hitps://doi.org/ 10'1021/100.0108?038 .
e Suzuki couplings 18731 7. Seyforth R, Hughes GJ,_ Mlqall_2|o GC. Efficient process
e Heck reactions 751 for the preparation of S|tagI|pt|_n. Org Process Res Dev.
Photocatalvtic transf tions 74 2011;15(3):569-576. https://doi.org/10.1021/0p100305v
* otocatalytic transtormations 8. Wasilke JC, Fey SJ, Fehlner T, Hope H. Transition-
These svsterns offer metal-catalyzed reactions in medicinal chemistry. Chem
Y Rev. 2005;105(7):2355-2394.
¢ Improved safety https://doi.org/10.1021/cr030715u
e Higher reproducibility ) 9. Grubbs RH. Olefin metathesis. Angew Chem Int Ed
e Integration with inline Pd scavenging Engl. 2006;45(23):3760-3765.
*  Reduced environmental footprint https://doi.org/10.1002/anie.200500867
10. Molnér A. Suzuki-Miyaura cross-coupling: a general
7. Conclusion overview. In: Molnar A, editor. Suzuki-Miyaura
Organometallic catalysis has evolved from a specialized coupling. Dordrecht: Springer; 2011. p. 1-48.
field into a cornerstone of modern synthetic chemistry. Its https://doi.org/10.1007/978-90-481-2930-0_1
impact spans drug discovery, materials science, and 11. Buchwald SL. Palladium-catalyzed amination of aryl
industrial manUfaCtUring. While palladium remains chlorides: a journey from fundamental studies to
dominant, the future lies in sustainable alternatives earth- applications. Acc Chem Res. 2008;41(11):1439-1450.
abundant metals, green solvents, and energy-efficient https://doi.org/10.1021/ar800034a
activation methods. Interdisciplinary collaboration between 12. Jiang X, Truesdale L, Buchwald SL. Recent advances
inorganic and organic chemists will be essential to address in iron-catalyzed C-H functionalization. Nat Catal.
the challenges of cost, toxicity, and environmental impact. 2022:5(3):201-215. https://doi.org/10.1038/s41929-
As automation, flow chemistry, and artificial intelligence 022-00755-8
reshape chemical research, organometallic chemistry is 13. Weix DJ. The merger of transition metal and
poised to enter a new era of precision, efficiency, and photoredox  catalysis. J Am  Chem  Soc.
sustainability. 2015;137(26):8100-8103.
https://doi.org/10.1021/jacs.5b05666
8. Conflicts of Interest 14. Zhang Y, Spangler JE, Landis CR. Solvent selection for
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