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Preface

Since the landmark publication from Paul Anastas and John Warner detailing the 12 Princi-
ples of Green Chemistry over 20 years ago (Fig. 1), there has been an exponential growth in
the implementation of sustainable strategies within the pharmaceutical industry [1]. A
recent publication highlights Amgen’s transformation within this space saving both time
and money by making drugs in a more sustainable manner and represents a call to arms for
industrial research stating that “Drug Companies must adopt Green Chemistry” [2]. The
rationale provided herein links the Principles of Green Chemistry to the “Triple Bottom
Line” model showing how each of these can have beneficial impacts for profit, people, and
the planet [3]. Surveys have shown that while many pharmaceutical companies implement
green chemistry initiatives to both manufacturing and process workflows, their subsequent
uptake within discovery groups is often more flexible based on a desire not to limit the

Fig. 1 Twelve principles of green chemistry
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scientific freedom and innovation of chemists during this phase of medicinal chemistry
programs [4].

There are some unique challenges presented to a medicinal chemist, specifically often
the time pressure to deliver a compound for testing as well as the diverse scope of chemical
substrate that one might be working on at any given time [5]. In addition, the relatively
small scale of the analogue synthesis at this stage is often cited as a rationale for perhaps not
making judicious choices in terms of sustainable reaction conditions. In addition, develop-
ing synthetic sequences that allow the variation of different vectors within a lead molecular
series as well as the established poor probability of a compound’s success of becoming a drug
also often pushes the onus on addressing the challenges associated with the sustainability of a
synthesis onto chemical development. However, in discovery, it should be noted that
significant gains in this space are made in terms of making macroscopic changes with
synthetic practices, for example, in solvent selections associated with chromatography.

When one considers “developing a sustainable synthetic route” to a compound, there
are certain strategies one can implement [6]. In drug discovery, typically when trying to
accelerate the development of a compound, the discovery route is adopted initially with
modifications to crucially address any safety concerns while looking to make other changes,
for example switching out undesirable solvents (and reagents) as well as eliminating chro-
matography. At this time, brainstorming sessions will be undertaken to evaluate and identify
long-term synthetic approaches to the molecule suitable for manufacturing, which will place
a critical focus on the availability of starting materials as well as overall cost of goods.

It should be stated right from the outset that this book is not intended as a comprehen-
sive overview on implementation of green chemistry in medicinal chemistry drug discovery.
There are numerous guides out there providing detailed guidance on, among other topics,
reagent choice, solvent selection, catalysis, greener alternatives to chromatography, and
comparing the sustainability of synthetic routes [7–9]. This collection though is intended
to highlight several emerging areas with a specific focus on their application to the expedi-
tious discovery of new biologically active entities.

The chapters herein are loosely divided into three parts. Initially, thought was given to
delineating content through which of the Principles of Green Chemistry the topic was most
closely aligned, though this idea was quickly abandoned as in many cases a topic can have a
broader impact across several areas. To take an example, whereas Biocatalysis is well aligned
with the ninth Principle to utilize catalysis, the reactions often minimize waste (Principle 1),
are atom economical (Principle 2), are inherently benign and safe running under aqueous
conditions (Principles 3, 5, and 12), and are typically conducted at room temperature
(Principle 6) while adherence even to a number of the other Principles of Green Chemistry
here can also be proposed.

Alternatively, the chapters of this collection are divided in a more arbitrary manner. The
first part considers “Greener Approaches to Classical Transformations,” focusing on several
chemical transformations that are both prevalent and have been highlighted as challenging
within the pharmaceutical industry [10, 11]. This is illustrated by chapters on both the
synthesis of heterocycles and the synthesis of amides. Heterocyclic chemistry has represented
the cornerstone of medicinal chemistry for over 100 years with numerous studies analyzing
the impact of their incorporation on the physicochemical properties and potency of drugs
[12, 13]. However, their syntheses often rely on classical methods that employ harsh
reaction conditions and are not compatible with a wide scope of substrates. In a similar
manner, a number of studies have demonstrated that the formation of amide bonds is the
most common reaction carried out in medicinal chemistry programs with a reliance also on
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employing this transformation in the synthesis of combinatorial libraries owing to its robust
nature [14, 15]. While reliable, the classical reaction to form an amide between a carboxylic
acid and an amine typically involves use of a stoichiometric reagent to activate one of the
substrates leading to subsequent generation of waste. The chapter herein not only describes
a catalytic approach to amide bond formation but also enables the use of an alternative pool
of monomers (alcohols as opposed to carboxylic acids) to allow the medicinal chemist to
create this biologically relevant linkage in a different way.

In principle, the direct substitution of alcohols represents an ideal process as displace-
ment of a hydroxyl group would be both atom-economical and lead to water as the sole
by-product. The substitution of alcohols is often carried out in organic synthesis, but it is
rarely a direct displacement, and developing improved sustainable approaches to achieve this
goal is the topic of the next two chapters. TheMitsunobu reaction was first reported in 1967
and represents a robust method for the clean displacement of alcohols with subsequent
inversion of configuration [16]. The reaction is mediated by stoichiometric amounts of an
azodicarboxylate and a phosphine reagent proceeding through a relatively complex mecha-
nism though being applicable to a range of nucleophiles in addition to the initially disclosed
carboxylic acids. While this reaction has been widely used within the pharmaceutical indus-
try, development efforts typically focus on facilitating the work-up to remove the
by-products resulting from the reagents without resorting to chromatography. Develop-
ment of a catalytic version of the Mitsunobu reaction would be a significant advance for this
methodology. The other approach, which is typically used for the substitution of alcohols,
involves stoichiometric activation through conversion to potentially genotoxic alkyl halides
or sulfonates followed by subsequent displacement [17]. While there are both thermody-
namic and kinetic barriers to affecting a direct displacement, progress has been made on
methodologies based upon classical SN1 and SN2 reactions as well as redox hydrogen
transfer approaches that lead to the desired overall net substitution reaction.

In a similar manner, the Friedel-Crafts set of reaction for introducing either alkyl or acyl
substituents to aromatic nuclei through an electrophilic substitution process has been
known since 1877 [18]. The reaction is typically mediated by a strong Lewis-Acid and is
carried out under relatively forcing conditions (depending to a large extent on the electronic
nature of the aromatic substrate). Again, while both a useful and robust transformation,
there is considerable interest in developing new systems to mediate this transformation to
allow both an increase in scope to more densely functionalized substrates and the reaction to
proceed under milder conditions as well as generating less waste.

Through analysis of metrics, the use of solvents represents by far the most significant
contributor to the process mass intensity (PMI) within the pharmaceutical industry [19].
With this, the optimization of solvent recycling and the quest to identify more reaction
media with more environmentally benign properties represent important research initia-
tives. Though the earliest example of an ionic liquid is believed to have been reported in
1888, it is only with their emergence as potential electrolytes in batteries in the 1970s that
has stimulated a growth in interest in their potential utility [20]. While their favorable
properties such as low combustibility, thermal stability, and excellent solvating properties for
a range of both nonpolar and polar compounds have led to use of ionic liquids for a range of
applications, the ability to both easily tune the properties and functionalize the ionic liquid
being used for a specific purpose is particularly attractive in a research setting.

The second part investigates topics with an impact on overall synthetic strategy with the
first two considering approaches to primarily both maximize atom economy and minimize
the generation of waste [21]. Whereas closely related, cascade reactions and

Preface vii



multicomponent reactions are subtly different. The former (sometimes referred to as a
domino or tandem reaction) involves at least two consecutive reactions in which each
subsequent reaction occurs due to chemical functionality formed in the previous step
without the need to isolate intermediates [22]. These reactions are often cited to mimic
nature in terms of assembling complex molecules from relatively simple building blocks. It
should be emphasized that often the telescoping of organic reactions is utilized in medicinal
chemistry and this involves taking a compound into a discrete synthetic step (different
conditions, new reagents) without intermediate purification, and is very different to a
cascade process. A multicomponent reaction refers to a process where three or more
components react to form a single product [23]. Mechanistically these consist usually of
reactions occurring in a sequential manner with a high degree of selectivity with the
products retaining a majority of atoms from the starting materials. Multicomponent reac-
tions have been heavily exploited in medicinal chemistry in the synthesis of combinatorial
libraries owing to the ability to generate a large collection of relatively complex drug-like
molecules from simple starting materials in an expeditious manner.

The functionalization of C–H bonds represents an attractive option within medicinal
chemistry as it can avoid numerous functional group manipulations as well as protection/
deprotection sequences to access the molecules of interest in an atom-economical and
waste-sparing fashion [24, 25]. However, there are significant hurdles to realize this trans-
formation not only with the high activation energy required for C–H bond cleavage but also
with regard to realizing the desired selectivity given the plethora of C–Hmoieties likely to be
present in the substrate of interest. This subject has been an area of exponential growth
within the chemistry community over the past 15–20 years with both transition-metal-
mediated and more recently photocatalytic approaches to achieve C–H bond activation
being described [26]. Typical strategies involve either the utilization of proximal metal-
directing groups or incorporation of removable, modifiable, or traceless directing groups
within the substrate to achieve selectivity. While challenges still exist in this area in addition
to those noted such as the requirement to often add additional oxidants as well as control of
the enantioselectivity of such processes, significant progress has been made with both
approaches to achieving controlled C–H functionalization in complex systems.

While the topics so far within developing synthetic strategy have presented a general
theme with regard to atom economy/waste minimization with a focus to some degree on
avoiding unnecessary synthetic manipulations/isolations, the final topic further develops
this idea by enabling regioselective transformations to be achieved through the in situ
protection of functional groups that are likely to react preferentially or at best compete
with the desired conversion. While masked during the reaction of interest, deprotection is
generally achieved in a seamless fashion during reaction workup. One particularly elegant
example of this approach is through masking an amine simply through protonation enabling
reactions to take place selectively at alternative sites in the molecule of interest with the free
amine liberated through adjustment of the pH after reaction.

The final part considers the implementation and impact of a range of enabling technol-
ogies within medicinal chemistry. While in this environment there are pressures both in
terms of time and resource constraints, the utilization of technology can serve to bridge
these gaps and realize efficiency gains. Catalysis has long been recognized as a mainstay
within Green Chemistry programs with specifically the numerous successes realized through
the implementation of enzymatic catalysis highlighted as a major achievement in reducing
the environmental burden of the synthesis of complex active pharmaceuticals. Develop-
ments continue within this field through the ability to bioengineer enzymes to mediate
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specific transformations with exquisite levels of selectivity while also increasing the utility of
biocatalysis through production of screening kits for use in discovery chemistry [27].
Without doubt, Pd-catalyzed cross-coupling for the formation of C-C bonds has revolu-
tionized drug discovery programs over the past 30 years though, despite the low loadings of
Pd that can be achieved in these processes, there are concerns regarding the long-term
sustainability of this approach based not only on long-term Pd supply but also on the
resource drain in accessing it [28]. New directions in coupling chemistry evaluate emerging
methods based on Cu-, Fe-, and Ni-based catalysis and the potential reactivity and sustain-
ability advantages that they possess [29].

One of the main challenges with running synthetic reactions is identifying the optimal
conditions for a specific transformation, and this problem is exacerbated with emerging
catalytic manifolds in which numerous options exist for catalysts, ancillary ligands, various
additives, and choice of reaction solvents. Whereas systematic screening of such reaction
variables has been routine within chemical development for some time, implementation of
such workflows has been challenging within medicinal chemistry owing to both the scarcity
of materials and the lack of appropriate markers for the desired products. These issues have
largely been resolved throughminiaturization enabling reactions to be run on sub-milligram
scale coupled with high resolution analysis allowing 96-well plate high-throughput experi-
mentation (HTE) to be realized [30, 31]. While such experimentation allows a broad
overview of reaction parameters to be evaluated in a rapid manner, the speculative incor-
poration of more environmentally benign solvents/reagents allows greener options to be
identified. In a similar manner, the emergence of flow chemistry presents many advantages
within the pharmaceutical community [32, 33]. While from a manufacturing perspective
this offers the opportunity for more precise reaction control with a reduced footprint for
operations, within medicinal chemistry, the ability to access “forbidden” hazardous chemis-
tries or promote transformations at high temperatures and pressures to explore novel
chemical space are particularly enticing. The combined benefits from a reaction safety
perspective and the ability to scale chemistry as a function of time as opposed to vessel size
also make this technology attractive within the pharmaceutical industry.

PET imaging technology represents an invaluable tool utilized for disease diagnosis and
progression as well as to the in vivo evaluation of drug therapies [34]. While the longer half-
life of fluorine-18 (ca. 110 min) presents advantages for synthesis and imaging time, carbon-
11 (t1/2 ca. 20 min) based on the omnipresent nature of carbon can more frequently be
substituted into biological molecules without causing chemical alterations that may influ-
ence imaging or interactions with the target of interest. While reagents derived from [11C]-
CO2 have often been utilized in this manner, given the relatively short half-life, there are
advantages to directly using [11C]-CO2 (given that this is the cyclotron-generated feedstock
reagent) with robust synthetic methods emerging to enable its incorporation into relatively
complex substrates under mild conditions.

The nature of the topics covered in this book is all currently of significant active interest
to both the academic and medicinal chemistry research communities, and as such new
developments are constantly being reported. However, it is hoped that the current collec-
tion will provide both a fundamental insight to the progress that has been made and some of
the challenges that still exist for these to be effectively implemented in the drug discovery
process in a routine manner.

San Diego, CA, USA Paul F. Richardson
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Arturo Obreg�on-Zúñiga and Eusebio Juaristi

PART II SYNTHETIC STRATEGY

7 Designing Efficient Cascade Reactions in Drug Discovery . . . . . . . . . . . . . . . . . . . 213
Chenguang Yu, He Huang, Chunquan Sheng, and Wei Wang

8 Multicomponent Synthesis: Cohesive Integration of Green
Chemistry Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Razvan Cioc, Eelco Ruijter, and Romano V. A. Orru

9 Direct C–H Functionalization Approaches to Pharmaceutically
Relevant Molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
James J. Mousseau and Antonia F. Stepan

10 C–H Activation with Photoredox Catalysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
Joel W. Beatty and Corey R. J. Stephenson

11 In Situ Protecting Groups for Chemoselective Transformations . . . . . . . . . . . . . . 327
Alan Steven

PART III ENABLING TECHNOLOGIES

12 Expanding the Biocatalysis Toolbox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
Rajesh Kumar, Carlos A. Martinez, and John W. Wong

xiii



13 New Directions in Coupling Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
Gary M. Gallego, Rebecca A. Gallego, and Paul F. Richardson

14 Flow Chemistry as an Enabling Technology for Synthetic
Organic Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489
Nicholas E. Leadbeater

15 Reaction Optimization: A High-Throughput Experimentation
Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527
Simon Berritt, Jason R. Schmink, and Ana Inés Bellomo Peraza

16 Radiopharmaceutical Discovery with 11CO2-Fixation Methods
Inspired by Green Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
Benjamin H. Rotstein and Neil Vasdev

Further Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 603

xiv Contents



Contributors

JOEL W. BEATTY • Department of Chemistry, University of Michigan, Ann Arbor, MI, USA
SIMON BERRITT • WRDM Pfizer Inc., Groton, CT, USA
HYEJIN CHO • Department of Chemistry, University of Massachusetts Boston, Boston,

MA, USA
RAZVAN CIOC • Department of Chemistry & Pharmaceutical Sciences, Amsterdam Institute

of Molecules, Medicines & Systems, VU University Amsterdam, Amsterdam,
The Netherlands

PIER GIORGIO COZZI • Dipartimento di Chimica “G. Ciamician”, ALMA MATER
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Greener Approaches to Classical Transformations



Chapter 1

Green Synthesis of Common Heterocycles

Christian Sch€afer, Hyejin Cho, and Béla Török

Abstract

Recent advances in the environmentally benign synthesis of common heterocycles are described. This
account features three main parts: the preparation of non-aromatic heterocycles, one-ring aromatic hetero-
cycles, and their condensed analogs. Due to the great variety of and high interest in these compounds, the
work focuses on providing representative examples of the preparation of the target compounds.

Key words Sustainable synthesis, Non-aromatic heterocycles, Aromatic heterocycles, Condensed
heterocycles

1 Introduction

Heterocyclic compounds possess a broad range of applications in a
variety of industries from the pharmaceutical to agrochemical, dye-
stuff, or polymer industry. Their widespread use is well illustrated
by the extremely high ratio (>70%) of heterocyclic compound
among drugs. There is a vast array of methods available for the
synthesis of heterocycles. Many of these syntheses, including most
classical methods, however, do not comply with the ever strength-
ening rules of environmental safety and sustainable production.
Due to this pressure, the syntheses of heterocycles, among other
compounds, have been revamped, and a number of environmen-
tally sustainable methods have been developed over the past two
decades. Although due to the large body of work regarding the
synthesis of heterocycles it is not possible to cover every develop-
ment, an effort will be made to provide, as comprehensive as
possible, an account that will focus on the environmentally benign
synthesis of these compounds. In addition, emphasis will be placed
on the green synthesis of the most common heterocycles [1].

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
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2 Non-aromatic Heterocycles

Non-aromatic heterocyclic compounds are versatile organic com-
pounds that are used as building blocks in a multitude of reactions.
Besides their synthetic utility, they are found in biologically active
natural products and synthetic derivatives [2].

2.1 3-Membered

Rings

The most common examples of the 3-membered heteroatom con-
taining rings are the epoxides and aziridines that are important
starting materials in synthetic applications and also structural motifs
in several bioactive compounds. Accordingly, the synthesis and
chemical properties of such compounds are regularly reviewed
[3, 4].

Due to the importance of epoxides as synthetic building blocks
as well as reagents for multiple purposes, their synthesis attracted
extensive attention. The most typical preparation of epoxides is the
oxidation of a C¼C double bond by oxidants (Scheme 1). The
oxidation is commonly carried out by hydrogen peroxide or molec-
ular oxygen as environmentally benign oxidants.

The key aspects of the process are using hydrogen peroxide or
oxygen as an oxidant and the catalyst that will enable the alkene and
the oxidants to react and form the epoxide. Thus, finding the best
performing catalyst has been a top priority [5]. Several different
catalysts have been recently introduced for the synthesis of epoxides
such as gold nanoparticles/O2 [6], Ti-Beta zeolites/H2O2 [7],
supported gold catalysts [8], ionic liquids [9, 10], Fe(III)/H2O2

[11], or Pd + Pt/titanium silicalite [12].
The enantioselective catalytic oxidation of alkenes had been

developed by Sharpless et al. [13]. Finding environmentally better
catalysts for this reaction is in the forefront of enantioselective
catalysis [14]. Shibata et al. have developed a method that is repre-
sentative of the progress being made in enantioselective catalysis.
The epoxidation of α,β-unsaturated carbonyl compounds was car-
ried out using organocatalysis, namely, methylhydrazine as an initi-
ator and a cinchona derivative as a chiral modifier (Scheme 2)
[15]. The reaction provided the products with excellent yields
(91–99%) and very high ee’s (>97%).

Scheme 1 General prepation of epoxides
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The epoxidation has also been carried out by enzymatic cataly-
sis. In a recent review. Aouf et al. summarized lipase-catalyzed
epoxidation of fatty acids and phenolic compounds [16]. Other
enzymes used for epoxidation include peroxygenase [17]. The
epoxidation of fatty acids from soybean oil appeared to benefit
from the application of ultrasonic irradiation [18]. Noyori and
co-workers developed an environmentally benign epoxidation pro-
cess based on the application of hydrogen peroxide as an oxidant
and sodium tungstate dihydrate, (aminomethyl)phosphonic acid,
and methyltrioctylammonium hydrogen sulfate [19, 20] as the
catalytic system (Scheme 3). While the substrates were limited to
terminal olefins, the process can be carried out without a solvent
and also is applicable at industrial scale.

The three major pathways applied to prepare aziridines are the
addition of a carbene equivalent to a C¼N double bond, the
addition of an azide or other suitable N-source to a C¼C double
bond, or the intramolecular cyclization of amine derivatives
(Scheme 4). Advances in the stereoselective aziridination have
been recently reviewed [21].

An example of the first method is well illustrated by the azide
addition to styrenes in the presence of a Co-complex catalyst
(Scheme 5) [22]. The reaction provided the products in good to
excellent yields and with excellent enantioselectivities. While most
of these methods apply reagents that are generally considered to be
of high reactivity, they represent a high atom economy approach for
the synthesis of aziridines [23]. A similar methodology is followed
by Cramer and Jenkins; the synthesis of aziridines is carried out

Scheme 3 A halide-free epoxidation with hydrogen peroxide

Scheme 2 Enantioselective epoxidation by organocatalysis
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from alkenes and aryl azides with a reusable macrocyclic tetracar-
bene iron catalyst in moderate to excellent yields [24]. There are
several other available transition metal catalysts for this reaction as
summarized in a recent account [25].

A very recent article by Jat et al. [26] describes the application
of the Du Bois’ catalyst in the aziridination of a broad variety of
alkenes (Scheme 6). The method appears generally applicable to
alkenes of various structures, including styrenes, terminal and
non-terminal aliphatic alkenes, stilbenes, and cyclic alkenes as well.

The second method, the addition of a suitable C-source,
appears significantly more applicable for green synthesis. The

Scheme 4 Three major pathways for stereoselective aziridination

Scheme 5 Enantioselective aziridination of alkenes with fluoroaryl azides

Scheme 6 Stereospecific aziridination by the Du Bois’s catalyst from olefins
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stereospecific synthesis of cis-aziridines from imines and ethyl dia-
zoacetate has been described by Borkin et al. (Scheme 7). The
reaction was catalyzed by an environmentally friendly solid acid,
K-10 montmorillonite. The reaction readily occurred at room tem-
perature and was completed in a relatively short time (2 h). In
addition to the high yields (74–91%), the cis product is formed
with exclusive selectivity (>99%) [27].

The third approach, an intramolecular cyclization, is commonly
a nucleophilic substitution by an amino group on α-carbon atoms
bearing a good leaving group. Buckley et al. applied the modified
Wenker synthesis both in a stepwise manner and under one-pot
conditions by using chlorosulfonic acid to transform the OH group
of the aminoalcohol to a sulfate ester which will readily undergo
cyclization under mild conditions (Scheme 8) [28].

2.2 4-Membered

Rings

There has been significantly less emphasis placed on the synthesis of
oxetanes and azetidines. Oxetanes are commonly synthesized by
the photochemical Paterno-Buchi reaction [29, 30] or the Mitso-
nobu type cyclization [31] that is strongly similar to the approach
depicted in Scheme 6.

Azetidines have been synthesized by a similar intramolecular
cyclization of unsaturated amines via iodocyclization (Scheme 9).
While the reaction provided the products in good to excellent
yields, it appears that the regioselectivity of the amine addition to
the C¼C double bond is strongly dependent on the reaction tem-
perature. At room temperature, the azetidine forms with exclusive
selectivity; however, elevated temperatures result in the formation

Scheme 7 K-10 catalyzed diastereoselective synthesis of aziridines

Scheme 8 Modified Wenker synthesis both in a stepwise and one-pot conditions
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of pyrrolidines [32]. A similar iodine-mediated approach resulted in
the stereoselective formation of azetidines from α-amidomalonate
and enones [33].

2.3 5-Membered

Rings

Among the 5-membered rings, the synthesis of pyrrolidines
attracted the most sizeable attention; with regard to other such
heterocyclic systems, the synthesis of cyclic carbonates from epox-
ides and oxazolidinones from aziridines are the most common.

Epoxides react readily with CO2 in the presence of a broad
range of catalysts (Scheme 10). Yang et al. described the application
of zinc clusters in this reaction without the use of any organic
solvents and under mild conditions (1 atm, 25 �C) [34]. Other
catalysts include a metal–organic framework Cr-MIL-101 [35].

Oxazolidines efficiently form when aziridines react in a catalytic
reaction with CO2 (Scheme 11). A broad variety of oxazolidines
were prepared by using recyclable protic onium salts in good to
excellent yields [36]. However, a recent study pointed out that the
reaction, in fact, occurs without the application of any solvent or
catalyst at room temperature. Although the room temperature may
be an excessive claim since the mechanochemical activation gener-
ates heat as the authors used high speed ball milling, a newly

Scheme 9 Synthesis of azetidines and pyrrolidines via iodocyclization at different temperatures

Scheme 10 General preparation of cyclic carbonates from epoxides with CO2 via
catalysis
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developed activation method. Nonetheless, most of the reactions
occurred with quantitative yield [37].

The synthesis of pyrrolidines includes a broad variety of meth-
ods. The synthesis of chiral products dominates this area. A recent
review summarizes the latest developments in the organocatalytic
preparation of these compounds [38]. An effective enantioselective
thiourea-catalyzed intramolecular Cope-type hydroamination reac-
tion was described by Brown et al. (Scheme 12) [39]. The reaction
provides the target compounds in good to excellent yields and high
enantioselectivity (83–94%ee) using an organocatalyst. Further
applications include a similar reaction catalyzed by binaphthyl
diamines [40].

2.4 6-Membered

Rings

Among the 6-membered one-heteroatom heterocyclic rings, piper-
idines enjoy the most attention. The convergent synthesis of piper-
idines from conjugated alkynes with imines and aldehydes is
described by Chen and Micalizio [41]. Highly substituted piper-
idines were obtained in a two-step process. First, the imine reacted
with the alkyne in a Ti(OiPr)4-catalyzed reaction, and the interme-
diate was cyclized with aldehydes by the Pictet-Spengler or the
aza-Prins cyclizations. The products were obtained in moderate
yield (Scheme 13).

Scheme 11 General preparation of oxazolidines from aziridines with CO2 via
catalysis

Scheme 12 Enantioselective thiourea-catalyzed intramolecular Cope-Type hydroamination
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The reaction of benzyl-protected propargyl amines and
1,1-cyclopropane diesters in the presence of catalytic amount of
zinc bis(trifluoromethylsulfonyl)imide (Zn(NTf2)2) results in
highly substituted piperidines (Scheme 14). The process occurs
by a tandem cyclopropane ring opening followed by the Conia-
ene cyclization and provides the products in excellent yields [42].

The Lewis acid-catalyzed cyclization of γ-amino or hydroxyl-
allylic alcohol derivatives readily yields cis-2,6-piperidines and cis-
2,6-tetrahydropyranes in moderate to excellent yields (Scheme
15) [43].

Enantioselective approaches including the application of chiral
BINOL-based phosphoric acid derivative-catalyzed cyclization
[44] are also available.

Scheme 13 Convergent synthesis of piperidines from conjugated alkynes with imines and aldehydes

Scheme 14 Zn(II)-catalyzed synthesis of highly substituted piperidines from propargyl amines and
cyclopropanes
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3 Aromatic Heterocycles

3.1 5-Membered

Rings

3.1.1 Pyrroles

The classical Paal-Knorr pyrrole synthesis was recently revisited by
several groups. It was demonstrated that the use of an acid catalyst
typically applied in this process is not necessary. Pyrroles can be
formed from 1,4-diketones and amines in good to excellent yields
under catalyst-free conditions in refluxing water [45] or more
recently under solvent- and catalyst-free conditions (Scheme 16)
[46]. The second method also utilized aq. NH4OH as an amine
equivalent at room temperature providing pyrroles underivatized
on their nitrogen.

It has been shown that the synthesis of 2-aryl substituted
pyrroles is possible from ketoximes using calcium carbide as a
sustainable carbon source [47]. Under the reaction conditions
employed, CaC2 slowly decomposes to form acetylene which reacts
with the oxime in an addition-rearrangement-cyclization-elimina-
tion sequence to form the pyrroles (Scheme 17).

Ketoxime carboxylates can be homocoupled using a simple
copper(I) salt as catalyst to yield symmetrical 2,5-diaryl-pyrroles
in good yields [48]. The presence of the aromatic ring appears to be
of importance as reactions with an alkyl side chain do not result in
the product formation (Scheme 18).

The synthesis of N-substituted pyrroles from
2,5-dimethoxytetrahydrofurans was recently achieved by reaction
of the THF derivative with a variety of aromatic amines in a deep
eutectic solvent as reaction medium (Scheme 19) [49]. The authors
could show that the reaction medium could be reused up to 5 times
and the reaction could easily be performed on a multigram scale.
The reaction medium promotes the elimination of MeOH to form
an activated enol species that can then be attacked by the amine.

In a very similar approach, solid acid catalysts under microwave
irradiation [50] and ionic liquids [51] have been used for the
synthesis ofN-aryl orN-arylsulfonyl pyrroles, using the same start-
ing materials.

Scheme 15 FeCl3-catalyzed diastereoselective cyclizaton of piperidines and
tetrahydropyranes
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A series of highly substituted pyrroles was synthesized in a
multicomponent reaction catalyzed by β-cyclodextrin [52]. Aro-
matic amines, acetylenedicarboxylic acid esters, and glyoxal are
coupled together to give the pyrroles in high yield using water as

Scheme 16 A catalyst and solvent-free Paal-Knorr-type synthesis of pyrroles

Scheme 17 Direct synthesis of aryl-substituted pyrroles from calcium carbide

Scheme 18 Copper(I)-catalyzed homocoupling of ketoxime carboxylates for the synthesis of symmetrical
pyrroles

Scheme 19 Synthesis of N-substituted pyrrols using a THF derivative in deep eutectic solvents
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a solvent (Scheme 20). The β-cyclodextrin catalyst could be reused
up to four times without loss of activity and without any additional
treatment.

Coupling nitroolefins with enaminoesters also leads to the
formation of multisubstituted pyrroles [53]. The reaction proceeds
in MeOH at high temperatures in a closed system without the use
of any additive or catalyst. The pyrroles were obtained in moderate
to good yields (Scheme 21).

3.1.2 Pyrazoles Pyrazoles are commonly obtained via ring derivatization, addition,
or cyclization of acyclic precursors. The most common classical
synthetic route is based on the cyclization of hydrazines with
1,3-dicarbonyl (or in general 1,3-bifunctional) compounds. How-
ever, the use of unsymmetrical 1,3-diketones gives a mixture of
regioisomers. In addition, most traditional methods require two
steps: a cyclization and a subsequent aromatization (oxidation).

This classical synthesis has been modified to avoid the use of
harmful chemicals. The cyclization and the subsequent aromatiza-
tion of chalcones with arylhydrazones provided the corresponding
pyrazoles in excellent yields [54]. The simple mechanical mixture of
Pd/C catalyst and K-10 montmorillonite was applied as a catalyst.
While the solid acid K-10 ensured the effective cyclization, the
subsequent dehydrogenation by the Pd catalyst resulted in the
aromatic products (Scheme 22).

Scheme 20 Synthesis of substituted pyrrols by a multi-component reaction

Scheme 21 Synthesis of multisubstituted pyrroles from β-amino ketones and nitroolefins
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The application of alk-3-yn-1-one as a starting material allowed
the elimination of the second aromatization step providing the
pyrazoles in one step in good to excellent yields (Scheme 23) [55].

A catalyst-free simple thermal cycloaddition of diazo com-
pounds to alkynes provides pyrazoles in moderate to excellent
yields (Scheme 24). When the reaction is carried out with
a-diazocarbonyl substrates, the reaction can be performed without
solvent, and the products can be isolated in high yields without any
work-up or purification [56].

Due to the practical importance of pyrazoles, new environmen-
tally benign methods are being published frequently. Several recent
papers offer a wide range of synthesis possibilities by catalytic,

Scheme 22 Synthesis of pyrazoles from α,β-unsaturated ketones and hydrazines

Scheme 23 Synthesis of pyrazoles from alk-3-yn-1-ones and hydrazines

Scheme 24 Synthesis of pyrazoles from alkynes and diazo compounds
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multicomponent, or solvent-free reactions [57–59]. Additional
reviews also describe a broad array of contemporary pyrazole syn-
thesis [60, 61].

3.1.3 Furans Polysubstituted furan derivatives have been synthesized in a 2-step
procedure from electron deficient alkynes and α-hydroxy ketones
[62]. The first step consists of an additional reaction of the alcohol
to the triple bond followed by a CuO/CNTs (CNT ¼ carbon
nanotube) catalyzed cyclization (Scheme 25). The reaction pro-
ceeds in good yields, and the heterogenous catalyst could be reused
up to 5 times without notably loss of activity. A similar method was
described using electron-deficient alkynes and 2-yn-1-ols as start-
ing materials [63].

A N-heterocyclic carbene (NHC)-catalyzed three-component
coupling between two aromatic aldehydes and a nitrile results in the
formation of 2,3-diarylated, fully substituted furans in high yields
[64]. The reaction proceeds without the use of a solvent and uses a
thiazolium salt in combination with DBU as catalytic system
(Scheme 26).

It has been shown that furans can be obtained via a poly(ethyl-
ene glycol) (PEG-400) promoted three-component coupling of
isocyanides with α,β-unsaturated aldehydes and dialkyl acetylenedi-
carboxylates (Scheme 27) [65]. The reaction yields polysubstituted

Scheme 25 Synthesis of furans from alkynes and α-hydroxyketones

Scheme 26 NHC-catalyzed synthesis of furans
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furans in high yields, and the PEG-400 could be reused for further
runs after separation from the product. The reaction is thought to
proceed via a zwitterionic intermediate after attack of the isocyanite
on the alkyne.

A similar reaction has been described using water as a solvent
and benzyltriethyl ammonium chloride as a phase transfer catalysts
[66, 67].

3.2 6-Membered

Rings

3.2.1 Pyridines

Pyridines and their synthesis have been the subject of numerous
reviews; most recently, their metal-free multicomponent synthesis
has been reviewed [68].

The synthesis of highly functionalized pyridine derivatives has
been recently described via a Rh-catalyzed [2 + 2 + 2] cycloaddition
of diynes with oximes (Scheme 28) [69]. The reaction produces the
pyridines in medium to high yields and can be run with preformed
oxime or as a one-pot reaction combining the oxime formation
and, after addition of the diyne and the catalyst, the cycloaddition.

The 3-component coupling of aromatic aldehydes, malonitrile,
and thiophenols results in the formation of fully substituted
6-thiopyridines in high yields (Scheme 29) [70]. The reaction
proceeds in PEG-400 as a reaction medium and is used as a catalytic
quantity of K2CO3. The employed PEG-400 could be reused for
up to 4 times without notably drop of product yield. The same
reaction can also be performed using NH4OMe as a catalyst in
MeOH as the reaction medium [71].

The solvent- and catalyst-free synthesis of hydroxylated triar-
ylpyridines was achieved under microwave irradiation (Scheme 30)
[72]. The pyridines are obtained through the coupling of an

Scheme 27 PEG-400 promoted synthesis of furans

Scheme 28 Pyridine synthesis from dialkynes and oximes
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aromatic aldehyde with two molecules of an aromatic ketone in the
presence of NH4OAc as a nitrogen source.

Microwave irradiation was also used in the solvent-free synthe-
sis of fully substituted pyridines (Scheme 31) [73]. In this
4-component coupling reaction, an aromatic aldehyde, an aromatic
ketone, and a malonitrile react in the presence of NH4OAc to yield
the pyridines in short reaction times in medium to good yields.

A similar approach to symmetrically substituted pyridines is
described using a multicomponent domino cyclization-oxadative
aromatization approach [74]. Two molecules of ethyl pyruvate
react with an aldehyde and NH4OAc as nitrogen source to form a
dihydropyridine which undergoes dehydrogenative aromatization
to give pyridines in moderate to high yields (Scheme 32).

Scheme 30 Microwave-assisted synthesis of pyridines

Scheme 31 Synthesis of highly substituted pyridines by microwave-assisted synthesis

Scheme 29 Three-component coupling of aldehydes, malonitrile and thiophenols for the synthesis of pyridines
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Pyridines containing the side chain of amino acids can be
prepared through a decarboxylative cyclization method [75]. An
amino acid and two equivalents of an aldehyde are coupled together
under oxidative conditions using I2/THBP as an oxidative system
(Scheme 33). In contrast to previously described methods, no
metal catalyst is used, and the reaction proceeds under milder
conditions.

3.2.2 Pyrimidines As the synthesis of pyrimidines was recently reviewed [76, 77], only
a selection of the most recent work will be given here.

The synthesis of pyrimidines through a solvent-free multicom-
ponent reaction has been described by Soheilizad et al. [78]. They
could show that the coupling of ketones, triethylorthoformate, and
ammoniumacetate is possible under solvent-free conditions
(Scheme 34). The reaction proceeds with the help of a reusable
acid catalyst.

In a similar approach, Sivagamisundari et al. described the
synthesis of pyrimidines using a silica-bonded S-sulphonic acid
(SBSSA) as catalyst under solvent-free conditions [79]. The reac-
tion proceeds in short reaction times (<1 min) under microwave

Scheme 32 Microwave-assisted multicomponent reaction for the synthesis of pyridines

Scheme 33 Oxidative cyclization reaction for the synthesis of pyridines

Scheme 34 Pyrimidine synthesis via multi-component reaction using a reusable acid catalyst
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irradiation (Scheme 35). When urea is used instead of ammonium
acetate as reagent, the moderate yield of only 43% can be overcome
with the drawback that only the corresponding tetrahydropyrimi-
dines are obtained.

During their investigation on the synthesis of new antibacterial
compounds, Khan et al. found that chalcones are useful substrates
for the synthesis of different heterocycles [80]. When urea or
thiourea is reacted under basic conditions with activation by micro-
wave irradiation, substituted pyrimidines were obtained in good
yield (Scheme 36). A similar reaction forming NH2-substituted
pyrimidines was described by Ezhilarasi et al. [81], substituting
urea compounds with guanidine nitrate. The reaction resulted in
the formation of the desired compounds in medium to good yields.

Babu et al. reported a one-pot reaction furnishing similar sub-
stituted pyrimidines starting from benzaldehydes and acetophe-
nones [82]. A chalcone intermediate is formed in a CuI- and
base-catalyzed reaction before a urea derivate is added and the
pyrimidine is formed (Scheme 37).

Scheme 35 Three-component synthesis of pyrimidines using a solid acid catalyst

Scheme 36 Microwave-assisted condensation reaction for the synthesis of pyrimidines

Scheme 37 Synthesis of substituted pyrimidines in a CuI and base-catalyzed multicomponent reaction
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3.3 Condensed

Heterocycles

The synthesis of condensed heterocycles is an important task in
organic and medicinal chemistry due to the frequent occurrence of
such motifs in bioactive compounds, and they often are potential
lead compounds or drug candidates in the pharmaceutical industry.
Therefore, the development of green and eco-friendly procedures
for their synthesis has been a top priority.

3.3.1 Indoles An effective microwave-induced, solid acid-catalyzed solvent-free
annelation of pyrroles with 1,4-diketones to is substituted indoles
described (Scheme 38) [83]. The new synthetic methodology is
based on the use of a considerably strong solid acid, K-10 mont-
morillonite. The combination of solid acid catalysis, solvent-free
conditions, and microwave irradiation results in excellent yields,
reduces the reaction times, and represents a highly ecofriendly
approach.

A novel one-pot Fischer indole synthesis approach has been
developed by using Brønsted acidic ionic liquids as dual solvent-
catalysts [84]. Yields of 83–97% were obtained after reaction in
BMImHSO4 (1-Butyl-3-methylimidazolium Hydrogen Sulfate) at
70–100 �C in 0.5–6 h, and exclusive formation of 2,3-disubstituted
indoles was observed in the reaction of alkyl methyl ketones and
arylhydrazines (Scheme 39). The indoles produced could be con-
veniently separated from the reaction mixture without any volatile

Scheme 38 Synthesis of indoles via a microwave-assisted, solid acid-catalyzed solvent-free annelation of
pyrroles with 1,4-diketones

Scheme 39 Synthesis of 2,3-disubstituted indoles via the ionic liquid-catalyzed the reaction of alkyl methyl
ketones and arylhydrazines
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organic solvents, and the BMImHSO4 could be readily reused
without efficiency loss after simple treatment involving only
1 equiv. of HCl for reacidification followed by filtration.

The same authors improved their previous attempts
[85]. Novel SO3H-functionalized ionic liquids bearing two alkyl
sulfonic acid groups in the imidazolium cations were designed and
successfully applied as catalysts for the one-pot Fischer indole syn-
thesis in aqueous medium (Scheme 40). The developed methodol-
ogy offered significant improvements: (1) the whole process for the
Fischer indoles was performed in water without using any organic
solvents; (2) the reaction–separation–recycle process was conve-
nient and the catalytic system of [(HSO3-p)2im][HSO4]/H2O
(1,3-bis(3-sulfopropyl)imidazolidin-1-ium hydrogen sulfate/
water) could be reused at least 12 times without an obvious
decrease in catalytic activity; (3) the novel catalytic system could
be successfully applied in the synthesis of indoles from a broad
variety of carbonyl compounds affording good to excellent yields.

Presently, metal organic frameworks (MOFs) have attracted
growing attention from both academia and industry owing to
their outstanding catalytic features. In addition to the well-
demonstrated catalytic activity of pure MOFs [86–90], these mate-
rials are also attractive candidates for catalyst supports because of
their unique porous features. A hydrothermally stable metal-
organic framework, MIL-101, was used as support for a metallic
Pd nanoparticle catalyst [91]. Palladium nanoparticles (<3 nm)
confined in the cages of MIL-101 could be employed as a catalyst
for the domino synthesis of indole derivatives in water
(Scheme 41).

Scheme 40 An improved, ionic liquid-catalyzed Fischer indole synthesis
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3.3.2 Indolizines The first example for biocatalyzed one-pot synthesis for indolizines,
which involves cycloadditions of ethyl propiolate with in situ gener-
ated ylides, in aqueous medium was described [92]. The best results
were obtained when the Candida antarctica lipase (CAL) catalyzed
the biotransformation of 4,40-bipyridine, halide derivatives, and ethyl
propiolate to form indolizines (Scheme 42). The catalytic reactions
with lipase from Candida antarctica produced almost pure indoli-
zines with good yields and in very short time under ultrasonic activa-
tion. As mentioned above, the lipase-catalyzed synthesis was
performed in water, the greenest solvent in contrast to the organic
solvents, usually required for the classical methodologies. The
increasing importance of safety, health, and environmental issues as
well as initiatives in green and sustainable chemistry and the new
perspectives of molecular economy plainly justify this biocatalytic
approach for indolizine synthesis using enzymes.

A series of transition metal-free tandem reactions for the syn-
thesis of indolizines by the reaction of 4-bromobut-2-enoate with
2-acetyl pyrrole derivatives is described (Scheme 43) [93]. These
tandem reactions could be used to synthesize indolizine under mild
and green conditions.

Scheme 41 An aqueous domino synthesis of indole derivatives catalyzed by MOF supported Pd nanoparticles

Scheme 42 A biocatalytic route to indolizines

Scheme 43 A metal-free tandem reaction for the synthesis of indolizines
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3.3.3 Quinolines A green approach, developed to replace the Friedl€ander synthesis
[94] of quinolines, requires neither harsh conditions nor the use of
hazardous acids or bases. The gold(III)-catalyzed sequential con-
densation/annulation reaction of 2-amino substituted aromatic
carbonyl compounds with ketones containing active methylene
groups appears to provide an efficient new tool for the synthesis
of quinolines under mild conditions (Scheme 44) [95].

Hydrotalcites (HTs) are useful solid catalysts for nano-scale
design of active sites because of their unique properties such as
alternating cationic and anionic layers, surface tunable basicity, and
adsorption capacity [96]. A Ru-grafted hydrotalcite was found to
be an excellent multifunctional catalyst for the one-pot synthesis of
quinolines from 2-aminobenzyl alcohol and various carbonyl com-
pounds (Scheme 45) [97]. These quinolines were obtained
through aerobic oxidation by the Ru species, followed by aldol
reaction on base sites of the hydrotalcite. Atmospheric pressure
molecular oxygen was used as a green oxidant.

The preparation of substituted quinoline derivatives through a
Friedl€ander condensation reaction utilizing the ionic liquid,
1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF4], as
reaction medium and iron chloride hexahydrate (FeCl3 · 6H2O)
as a catalyst is described (Scheme 46) [98]. The advantages of using
this method include its environmental friendliness, simple
operating process under both mild and neutral reaction conditions
and good yields. The simple experimental and product isolation
procedures, combined with ease of recovery and reuse of the cata-
lyst and the reaction media, are expected to contribute to the
development of greener and waste-free chemical processes for the
preparation of quinolines.

Scheme 44 A gold(III)–catalyzed sequential condensation/annulation of 2-amino substituted aromatic car-
bonyl compounds with β-ketoesters

Scheme 45 A Ru-grafted hydrotalcite-catalyzed synthesis of quinolines
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Heterogeneous solid acids are advantageous over conventional
homogeneous acid catalysts as they can be easily recovered from the
reaction mixture by simple filtration and can be re-used with or
even without activation, thereby making the process economically
and environmentally more viable. During the last few years, sulfa-
mic acid (NH2SO3H) (SA) has emerged as a substitute for conven-
tional acidic catalysts. Sulfamic acid is a common inorganic acid
with mild acidity, is non-volatile and non-corrosive, and is insoluble
in common organic solvents. A mild and efficient approach for the
synthesis of polysubstituted quinolines via Friedl€ander annulation
using a catalytic amount of SA under solvent-free conditions was
reported (Scheme 47) [99].

A medium chain SO3H-functionalized ionic imidazole-based
liquid was successfully applied as a water tolerant acid catalyst for
the synthesis of quinolines with a one-pot domino approach in an
aqueous medium [100]. Various types of quinolines were prepared
from 2-aminoaryl ketones and β-ketoesters/ketones in 85–98%
yields using this catalytic system (Scheme 48). The ionic liquid
was synthesized in a combinatorial fashion. The quinoline products
could be conveniently separated from the reaction mixture by
filtration, due to the aqueous medium. More importantly, the
catalyst could be easily recycled for 5 times without loss of activity.
The catalytic system possesses the advantages of both homoge-
neous and heterogeneous catalysts.

Scheme 46 An ionic liquid-catalyzed synthesis of quinolines

Scheme 47 Synthesis of quinolines by sulfamic acid catalysis
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A broad variety of 2,4-disubstituted quinolines were synthe-
sized by a three-component reaction of anilines, benzaldehydes,
and terminal phenylacetylenes in the presence of K-10 montmoril-
lonite under solvent-free conditions (Scheme 49) [101]. All
attempted combinations of the three components resulted in the
formation of the corresponding 2,4-diarylquinolines in good to
excellent yields. The catalyst could be recycled; the catalytic activity
was unaltered even after 5 cycles.

3.3.4 Carbazoles A new, effective, solid acid-catalyzed synthesis of substituted carba-
zoles is described by Abid et al. [69]. The method provides the
products in very high yields and excellent selectivities in short
reaction times (Scheme 50). In addition to efficiency, the solvent-
free environment, solid acid catalysis, very limited energy consump-
tion, and waste-free nature make the process very attractive for the
environmentally benign synthesis of the carbazoles. This work
represents the first effective method that is based on a successive
solid acid-catalyzed Friedel–Crafts cyclialkylation/annelation for
the synthesis of the substituted carbazoles.

Scheme 48 Synthesis of quinolines catalyzed by an SO3H-functionalized imidazole-based ionic liquid

Scheme 49 A K-10 montmorillonite-catalyzed microwave-assested synthesis of quinolines
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A green and efficient preparation of functionalized carbazoles
via reductive ring closure by 1,2-bis(dipenylphosphino)ethane
(DPPE) under solvent-free conditions is described (Scheme 51)
[102]. One general method for carbazole synthesis is the Cadogan
cyclization [103] which involves the reductive cyclization of
2-nitrobiphenyl derivatives in the presence of trivalent organophos-
phorus reagents. P(OEt)3 and PPh3 are usually employed as reduc-
tants, and P(OEt)3 is also used as solvent in the reactions. The
reductive cyclizations with P(OEt)3 suffer from several drawbacks.
To overcome the drawbacks, DPPE is employed as a greener alter-
native. The starting 2-nitrobiphenyl derivatives are readily prepared
through the Suzuki-Miyaura cross-coupling reaction from com-
mercially available compounds. The polar by-product ethane-1,2-
diylbis(diphenylphosphine oxide) is easily removed from the rela-
tively polar reaction mixture. Various substituted carbazoles are
obtained in acceptable yields. It is particularly worth mentioning
that substrates with electron-withdrawing groups also give the
desired products in good yield.

Metal oxide-supported palladium hydroxide (Pd(OH)2/MOx)
catalysts enabled the oxidative intramolecular coupling of diaryla-
mines to carbazoles via double aryl C–H bond functionalizations
with molecular oxygen as the sole oxidant (Scheme 52)
[104]. While supported PdO, Pd, and palladium acetate catalysts
showed poor catalytic performance, supported Pd(OH)2 exhibited
remarkably high catalytic activity. Among supported Pd(OH)2

Scheme 50 Synthesis of carbazoles by a K-10-catalyzed microwave-assisted annelation of indoles with
1,4-diketones

Scheme 51 Synthesis of functionalized carbazoles via reductive ring closure
catalyzed by 1,2-bis(dipenylphosphino)ethane (DPPE)

26 Christian Sch€afer et al.



catalysts, Pd(OH)2/ZrO2 was found to be the most efficient cata-
lyst in terms of both catalytic activities and selectivities for the
synthesis of carbazoles.

3.3.5 Carbolines An efficient and practical solvent-free synthesis of novel or useful
δ-carbolines has been developed [85]. A wide variety of functiona-
lized 3-nitro-2-phenylpyridine derivatives were used to prepare the
desired aza-heterocycles in good to excellent yields, and various
functional groups are tolerated well (Scheme 53). The advantages
of this method include its environmentally benign, simple manipu-
lation, and high regioselectivity. This is the first time that 1,2-bis
(Diphenylphosphino)-ethane (DPPE) was used as a reductant in
Cadogan cyclization.

The bifunctional (metal/acid) Pd/C/K-10 catalyst was applied
in a multistep synthesis of β-carbolines starting with tryptamines
and carbonyl compounds such as benzaldehyhdes and aromatic
glyoxals, respectively (Scheme 54) [105]. The final products are
formed in a one-pot, three-step domino sequence. In the first step,
the aldehyde/glyoxal is condensed with the primary amino group
of the tryptamine to form an imine. In the second step, the imine
underwent a K-10-catalyzed Pictet–Spengler cyclization reaction.
In the third and final step, the tetrahydro-β-carboline intermediate
was dehydrogenated by Pd/C to form β-carbolines in good to
excellent yields.

Scheme 52 A Pd-catalyzed oxidative intramolecular coupling of diarylamines to
carbazoles

Scheme 53 Synthesis of carbolines from functionalized 3-nitro-2-
phenylpyridines
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3.3.6 Dibenzofurans ZrO2 supported Pd(OH)2 catalyst promoted the intramolecular
oxidative coupling of C–H bonds of diarylethers to afford diben-
zofurans with high selectivity using molecular O2 as a green oxidant
(Scheme 55) [91]. The yield was 71–84% except 4-bromodiphenyl
ether which gave only 9% desired product. This is due to the
formation of debrominated diphenyl ether. It suggested that oxi-
dative addition of 4-bromodiphenyl ether to Pd(0), which was
formed in situ, occurred to produce debrominated substrate,
diphenyl ether. At the same time, the oxidative coupling of diphenyl
ether was significantly inhibited. It is likely that Pd is deactivated
once the Pd-Br bond is formed, although the Pd-Cl bond does not
affect the catalyst activity.

The photochemical conversion of selected hydroxylated poly-
brominated diphenyl ethers (OH-PBDEs) to dibenzofuran and
other products was also investigated (Scheme 56) [106]. The start-
ing OH-PBDEs are both transformation products of polybromi-
nated diphenyl ethers and naturally occurring compounds. The aim
of this work was to investigate the photochemical degradation of

Scheme 54 A microwave-assisted synthesis of β-carbolines by a bifunctional Pd/C-K-10 catalyst

Scheme 55 A Pd-catalyzed intramolecular oxidative coupling of diaryl ethers to
dibenzofurans

Scheme 56 Photochemical coupling of polybrominated diphenyl ethers to dibenzofurans
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three different OH-PBDEs. While the reported photoproducts are
concerning from a toxicity standpoint (polybrominated dibenzofu-
ran, dioxins, phenols, and dihydroxybiphenyls), this work could
serve as a foundation for the development of a green synthetic
pathway to dibenzofuran without any toxic catalyst and solvent.
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Chapter 2

Greener Methods for Amide Bond Synthesis

Nathan J. Oldenhuis, Aaron M. Whittaker, and Vy M. Dong

Abstract

The amide bond is an important linkage ubiquitous in nature and technology found in many small
molecules and materials. Formation of amide bonds is most easily accomplished via condensation at high
temperatures using amines and carboxylic acids, but peptide coupling agents are pervasively used to form
amides under milder conditions. While these coupling agents are robust synthetic reagents, they are
generally used in super stoichiometric amounts which can be disadvantageous due to their sensitizing
nature and lack of atom economy. This chapter presents a brief survey of “greener” methods to form amides
via the catalytic use or release of small benign molecules such as H2 or H2O. Both heterogenous and
homogenous catalytic systems will be discussed. We will group catalytic methods by which functional
moieties (e.g., alcohol, aldehyde, nitrile, azide, and acid homologs) are used as starting materials for the
reaction. We hope to inform the reader of the broad scope of “green” amide bond-forming reactions which
can be used in lieu of canonical peptide coupling reagents.

Key words Amides, Green, Catalysis, Hydrogen borrowing, Amidation

1 Introduction

Amide bonds stitch together life’s most basic building blocks to
create various peptides and proteins. Moreover, amides are com-
mon intermediates and targets in the creation of new materials and
medicines. Due to the importance of these bonds, there now exists
many ways to create amide linkages to access endogenous biomo-
lecules, as well as non-endogenous pharmaceuticals, synthetic pro-
teins, and more, by a robust set of reagents and methods [1–
3]. Most commonly used are coupling reagents, which operate by
activating a carboxylic acid for nucleophilic displacement by an
amine nucleophile (Fig. 1). These transformations are general and
high yielding, but require an excess of the coupling reagent, as well
as a stoichiometric amount of base to prevent insoluble carboxylate
ammonium salt formation. The excess reagent used in these reac-
tions is wasteful and can often be toxic. A survey of pharmaceutical
manufacturers in 2005 named “amide formation avoiding poor
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atom economy reagents” the number one challenge to address in
the coming years [4].

In response to this challenge, several new amide-forming reac-
tions have emerged to improve atom economy [5–9]. Methods that
form amides by catalysis via the release or use of small benign
molecules, such as H2O, O2, N2, H2, etc. are targeted to decrease
waste. This chapter will survey amide bond formation through the
use or loss of H2. For other promising approaches using catalysis,
we point readers to recent reviews [1, 8, 10]. Relevant catalytic
methods involving the transfer of other small benign molecules
(water, nitrogen, etc.) will be included briefly for topical clarity,
and amidation reactions involving the transfer of hydrogen from
aldehydes, esters, azides, and nitriles will also be covered.

2 Dehydrogenative Amide Synthesis (DAS)

2.1 Dehydrogenative

Amide Synthesis (DAS)

Using Alcohols

and Amines

The first example of amide synthesis from amines and alcohols was
explored by Murahashi with the formation of lactams from amino-
alcohols in the presence of RuH2(PPh3)4 [11]. Using aldehydes
and secondary amines, both γ and δ lactams were synthesized using
this system as well as tertiary amides. In this seminal work, a
stoichiometric amount of a hydrogen acceptor (benzylacetone)
was required to remove the equivalent of hydrogen from the ruthe-
nium and turn over the catalytic cycle. When the hydrogen acceptor
was removed from the reaction, the authors noted that direct
amination via dehydration occurred instead. Similar catalytic activ-
ity for lactam formation was observed using Ru3(CO)12,
RuCl3 · H2O, RuCl2(PPh3)3, and RhCl(PPh3)3. Many of these
metal complexes make later appearances in this chapter as precur-
sors for more robust catalytic systems.

Milstein demonstrated the first dehydrogenative bimolecular
amide formation from alcohols and amines using a novel tridentate
phosphine-nitrogen-nitrogen (PNN)-type ruthenium(II) pincer
complex (Fig. 2) [12]. The pyridine-based pincer complex had
previously been shown to catalyze ester formation upon activation
with base from alcohols via the direct elimination of hydrogen gas
from the catalyst. The elimination of dihydrogen directly from the
catalyst after oxidation was facilitated via a Lewis basic site formed
through dearomatization of the pyridine on the ligand and the
Lewis acidic ruthenium [13–15]. During their optimization stud-
ies, the authors found that amide formation was favored over ester

Fig. 1 Traditional approach to amide bond formation via activated carboxylic acid
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formation as well as imine and amine formation. Considering the
oxidative route displayed in Fig. 3, after the alcohol (3a) is oxidized
to the carbonyl complex (3b), both the amine and the alcohol
could attack 3b producing either a hemiaminal (3c) or a hemiacetal
(3g). From there, a number of competitive pathways are possible.
The hemiacetal can undergo oxidation to generate the ester prod-
uct (3h). The hemiaminal (3c) can undergo dehydration to afford
the imine (3e), which upon reduction by the metal-hydride would
yield an amine (3f). Finally, the catalyst can oxidize the hemiaminal
to yield the amide (3d). The robust pincer complex affords a variety
of secondary amides, with only 0.1 mol% of the active complex 2b
formed in situ needed for the reaction to go to completion (Fig. 4).
The elimination of stoichiometric reagents, production of

Fig. 2 Pyridine-based PNN-pincer complex for amide bond formation

Fig. 3 Potential amidation side products

Fig. 4 Selected examples of DAS using complex 2a
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hydrogen gas as the only by-product, and eventual commercial
availability demonstrated that not only was green amide bond
formation possible but could become economically viable.

While looking for catalysts for amine alkylation with alcohols,
Madsen found that ruthenium(II) N-heterocyclic carbene (NHC)
phosphine complexes formed amides almost exclusively (Fig. 5)
[16]. Considering the reaction pathway outlined in Fig. 3, it is
easy to see that dehydrogenative amide synthesis (DAS) could
compete with alkylation pathways. The use of Ru(COD)Cl2 with
imidazolium salt 5a, tricyclopentylphosphine, and potassium tert-
butoxide gave the highest yield of amides under reflux in toluene. A
variety of primary amines and alcohols yielded secondary amides in
excellent yields. Stereocenters on both the alcohol (5c) and amine
(5d) were not racemized during the transformation. One example
of a tertiary amide was shown using a secondary amine, but in order
to obtain an appreciable amount (40% isolated yield) of amide, the
mixture had to be refluxed in mesitylene (5e). This work showed
that a ruthenium(II)-NHC complex formed in situ performed DAS
but required much higher (5 mol% vs. 0.1 mol%) catalyst loadings
and longer reaction times (24 h vs. 6–12 h) compared to Milstein’s
original report.

Milstein’s report revived an interest in identifying catalytic
methods for DAS. Several studies investigating the mechanism
and new catalysts have since appeared. Another ruthenium(II)-
based system was subsequently discovered by the Williams group
[17]. [Ru( p-cymene)Cl2]2 was complexed with bis
(diphenylphosphino)butane (dppb) in the presence of cesium car-
bonate and refluxed in t-BuOH to form a variety of amides from

Fig. 5 Madsen’s NHC complex formation for DAS
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alcohols and amines (Fig. 6). In accordance with the work to date,
the methodology was largely limited to less bulky aliphatic amines
and alcohols (6a, 6c). Of note, a tertiary amide was formed using
morpholine, but the yield in this case was lower (6b). 2.5 equiva-
lents of 3-methyl-2-butanone were used as the hydrogen acceptor,
and both this ketone and the corresponding alcohol formed upon
reduction can easily be removed after reaction due to their low
boiling points (~110 �C). This systemwas considered advantageous
compared to Milstein’s PNN complex (2b) due to the convenient
procedure and use of both a commercially available ligand and
ruthenium source. However, lower isolated yields, higher catalyst
loadings, and longer reaction times were also observed.

The Grützmacher group departed from the use of ruthenium
and reported DAS from alcohols and amines using a rhodium
(I) complex [18]. This work focused on reducing the high tem-
peratures required for amide formation required by both the previ-
ously developed methods. While the [Rh(trop2N)(PPh3)] (Fig. 7,
7b) looks much different than both the complexes used by Milstein
and Madsen, it was designed to contain the same “cooperative
ligand” effects as the Milstein catalyst (a Lewis acidic site and a
Lewis basic site). According to density functional theory (DFT)
calculations performed by Grützmacher, the Lewis basic nitrogen
atom (HOMO) and the Lewis acidic center on the rhodium
(LUMO) activate dihydrogen heterolytically. While the protocol
formed carboxylic acids, esters, and amides in good yields at ambi-
ent temperatures (~25 �C), the procedure required a hydrogen
acceptor (5 equivalents of cyclohexanone, or methyl methacrylate)

Fig. 6 DAS using dppb as a ligand and 2-methyl-3-butanone as a hydrogen acceptor
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to turn over the catalyst. Using the activated complex (7b) directly
versus the precatalyst (7a) and base, one can produce primary
amides by DAS from ammonia and primary alcohols (7c–7e).
This result represents the first-time ammonia could be activated in
a DAS reaction. Benzylamine was also utilized for the formation of
secondary amides.

Until 2009, all the complexes used for catalytic amide bond
formation from amines and alcohols used phosphine ligands to
facilitate the reaction. The Hong group sought a phosphine-free
catalytic system to decrease catalyst deactivation through the
decomposition of tertiary phosphines via either heat or air
[19]. Both [Ru(p-cymene)Cl2]2 (method A) and [Ru(benzene)-
Cl2]2 (method B) in tandem with catalytic amounts of sodium
hydride, an imidazolium salt (8a), and a ligand (pyridine or aceto-
nitrile) produce a variety of amides under reflux conditions in
toluene (Fig. 8). The reaction times were slightly longer (36 h),
due to a lower catalyst TON as compared to Milstein’s 2007 work.
However, compared to the work by Williams ([Ru(p-cymene)Cl2]2
and dppb), no hydrogen acceptor was required, thus providing an

Fig. 7 Rhodium(I) trop2N complex for DAS
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advantage in terms of atom economy. Both catalyst systems were
tolerant of aliphatic alcohols and amines to yield secondary amides
and showed some effectiveness for tertiary amide formation. Piper-
idine, morpholine, and N-methylbenzylamine are coupled with
various alcohols to give the corresponding tertiary amides 8b, 8c,
and 8d in good yields. For tertiary amide formation with N-
methylbenzylamine, reflux in mesitylene was required. Using either
method, no reactivity was observed with dibenzylamine due to the
high steric encumbrance.

Several follow-up studies were published by Hong [20–22] and
Madsen [23] to more thoroughly investigate the formation, mech-
anism and substrate scope of the ruthenium NHC based-systems
for DAS. The Hong group created amidation catalysis using more
economical ruthenium(II) or ruthenium (0) sources (such as
RuH2(PPh3)4, RuCl3, Ru(cod)(cot), Ru Black, Ru on Al2O3, and
Ru3(CO)12), an NHC precursor, base, and a ligand. A comparison
of the ligands, bases, and ruthenium sources is shown in Fig. 9.
Both Hong and Madsen showed that Grubb’s olefin metathesis
catalysts are able to mediate the formation of amide bonds from
amines and alcohols as well. This work demonstrated that almost
any ruthenium-based NHC catalyst showed some degree of activity
for amide bond formation. An additional example was provided by
Albrecht using a triazolylidene complex instead of an imidazolium-
based one (Fig. 10) [24].

Fig. 8 Formation of tertiary amides by Ru-NHC complexes
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Tertiary amide formation using primary alcohols and secondary
amines has been especially challenging. Both Madsen and Hong
tried to enhance the formation of tertiary amides by reducing the
steric bulk of the “wingtip” groups (functional groups on the
N position of the imidazolium) on the imidazolium salt. Unfortu-
nately, this change did not enable the formation of tertiary amides,
and in all cases to this date, iso-propyl substituents remain the best
for amide formation. Both Madsen and Hong did not observe
primary amides using ammonia (or its surrogates) with the NHC

Fig. 9 Comparison of ruthenium NHC complexes for DAS (Cy cyclopentyl)

Fig. 10 Triazolylidene ruthenium(II) complex for DAS
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complexes, in contrast to the Rh(I) system reported by Grützma-
cher. The substrate scope was still largely limited to unhindered
aliphatic amines and alcohols, but both Madsen and Hong were
able to show lactam formation from α,ω amino alcohols and the
ability to form tertiary amides from minimally hindered secondary
amines. Hong further demonstrated that using RuH2(PPh3)4 as a
precursor rather than [Ru( p-cymene)Cl2]2 to generate an NHC
complex greatly increased the ability of the ruthenium(II) complex
to form amides directly from aldehydes and amines as well as from
alcohols and amines. For more details, see Subheading 3.2.

To elucidate the structure of the active catalyst, both Madsen
and Hong prepared a variety of ruthenium NHC complexes (11a)
(Fig. 11). They postulated that 11b is the active catalytic species as
free p-cymene was observed while monitoring the reaction via 1H
NMR indicating disassociation. Preliminary mechanistic studies
showed that the formation of a ruthenium hydride species through
the action of a base was likely a key step in forming the active
catalytic species. Amide bond formation was not observed when
no base was added. An interesting observation by Madsen was that
imine formation seemed to hinder amide formation. Amines were
combined with mixtures of aldehyde (which condenses with the
amine to form the imine immediately) and alcohol to measure if the
amide product was still observed. Formation of the amide product
decreased as the amount of aldehyde present in the system
increased. This indicated that the aldehyde formed from oxidation
of the alcohol must stay partially or fully coordinated to the catalyst
during the reaction and remains on the metal center until a suitable
nucleophile approaches.

Hong followed up with a paper addressing the formation of
tertiary amides from secondary amines and alcohols using a NHC
pre-catalyst derived from [Ru(benzene)Cl2]2 (Fig. 12) [25]. Much
like their previous investigations, preparing the ruthenium
(II) NHC “pre-catalyst” beforehand, rather than in situ, led to
more efficient tertiary amide bond formation (12b–12d). They

Fig. 11 In situ generated ruthenium NHC catalyst species
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postulated that the dissociation of the arene is necessary to form the
active catalytic species. An increased reaction rate was observed
using the benzene complex over the p-cymene complex. This effect
was attributed to the less sterically hindered and more electron-
deficient benzene being able to disassociate faster to form the active
complex. However, ester formation was observed using 12a, and
not in the case of the p-cymene complex. Increasing the amount of
base (35 mol%) was necessary to increase tertiary amide formation,
with a simultaneous decrease in ester formation. The authors did
not rule out the possibility that ester formation might occur fol-
lowed by transamidation with the secondary amine to yield the
desired product. In summary, this work was the first to demonstrate
tertiary amide synthesis in reasonable yields, as well as the ability to
step away from unencumbered secondary amines to use bulkier
secondary amines such as dibenzyl amine. In similar work reported
by Milstein in 2013, a new dipyridine PNN (13a) type catalyst was
shown to have activity toward tertiary amide formation (13c–13d)
but could not react with highly sterically encumbered dibenzyla-
mine (13b) (Fig. 13) [26].

To deduce what components of catalyst design were important
for DAS, the Crabtree group studied a variety of diphosphine
diamine catalysts (Fig. 14) based on an amidation catalyst devel-
oped by theWilliams group (14a) in a model lactamization reaction
[27]. In the cases where the diphosphine was not present, much

Fig. 12 Ruthenium NHC complex for tertiary amide formation
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Fig. 13 Ruthenium PNN complex for tertiary amide formation

Fig. 14 Diphosphine diamine complexes prepared for study of DAS synthesis
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lower activity in lactam formation was observed (14e). In the
diamine, if there were no N–H bonds present, TOFs were reduced
(14b, 14d). They reasoned through computational studies that the
N–H bond helps stabilize both the aldehyde and hemiaminal inter-
mediates through preventing them from disengaging from the
catalyst and forming imines, which can interrupt and shut down
the catalytic cycle (14a, 14c, 14f). While the structures of these
catalysts were similar to previously mentioned systems, Crabtree’s
study provided insights to influence future catalyst design.

In a follow-up study, Milstein focused on making cyclic dipep-
tides, as well as pyrazines using their PNN- (15a) and PNP-based
(15b) pincer complexes (Fig. 15) [28]. β-Amino alcohols in com-
bination with the PNN complex were shown to favor forming the
cyclic dipeptide (15c, 15d). When alaninol (R¼Me) was used, the
polyamide was obtained instead. Pyrazine formation could be pro-
moted with the PNP complex (15b) which is known to promote
imine formation over amide formation. A cyclic diimine intermedi-
ate is obtained that spontaneously oxidizes to the substituted pyr-
azine (15e, 15f). Accessing symmetrically substituted pyrazines is
an important advance because these structures are present in a
number of pharmacologically active complexes.

In a related study, the Glorius group used methanol as the
alcohol in DAS to form primary formamides. To drive the reaction
to completion, a new NHC ruthenium(II) complex was developed
derived from [Ru(cod)(2-methylallyl)2] and the imidazolium salt
16a (Fig. 16). Previous catalysts were unsuccessful for this

Fig. 15 Synthesis of cyclic dipeptides and pyrazines using amino alcohols and PNN or PNP Ru complexes
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transformation because the formation of formamides is thermody-
namically disfavored. There was a concern that urea derivatives
could be formed under the reaction conditions through oxidative
amidation of the formamide product. However, formamide forma-
tion through DAS proceeded in good yields (16b–16e). Styrene
was required as an additive in the production of the formamides in
high yields because the catalyst could not turnover without the
assistance of a hydrogen acceptor.

With a focus on the oxygen-source, Milstein developed an
amidation methodology using water to oxidize cyclic amines to
lactams [29]. With the more active acridine PNP complex 17a,
secondary cyclic amines are activated via the removal of hydrogen
to form an imine and then through reversible hydration to form the
hemiaminal. Finally, the catalyst oxidizes the hemiaminal to form
the lactam in good yields (17b–17e) (Fig. 17). They also report the
synthesis of lactams from diols and ammonium hydroxide as an
ammonia equivalent. The oxidation of amines using water is a
major advancement in green oxidation methods for DAS, but at
this point requires rather harsh conditions in the form of high
reaction temperatures, and only gives modest yields.

In a collaborative study, Dong and Guan reported the synthesis
of secondary and tertiary amides using a commercially available
PNP catalyst Ru-Macho (Fig. 18, 18a) [30]. Originally developed
for ester hydrogenolysis, the authors recognized in line with other
studies [6] that these catalytic processes are often reversible and can
be applied to ester formation and amide formation from amines and

Fig. 16 Formylation of amines with methanol via DAS
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alcohols. A reduction in steric hindrance around the ligand back-
bone allowed for the synthesis of tertiary amides in good yields
without the need for elevated reaction temperatures (18b–18e).

Despite the dominance of ruthenium-based catalysts for DAS,
recent advances in this field have been enabled by the use of
alternative transition metals. Hull and Nguyen addressed a long-
standing steric limitation of DAS through the use of a rhodium

Fig. 17 DAS of formamides using water as oxidant

Fig. 18 DAS using a less sterically encumbered commercially available PNP catalyst
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Xantphos catalyst [31]. Although this method requires the use of
trifluoroacetophenone as a hydrogen acceptor, it enables the syn-
thesis of α,α,α-trisubstituted amides from alcohols and amines for
the first time (Fig. 19).

In the interest of creating a more sustainable and cost-effective
protocol, earth abundant transitions metals have also begun to gain
traction. While many approaches result in large amounts of stoi-
chiometric waste [32], two systems with no organic terminal oxi-
dant have emerged. Milstein developed the first manganese pincer-
catalyzed acceptorless dehydrogenative coupling of alcohols with
benzylamines [33] or benzyl alcohols with ammonia [34] to pro-
vide the corresponding N-benzyl secondary amides. Separately
Stahl and coworkers developed a copper-nitroxyl system with oxy-
gen as the terminal oxidant. The mild conditions of this base metal-
catalyzed transformation enabled a broad scope of drug-like mole-
cules to be functionalized (Fig. 20) [35, 36].

2.2 Mechanistic

Considerations

of Homogeneous DAS

To date, several mechanistic studies have been published with a
focus on DAS (dehydrogenative amide synthesis). To prevent
redundancy, we direct the readers to the studies themselves for an
in-depth discussion of the mechanistic considerations for each of
the catalytic systems studied [37–44]. In this brief section, we will

Fig. 19 Rh-catalyzed DAS for the synthesis of α,α,α-trisubstituted amides

Fig. 20 Base metal-catalyzed DAS between alcohols and amines
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provide what we consider to be the most important mechanistic
facets of DAS from alcohols and amines across the catalysts previ-
ously surveyed. There are two mechanistic pathways that will be
discussed, as well as the energetics of amide bond formation versus
the competing pathways listed in Fig. 3.

In a simplified view of the reaction, DAS can be summarized in
the four key steps illustrated in Fig. 21. Initially, a metal complex
oxidizes an alcohol to an aldehyde via removal of hydrogen. The
catalyst then eliminates the equivalent of hydrogen directly, or with
the help of a hydrogen acceptor, while simultaneously the aldehyde
undergoes nucleophilic attack by the amine to form the hemiaminal
intermediate. In the final step, the hemiaminal is further oxidized
by the catalyst to form the amide product with the catalyst regen-
erated via removal of hydrogen.

Upon the discovery of DAS, the operative mechanism was
thought to involve β-hydride eliminations from both the alcohol
and hemiaminal as the key steps to form a supposed aldehyde
intermediate and product, respectively (Fig. 22). This β-hydride
elimination could potentially be operative in all the above-
mentioned systems but requires the amine group of the PNN
ligand to be hemilabile in order to allow an open coordination
site on the ruthenium center (Fig. 23). This disassociation is
thought to be too high in energy to be feasible. However, pincer
ligands presented by Milstein, Grutzmacher, Dong, and Guan
could proceed through an additional mechanism involving a
bifunctional double hydrogen transfer (BDHT) (Fig. 24). In the
BDHT mechanism, no hemilabile ligand is required, which could

Fig. 21 Key mechanistic steps of DAS from alcohols and amines
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explain why the pincer complexes (used by the Grutzmacher group
and the Dong/Guan group) facilitate DAS despite lacking this
feature.

In light of the possible reaction pathways, common observa-
tions found during the initial studies help confirm certain mecha-
nistic aspects of DAS from alcohols and amines. For example, the
free aldehyde and hemiaminal tend not to be observed during the
course of the reaction, despite early theories that the hemiaminal
re-binds to the catalyst after being initially formed in solution. This
suggests that the aldehydic intermediate must remain bound to the
catalyst during the overall oxidation process from alcohol to amide.
This proposal is further supported by the observation that the
catalysts, which are observed to release the aldehyde after the initial
oxidation, favor direct amination and imine formation as opposed
to amidation. If hemiaminal formation occurs through a
non-catalytic pathway, dehydration to either the imine [41, 45] or
amine product out-competes sequential oxidation to form the

Fig. 22 Schematic of β-hydride elimination of alcohols and hemiaminals

Fig. 23 Example of hemilabile ligand site required for β-hydride elimination of alcohol using PNN catalyst

Fig. 24 BDHT mechanism operating on PNN pincer ligand. No hemilabile site is required
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amide. For a catalyst to be active in DAS, the oxidation of the
hemiaminal species by the catalyst must out-compete dehydration
to imine intermediates.

These mechanistic studies demonstrate that DAS mainly
out-competes dehydrogenative ester synthesis, and computational
studies [41] show that hemiaminal formation is favored over hemi-
acetal formation (the intermediate in dehydrogenative ester synthe-
sis) when using primary amines. Unsurprisingly, when sterically
hindered secondary amines are considered, the rate of hemiacetal
formation is faster than hemiaminal formation due to the fact that
the lower nucleophilicity of secondary amines makes the hemiam-
inal formation higher in energy than hemiacetal formation. This
trend was observed in several cases, and when highly sterically
encumbered amines are used in DAS, ester formation is exclusively
observed.

2.3 Heterogeneous

Catalysis for Amide

Bond Formation

As the chemical industry initiated a push for the development of
new amidation methods, the potential for heterogeneous catalysis
for DAS from alcohols and amines emerged. Heterogeneous cata-
lysts are reusable and can easily be separated from the reaction
mixture for further use, a property that gives them a distinct
advantage over homogeneous catalysts, which are difficult to
recover, and as such can often only be used once. As a caveat, this
review does not classify heterogeneous amide formation from
amines and alcohols as strictly dehydrogenative. Aerobic oxidation
processes are also common among the heterogeneous catalysts
surveyed requiring only that the transformation be exposed to air.
In these cases, water (rather than hydrogen) is the by-product. In
addition to these oxygen-mediated reactions, we survey cases where
the transfer of hydrogen is involved and a high atom economy
observed.

Shortly after the report of bimolecular DAS by Milstein, the
Christensen group reported that gold supported on TiO2 is able to
oxidize amines using molecular oxygen at high temperatures to
form amides (Fig. 25) [46]. In bimolecular experiments with
amines and alcohols, homocoupling of the amines was observed
as a competing side reaction arising through direct oxidation of the
amines. This reactivity was exploited in the conversion of
1,6-hexanediamine into caprolactam, and the authors also investi-
gated using cyclohexyl amine and found that in this case oxime
formation occurred. The study demonstrated only one intermolec-
ular amide synthesis in relatively low yield but showed the feasibility
for a dehydrogenation pathway to operate.

Mizuno reported oxidation of amines using water and an
alumina-supported ruthenium hydroxide catalyst which afforded
primary amides [47]. Initial investigation and optimization of the
catalyst showed that many oxidative and reductive products could
be obtained using different catalyst systems (Fig. 26), and changing
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the metal supported on the alumina had drastic effects on the
product distribution obtained. Only ruthenium hydroxide was
shown to have high catalytic activity and selectivity for amide
formation. Other ruthenium sources were shown to have both
less activity and little selectivity for amide bond formation. After
the conditions were optimized, Mizuno and coworkers were able to
demonstrate the synthesis of a variety of corresponding primary
amides in excellent yields (Fig. 27). Even a coordinating pyridyl
substrate (27c) was tolerated, which is relevant for pharmaceutical
applications.

The next advance came in 2009 when Satsuma found that
alumina-supported silver clusters were able to form secondary and
tertiary amides from alcohols and amines [48]. A variety of different
metals were complexed with alumina in differing amounts to form a
variety of nanoparticles. In contrast to the report fromMizuno, the
ruthenium system exhibited no activity in DAS, with silver found to
be the metal displaying the highest activity. A TON of about ~130

Fig. 25 Heterogeneous catalysis of amines and alcohols to form amides

Fig. 26 Mixed oxidative and reductive products obtained during catalyst screening for heterogenous DAS
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was measured for the catalytic process using morpholine, p-fluor-
obenzyl alcohol, with Cs2CO3 as an additive to activate the catalyst
(Fig. 28). The catalyst was recovered using centrifugation,
re-generated via a series of heat treatments, and used three more
times without significant loss of activity. The silver clusters were
able to tolerate a variety of aliphatic amines (most notably some
secondary amines, 28a–28d) and alcohols. The reaction is believed
to be facilitated by both the metal cation and the acid-base sites on
the alumina support with the Lewis acidic silver atoms facilitating
the abstraction of hydride from the reactants, while the acidic and
basic sites on the alumina enable the pairing of the hydride with a
proton and the subsequent evolution of hydrogen gas. The authors
corroborate this idea by showing that silver supported on alumina is
much more electronegative than the other metal species tested,
with this property correlating with the observed activity of the
catalyst system.

Using gold supported on nickel oxide, the Haruta group
demonstrated the formylation of amines with methanol in the
presence of oxygen [49]. During the optimization of the catalyst
system, a range of oxidative and reductive products were obtained.

Fig. 27 Oxidation of amines with water and a solid ruthenium hydroxide catalyst supported on alumina

Fig. 28 Silver nanoparticle catalyzed DAS from alcohols and amines
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Reaction of amines typically resistant to conventional formylation
conditions was performed in good yields (Fig. 29, 29a–29c). A
stoichiometric amount of oxygen was shown to be required for the
reaction to go to completion, indicating that it was not catalytic at
the surface of the nanoparticle.

In a further development by the Friend group in late 2009, a
mechanistic study into the formation of DMF from dimethylamine
and formaldehyde mediated by silver surfaces yielded new informa-
tion [50]. Oxygen was adsorbed onto the surface of the silver,
deprotonating the amine and binding it to the catalyst surface
(Fig. 30). The bound amine then attacked the aldehyde and formed
a hemiaminal. Dehydration or dehydrogenation then occurred
forming the amide along with an equivalent of either dihydrogen
or water.

Fig. 29 Formylation of amines using methanol and oxygen

Fig. 30 Proposed mechanism of oxygen assisted amidation
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In a 2010 paper published by the Sakurai group, formylation of
amines with methanol via a gold-PVP (poly(N-vinyl-2-pyrroli-
done)) cluster was reported [51]. The reaction was thought to
proceed by aerobic oxidation of the methanol to a formyl group
on the catalyst surface followed by condensation with an amine to
form an intermediate hemiaminal. This hypothesis was confirmed
by demonstrating the oxidation of methanol to formaldehyde using
the catalyst, which was then successfully utilized to formylate a
variety of amines (Fig. 31).

In the following years, a variety of different heterogeneous gold
catalysts were shown to form amide bonds with notable works
including systems developed by Deng [52], Luque [53], Zhang
[54, 55], Wang [56], and Kobayashi [57, 58]. These methods all
offer an efficient way to produce amide bonds from alcohol and
amines. In a number of cases, aldehydes can also be utilized to
generate the desired amides (see Subheading 3).

Departing from the use of gold, silver, and ruthenium, the
Mizuno group demonstrated that manganese oxide nanoparticles
were able to form primary amides directly from alcohols and aque-
ous ammonia [59]. Manganese oxide-based octahedral molecular
sieves (KMn8O16: OMS-2) are known to catalyze the dehydroge-
nation of alcohols to aldehydes, the dehydrogenation of aldimines
to nitriles, and the hydration of nitriles independently (Fig. 32).
Under aerobic conditions, all three steps were theorized to be
taking place ultimately forming primary amides. This was further
supported by demonstrating amidation of aldehydes and hydration
of nitriles using the same catalytic conditions. A variety of primary
amides were obtained in good yields (Fig. 33). Further works using
the same catalyst showed amines could be oxidized aerobically to
primary amides [60], as well as a further mechanistic investigation
using a similar cryptomelane (a mineral) type manganese oxide-
based octahedral molecular sieve [61]. A similar report of manga-
nese oxide supported on graphene by Xiao was also highly active for

Fig. 31 Formylation of N-methylaniline with methanol

Fig. 32 Proposed reaction pathway of manganese-mediated amide synthesis
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amide bond formation [62]. These manganese oxide-based cata-
lysts represent an important advancement, as there are limited
catalytic systems able to synthesize primary amides using ammonia.

3 Oxidative Amidation of Aldehydes

There is a propensity of naturally occurring and inexpensive com-
mercially available aldehydes, and utilization of these in place of
alcohols in the aforementioned DAS (Subheading 2) would elimi-
nate the need for a catalyst that dehydrogenates the initial alcohol
substrate. For these reasons, the direct oxidative conversion of
aldehydes to amides has been heavily investigated and achieved by
a myriad of mechanistic approaches, which are complementary to
DAS from alcohols.

While there are certainly a large number of catalysts and oxi-
dants that can facilitate the oxidative amidation of aldehydes, there
are many additional challenges to this transformation. For example,
aldehydes and amines spontaneously undergo condensation to
form an imine and water without a catalyst present [63]. The
following discussion will present the catalysts and procedures used
to circumvent this complication as well as other limitations. For the
sake of brevity, and to remain in scope of the core topic, we will
focus our discussion on methods that convert aldehydes to amides
through a transfer hydrogenation mechanism and reactions that
proceed without the use of additional stoichiometric reagents.
Where applicable, we will direct the reader to reviews that provide
more detail on the topic and have partitioned the following sections
according to the mechanism of oxidation.

Fig. 33 Amide synthesis using aqueous ammonia as the nitrogen source
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3.1 Oxidative

Amidation

of Aldehydes via

the Loss of H2 Gas

All of the methods discussed in Subheading 2, which convert
alcohols to amides through the loss of hydrogen gas, in theory,
can convert aldehydes to amides since it is conceivable that some of
these reactions proceed through an aldehyde intermediate. How-
ever, beginning with a stoichiometric amount of amine and alde-
hyde presents additional complications. Traditionally as
mentioned, without a catalyst, aldehydes and amines spontaneously
undergo condensation to form an imine and water, and in some
cases, this condensation reaction may result in catalyst deactivation
[64]. Throughout the course of the ruthenium-catalyzed DAS
from alcohol substrates, the concentration of aldehyde remains
low as it is closely associated with the catalyst after it is generated
thus alleviating the potential for deleterious imine formation.
Herein, we present several examples that overcame this limitation
using aldehyde substrates as the primary focus of the report.

Hong and coworkers were the first to recognize that catalysts
which converted alcohols to amides through DAS often were not
applicable for the analogous conversion of aldehydes through DAS
[22]. They postulated that a ruthenium hydride was the active
catalyst and forming this from aldehyde substrates did not occur.
To address this challenge, Hong used a RuH2(PPh3)4 pre-catalyst
(5 mol%) with an NHC salt (5 mol%), acetonitrile (5 mol%), and
NaH (20 mol%) to generate the active ruthenium hydride catalyst
in situ (Fig. 34). The corresponding RuCl2 catalysts were inactive
for aldehyde amidation supporting the proposal that the preforma-
tion of a ruthenium catalyst is crucial. Importantly, they discovered
that the scope of the reaction was slightly different depending on
the oxidation state of the initial substrate. For example, aliphatic
alcohols were more successful than aliphatic aldehydes in most cases

Fig. 34 Comparison of Ru-catalyzed oxidative amidation of aldehydes or alcohols
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(34a–34c), but secondary amines gave higher yields when starting
from benzaldehyde as opposed to the corresponding alcohol
(34d).

Another limitation in the scope of the oxidative amidation of
alcohols is in the case of less nucleophilic amines. As the amine
nucleophilicity approaches that of the alcohol, a competing esteri-
fication reaction can occur consuming the alcohol [14, 65]. Using
Schvo’s catalyst, Hong and coworkers demonstrated that less
nucleophilic substrates such as lactams can be coupled with alde-
hydes to generate N-acyl lactams (Fig. 35) [66]. Using this meth-
odology, oxazolidinones, imidazolidinones, β, γ, and δ lactams
were converted to amides and ureas. The aldehyde partner could
be aliphatic, heteroaromatic, or α,β-unsaturated, albeit with some
competing conjugate reduction for the latter substrates. It is worth
noting that the authors proposed elimination of hydrogen gas as
the mechanistic pathway, though based on the established mecha-
nistic pathways for Schvo’s catalyst and the identification of alcohol
side products, it is also possible that the reaction proceeds through
a transfer hydrogen mechanism (see the following discussion on
oxidative amidation by transfer hydrogenation) [67]. Regardless of
the reaction mechanism, this example highlights the ability to
overcome the limitations associated with the conversion of alcohols
to amides by starting from the aldehyde oxidation state.

In summary, extending amide synthesis from alcohol substrates
to aldehyde substrates by way of a dehydrogenative coupling may
appear trivial, though there are additional complications that one
must consider. These are to some degree compensated for as there
are certain products which can be accessed in this reaction manifold
that cannot be synthesized starting from the alcohol oxidation
state, and because of both these factors, it is important to consider
amide synthesis from alcohols and from aldehydes as distinct reac-
tions which access unique chemical spaces.

Fig. 35 Oxidative Acylation of N-heterocycles using Schvo’s catalyst
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3.2 Oxidative

Amidation

of Aldehydes via

Transfer

Hydrogenation

Transferring hydrogen from alcohols and amines to ketones has
been deeply investigated [68, 69], though the analogous transfer
from a hemiaminal is in comparison underdeveloped. Although
reactions that fall into this category require a sacrificial hydrogen
acceptor, they warrant a discussion in this chapter for three reasons:
(1) transfer hydrogenation was the inspiration for direct DAS [70],
(2) a broad range of catalysts can be employed including base metal
catalysis, and (3) progress is being made toward the use of benign
and inexpensive hydrogen acceptors, thus lowering the environ-
mental impact of the reactions. In the following sections, we will
discuss amide synthesis by transfer hydrogenation via a Cannizzaro-
type mechanism and a β-hydride elimination mechanism and by
direct oxidative addition into aldehyde C–H bonds.

3.2.1 Oxidative

Amidation of Aldehydes via

a Cannizzaro-Like

Mechanism

The Cannizzaro reaction, which is the base-induced disproportion-
ation of an aldehyde lacking an β-hydrogen, is one of the oldest
known (1853) reactions in organic chemistry [71], while the
related Tishchenko reaction for the conversion of aldehydes to
esters has been established since 1908 [72]. Extending this classical
reactivity to the synthesis of amides has been far less successful. To
understand the challenges faced by amide synthesis through a
Cannizzaro-type process, consideration of the plausible mechanism
for this reaction is required (Fig. 36) [73]. Initial hemiaminal
formation, followed by deprotonation, allows binding to a catalyst,
which assists in transferring a hydride to a second equivalent of the
aldehyde (36a–36b). Although the details of the formation of a
tetrahedral intermediate and catalyst binding may vary depending
on the system, the hydride transfer event occurring through a
six-membered transition state remains consistent and crucial for
reactivity. The limited success of amide synthesis through a

Fig. 36 Cannizzaro-like mechanism for oxidative amidation

60 Nathan J. Oldenhuis et al.



Cannizzaro-type mechanism stems from the need to generate a
hemiaminal without generating the imine irreversibly and the diffi-
culty of discovering a catalyst that binds to a hemiaminal preferen-
tially over an amine.

These challenges were not addressed until the work of Ishihara
in 2004 [74]. The authors of the first Cannizzaro-like reaction to
produce amides stated that their inspiration was from the Haller-
Bauer reaction. Their methodology used stoichiometric amounts of
sodium amides or lithium amides along with a catalytic amount of
lithium N,N-diisopropylamide (LDA) (Fig. 37). Although not
entirely understood, the authors suggested that the role of the
LDA was to chelate the lithiated hemiaminal intermediate to pro-
mote hydride transfer. Ishihara discovered that non-enolizable
aldehydes give good yields of primary (37a), secondary (37b–
37c), or tertiary (37d) amides at 40 �C in THF.

After the initial reports by Ishihara, alternative catalyst systems
began to surface intent on eliminating the need for stoichiometric
amounts of base. The first truly catalytic amide synthesis by a
Cannizzaro-type mechanism was reported in 2005 by Abaee and
coworkers who observed oxidative amidation of benzaldehyde with
N,N-diethylamine using a catalytic amount of MgBr2 in the
absence of base (Fig. 38) [75]. The authors discovered this reaction
while attempting to study the mechanism of a Cannizzaro reaction.
Interestingly, the N,N-diethyl benzamide was considered a
by-product to the desired Cannizzaro reaction, and this oxidative
amidation was not developed beyond one substrate.

Fig. 37 LDA-catalyzed oxidative amidation using Li-amides
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Another serendipitous discovery came from the laboratory of
Wang. While studying the mechanism of the Baylis-Hillman reac-
tion, Wang and co-workers discovered that yttrium trichloride
could generate amides from aromatic aldehydes and lithium amides
[76]. These reactions though performed at room temperature had
several drawbacks with the need to use lithium amide substrates
limiting functional group compatibility as well as the reaction scope
only applicable to primary amides (Fig. 39). A major breakthrough
for this chemistry was published byMarks in 2008 who developed a
method, which was truly catalytic in both catalyst and base through
the use of a La[N(TMS)2]3 catalyst precursor [73]. The use of
anilines (39a) and N-benzyl-N-methyl amines (39b) as nucleo-
philes was crucial, presumably because of the pKa range making
imine formation reversible under these conditions, while other
amines such as pyrrolidine were found to be unreactive (39c). In
addition, the slightly basic conditions rendered aliphatic aldehydes
less effective due to competing Aldol side reactions (39d). Marks
also demonstrated preliminary levels of reactivity with the analo-
gous samarium and ytterbium catalysts.

Fig. 38 MgBr2-catalyzed oxidative amidation

Fig. 39 Lanthanum-catalyzed oxidative amidation
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Since the Marks report, oxidative amidation via a Cannizzaro-
type of mechanism has been expanded to include additional aniline
examples [77] and has been extended to cyclic alkyl amines. Cata-
lysts derived from lithium (40a) [78], samarium (40b) [79], neo-
dymium (40b) [80], and ytterbium (40c) [81] have been used with
several representative examples shown in Fig. 40. The common
feature to all of these recent catalyst systems is the presence of a
multidentate amine ligand indicating that the identity of the ligand
may be more critical than that of the metal center [82].

3.2.2 Oxidative

Amidation of Aldehydes via

a β-Hydride Elimination

Mechanism

All of the methods listed in the previous section rely on the use of
excess aldehyde, and attempts to circumvent this have resulted in a
large body of research on developing methods for transferring
hydrogen to various other acceptors using main group transition
metal catalysis. The majority of these methods proceed through
β-hydride elimination from a hemiaminal intermediate [83]. As
shown in Fig. 41, a tetrahedral intermediate or a hemiaminal can
coordinate to a metal center (41a), and β-hydride elimination from
this intermediate generates the amide product (41b) and a metal
hydride species (41c), which can subsequently reduce an additive to
turn over the catalyst. This unique mechanistic pathway proceeding
through a metal hydride allows the use of various hydride acceptors
other than the excess aldehyde substrate fulfilling this role.

Since the first transition metal-catalyzed oxidative amidation of
aldehydes, the mechanism shown in Fig. 41 was favored. In 1983,
Yoshida and coworkers developed a triphenylphosphine stabilized
palladium catalyst that could convert aldehydes to morpholine
amides by using a combination of bromobenzene and potassium
carbonate as the stoichiometric oxidants (Fig. 42) [84]. This
method tolerated both electron deficient or neutral aromatic alde-
hydes (42a) much better than electron rich ones (42b), while also
representing a rare example of aliphatic aldehyde amidation (42c).
Despite the stoichiometric amount of waste produced, this report
was an important advance in the synthesis of amides from aldehydes
mediated by transition metal catalysis while using almost equimolar
amounts of each reagent.

Fig. 40 Additional catalysts for the Cannizzaro-like oxidative amidation
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Since the initial report by Yoshida, many groups have been
interested in finding alternative catalysts and acceptors for this
transformation. Murahashi discovered that a ruthenium catalyst
could transfer hydrogen to α,β-unsaturated compounds or to
alkynes generating amides [85], while Dai used a rhodium catalyst
in combination with Ag2CO3. The Ag2CO3 acts as an oxidant by
promoting reductive elimination of HX from the Rh center. Beller
demonstrated an oxidative amidation of aldehydes where morpho-
line benzamide (43a) could be produced by reducing an extra

Fig. 41 Oxidative amidation via β-hydride elimination

Fig. 42 Oxidative amidation utilizing Ar-Br as the oxidant
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equivalent of the hemiaminal intermediate to generate N-benzyl
morpholine (43b) as the by-product (Fig. 43) [86]. Although this
reaction consumes an equivalent of each reagent resulting in a
maximum of 50% yield with respect to either substrate, Beller
demonstrated that it was possible to improve the reaction efficiency
by using N-methylmorpholine N-oxide (NMO) to re-oxidize the
generated amines back to amides. The scope of the reaction was
expanded to eight additional substrates, but only when NMO was
used as a stoichiometric additive. This is an important example as
not only was it the first Rh-catalyzed oxidative amidation reaction
but also the first indication that carbonyl compounds could be
potential hydrogen acceptors in amide synthesis.

Somewhat surprisingly, this chemistry remains underdeveloped
with few examples of transition metal-catalyzed coupling of alde-
hydes and amines using carbonyl compounds as hydrogen accep-
tors. One notable exception was developed by Williams in 2010
[87] describing a formamide synthesis using 1 mol% of an
[Cp*IrI2]2 catalyst (Fig. 44). In this reaction, paraformaldehyde
reacted as both the carbonyl source and hydrogen acceptor. The
reactions, performed in water, were amenable to the synthesis of
secondary and tertiary N-alkyl (44a), N-benzyl (44b), or N-aryl
(44c) formamides while requiring no other additives. Unfortu-
nately, attempts to extend this reaction to other aldehyde substrates
were unsuccessful.

Fig. 43 Rh-catalyzed oxidative amidation using the hemiaminal intermediate as an oxidant

Fig. 44 Ir-catalyzed oxidative formamidation in water
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A somewhat unique approach pioneered by Wolf combined the
amine source with the hydrogen acceptor (Fig. 45) [88] in a
method which is palladium-phosphonous acid catalyzed (45a)
and uses either tetrakis(dimethylamino)silane or tris
(dimethylamino)borane to generate N,N-dimethyl amides in
good yields. Considering that one equivalent of either Si(NMe2)4
or B(NMe2)3 only generates one equivalent of amide, and these
reagents need to be prepared in a discrete step, there is much work
needed to enhance the practicality, the atom-efficiency, and the
scope of this approach. However, the use of these amine sources
is under-explored and may hold great potential if these limitations
can be addressed.

3.2.3 Oxidative

Amidation of Aldehydes via

Direct C–H Bond Activation

The activation of an aldehyde C–H bond through oxidative addi-
tion to form an acyl metal hydride has been proposed in the
hydroacylation literature for decades [89] though is rare for other
aldehyde functionalization reactions, and it was not until 2015 that
a nickel catalyst was proposed to insert into the aldehyde C–H bond
for an oxidative amidation reaction [90]. The stoichiometric reac-
tion between nickel oxide [91] and amido [92] complexes has been
known to generate primary amides from aldehydes since 1966.
However, it was not until 1997 that the first indication of a possible
catalytic variant appeared in which Buchwald observed oxidative
amidation as a side product of an amidative cross-coupling between
p-chlorobenzaldehyde and pyrrolidine [93]. Although the authors
did not report a yield, they proposed β-hydride elimination from a
hemiaminal intermediate, presumably reducing an additional
equivalent of aldehyde. This proposed mechanism was disputed
by Dong in 2015, who showed that decarbonylation was a compet-
ing pathway indicating that the reaction likely proceeds through a
nickel acyl hydride intermediate (Fig. 46, 46a) [93].

Dong demonstrated a broad scope of oxidative amidation by
taking advantage of this mechanism. Secondary and tertiary N-aryl
(46b–46d), N-alkyl (46e–46f), or N-benzyl amides were synthe-
sized using aromatic (46b, 46e) or aliphatic (46c–46d, 46f) alde-
hydes for the first time. The reaction was performed at 30–40 �C
and employed equimolar amounts of the aldehyde and amine if
α,α,α-trifluoroacetophenone (46g) was used as a hydrogen accep-
tor. Alternatively, the hydrogen acceptor could be an additional
equivalent of the aldehyde or an alternative electrophilic carbonyl

Fig. 45 Oxidative amidation using tetra(amino)silane or tri(amino)borane
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compound such as benzophenone (46g–46h), though these
acceptors were only briefly discussed for optimization. One demon-
strative example employed one equivalent each of cyclohexyl car-
boxaldehyde, benzaldehyde, and N-butylamine to provide the
cyclohexyl amide and benzyl alcohol indicating that benzaldehyde
is an appropriate oxidant for aliphatic aldehyde amidation (46f).
Although additional mechanistic details are needed to fully explain
the selective amidation of the aliphatic aldehyde in the presence of
the aromatic aldehyde, this observation is consistent with a prefer-
ential C–H activation of an aliphatic substrate and an easier reduc-
tion of benzaldehyde substrate by the generated metal hydride.

In summary, there are many promising methods for the oxida-
tive amidation of aldehydes, which proceed through a variety of
transfer hydrogenation mechanisms such as the Cannizzaro-type
mechanism, β-hydride elimination, or direct oxidative addition into
an aldehyde C–H bond. Recent success with carbonyl compounds
as hydrogen acceptors is moving the field in a more favorable
environmental direction with the future possibility to take advan-
tage of more benign hydrogen acceptors such as acetone or carbon
dioxide a significant goal in the field of green amide synthesis.

3.3 Oxidative

Amidation

of Aldehydes

with the Solvent as an

Oxidant

Many oxidative amidation reactions rely on a large excess of oxidant
including the oxidant as the solvent, and although this approach
may not initially appear green [94], the choice of solvent can have a
major impact on how environmentally benign the reaction is. A
notable example by Vishwakarma in 2014 in the synthesis of
β-ketoamides showed that dimethyl sulfoxide acts as an oxidant
by donating the sulfoxide oxygen generating dimethyl sulfide and
water as the sole by-products (Fig. 47) [95]. Despite the stench

Fig. 46 Ni-catalyzed oxidative amidation via C–H activation and using ketone oxidants
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associated with this reagent, a particular appealing aspect of this
chemistry is that no additional reagents or catalyst is required. This
methodology is not yet applicable to inactivated aldehydes, but it
demonstrates a unique and potentially more environmentally
friendly approach to α-ketoamide synthesis. Additionally, the rela-
tively mild nature of this protocol makes it compatible with a variety
of functional groups including aryl chlorides (47a), aryl bromides
(47b), nitro groups (47c), and free hydroxyls (47d).

3.4 Oxidative

Amidation

of Aldehydes Using O2
as an Oxidant

Conceptually, the use of ambient oxygen as an oxidant for amide
synthesis from aldehydes and amines is highly attractive, as in
addition to requiring no stoichiometric oxidant and generating
water as the only by-product, these reactions should be operation-
ally simple since tolerance to oxygen obviates the need for Schlenk
technique and should simplify scale up. However, great care is
needed when combining molecular oxygen with volatile solvents,
as the mixture can be highly combustible. Currently, only a few
methods have achieved this goal without the super stoichiometric
use of additional reagents and further due to the fact that few
catalysts can tolerate exposure to oxygen at elevated temperatures.

3.4.1 Oxidative

Amidation of Aldehydes

Using O2 as an Oxidant:

Transition Metal Catalyzed

Of the transition metals, group 11 metals, specifically copper
(II) complexes, have been known to tolerate harsh oxidative con-
ditions [96–98] and were therefore a good choice to study in
oxidative amidation of aldehydes using O2 as the terminal oxidant.
Building on the work of Jiao in 2009 who used super stoichiomet-
ric amounts of pyridine [99–101], Yamaguchi developed a method
using a catalytic amount of CuI/2-pyridonate (Fig. 48) [102] with
the reaction being run open to air in refluxing toluene to provide a
variety of secondary benzamides. Importantly, this reaction toler-
ated sensitive functional groups such as nitro groups (48a) and
heterocycles such as pyridine (48b). Finally, the authors

Fig. 47 Catalyst free oxidative amidation using DMSO as the oxidant
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demonstrated a rare example of oxidative amidation of cinnamal-
dehydes (48c) for which typically competing side reactions of the
α,β-unsaturated moiety would complicate the use of these
substrates.

As discussed in Subheading 2.3, there is a rapidly growing field
of oxygen-mediated oxidative amidation based on the other group
11 transition metals, silver, and gold. These heterogeneous catalysts
have primarily focused on starting with the alcohol oxidation state,
but there are a few notable exceptions. In a seminal report by
Sakurai, a gold catalyst was found to formylate a variety of amines
albeit with excess base, formaldehyde, and alcohol (see Subheading
2 for more details) [51]. Also in 2012, Maddix and Friend showed
that silver could achieve a similar transformation, although limited
in scope to the synthesis of N,N-dimethylformamide and N,N-
dimethylacetamide (see Fig. 30) [103].

Detailed mechanistic studies by Kobayashi showed that extend-
ing this reactivity to include other aldehyde substrates would be
challenging due to the facile formation of imines (49a) in the
presence of nanoparticle catalysts. These reactions proved to be
more successful starting from the alcohol oxidation state (see
Fig. 49) [58]. Wang showed that benzaldehyde could be coupled
with aniline to formN-phenyl benzamide (49b) indicating that less
nucleophilic amines are the key to achieving reactivity [56]. How-
ever, the most significant contribution came from Wong who used
1 mol% of a gold catalyst and 10 mol% of K2CO3 as the base to

Fig. 48 Copper-catalyzed aerobic amidation of aldehydes
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synthesize a variety of amides from aromatic aldehydes (49c), ali-
phatic aldehydes (49d), and even formaldehyde (49e) though
many substrates gave modest yields and only cyclic amines were
demonstrated [104]. This publication by Wong represents the first
time that gold catalyzed amide synthesis from either alcohols or
aldehydes in air takes place without a super stoichiometric amount
of base. The success of this reaction as opposed to previous gold
catalysts may be due to a switch to a radical based mechanism.

Besides group 11 metal catalysis, there is very little research on
transition metal-catalyzed oxidative amidation using oxygen as a
terminal oxidant. A manganese oxide supported on molecular
sieves (KMn8O16:OMS-2) is able to convert aldehydes to nitriles
which subsequently get hydrolyzed to give primary amides
(Fig. 50) [59]. This reaction was also shown to be compatible
with alcohol substrates (see Subheading 2.3).

Fig. 49 Gold-catalyzed aerobic amidation of aldehydes
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3.4.2 Oxidative

Amidation of Aldehydes

Using O2 as an Oxidant:

Without Transition Metals

Although typically organocatalysis is incompatible with molecular
oxygen, there is one report attempting oxidative amidation of
aldehydes using traditional NHC catalysis. Connon coupled benz-
aldehyde (51a) and pyrrolidine (51b) in 30% yield (51c) using a
1,2,4-triazolium catalyst (51d) (Fig. 51) [105]. Although this
reaction requires a stoichiommetric amount of DBU, it is worth
noting as it represents the first example of a challenging but impor-
tant potential new avenue in amide synthesis.

Two other promising transition metal-free examples of oxida-
tive amidation using molecular oxygen have been reported
(Fig. 52). A report showing the oxidation of aldehydes in the
presence of oxygen and NaH is intriguing [106], but no mechanis-
tic details of this reaction have been given. A conceptually unique
approach however is the application of electrochemistry. Wang
showed amide bond formation from an α-ketoaldehyde in the
presence of TBAI under oxygen [107]. The reaction only

Fig. 50 OMS-catalyzed oxidative amidation via a nitrile intermediate

Fig. 51 NHC-catalyzed oxidative amidation of benzaldehyde

Fig. 52 Metal-free aerobic oxidative amidation
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proceeded when a 20 mA electric potential was applied across
platinum electrodes in ethanol. In contrast to the majority of
methods of oxidative amidation that require excess aldehyde as
the hydrogen acceptor, this protocol uses the aldehyde as the
limiting reagent.

Exchanging the electrodes for the inexpensive photocatalyst,
phenazine ethosulfate (Fig. 53, 53a), Leow synthesized a variety of
tertiary benzamides at ambient temperatures [108] with the reac-
tion displaying excellent functional group tolerance including aryl
halides (53b), nitro groups (53b), and thiophenes (53c). Leow
suggested that molecular oxygen and water together may be form-
ing small amounts of hydrogen peroxide under the reaction condi-
tions, and this hypothesis may provide important insight to the
mechanisms of other oxidative amidation reactions using molecular
oxygen. Reactions that use peroxides and other inorganic oxidants
are common [109], but are outside of the scope of this chapter due
to the reactive nature of these oxidants, which are typically used in
excess. However, the ability to catalytically generate hydrogen per-
oxide directly from molecular oxygen may be important in the
development of mild methods and may open new possibilities for
sustainable approaches to amide synthesis within this reaction para-
digm. It is worth noting that a limitation to both the Leow chem-
istry and the majority of aldehyde oxidative amidation reactions
mediated by oxygen is the requirement for excess amine. This
limitation may be difficult to overcome since amines themselves
are prone to oxidation and may be getting converted toN-oxides in
the reaction mixtures. The possibility of N-oxides playing a role in
the oxidation step has not been investigated.

To improve catalytic efficiency, Sundén and co-workers devel-
oped a three-catalyst cooperative system in which oxidative
N-acylation of oxazolidinones with aldehydes proceeds under

Fig. 53 Phenazinium-catalyzed aerobic oxidative amidation
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mild aerobic conditions. The reaction uses an NHC-catalyzed for-
mation of a Breslow intermediate which is then oxidized by a
cooperative action of catalytic amounts of electron transfer media-
tors (ETM’s) 3,30,5,50-tetra-tert-butyldiphenoquinone and iron
(II)phthalocyanine. While the methodology was limited to gener-
ating acylated oxazolidinones, avoiding prefunctionalized sub-
strates and stoichiometric oxidants is an attractive direction
(Fig. 54) [110]. Replacing the ETM’s with LiCl as a Lewis acid
can also generateN-(benzo[d]thiazol-2-yl)benzamides if the imine
is preformed [111].

In summary, there are a number of promising approaches
toward the oxidative amidation of aldehydes using molecular oxy-
gen as a terminal oxidant. Whereas metal catalysis is most successful
with the group 11 metals that are relatively insensitive to molecular
oxygen, electrochemistry and photochemistry appear to have the
greatest potential for developing a metal-free oxidative amidation
of aldehydes within this realm. It is possible that each of these
methods rely on the catalytic generation of hydrogen peroxide
that oxidizes the hemiaminal intermediate. The key challenge to
overcome in the following years for these systems will be to develop
methods that use equimolar ratios of both the amine and aldehyde
substrates.

3.5 Isohypsic

Oxidative Amidation

of Aldehydes

One appealing factor of converting aldehydes or alcohols to amides
using only amine nucleophiles is that all reagents are feedstock
chemicals and are widely available. However, there are a few notable
examples that start with aldehydes and an oxidized nitrogen source
to generate amides, and alternatively, there are examples of
specialized aldehyde substrates that undergo an internal redox
relay in the presence of an amine to generate amides. While

Fig. 54 NHC-catalyzed oxidative amidation of aldehydes using catalytic ETMs and O2
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considering isohypsic transformations, it is important to realize that
the burden of redox economy transfers to pre-functionalization
steps rendering these methods less green than they may initially
appear. Because of the vast array of data on this topic, including
various detailed reviews [112–114], we will focus our discussion on
the seminal contributions to catalytic isohypsic methods that con-
vert aldehydes to amides while generating minimal amounts or no
waste.

3.5.1 Isohypsic Oxidative

Amidation of Aldehydes:

Beckmann-Type

Rearrangements

The most classic example of this type of isohypsic amide synthesis is
the rearrangement of ketoximes to amides, or the Beckmann rear-
rangement [115]. Early examples of this transformation required
the use of super stoichiometric amounts of a strong acid or base to
convert ketones to amides by first condensing with hydroxylamine.
For a more detailed discussion on these, we would like to direct the
reader to the numerous reviews on the Beckmann rearrangement
[116–118], as well as a recent review on the conversion of aldox-
imes to amides [119]. Herein, we will focus our attention to the
limited number of reported methods that convert aldehydes into
amides directly via in situ aldoxime generation.

While there has been much progress in developing catalytic
Beckmann rearrangements during the last century, the related
aldoxime rearrangement generally gives nitriles under typical Beck-
mann rearrangement conditions. This challenge was first addressed
by Sharghi in 2002, who developed a method which utilized stoi-
chiometric amounts of ZnO under neat conditions at high tem-
peratures (>140 �C). The reaction was successful for the one-pot
conversion of aromatic aldehydes to primary amides via an aldox-
ime intermediate [120]. However, it was 1 year later that Chang
reported the first catalytic method using 5 mol% of Wilkinson’s
catalyst, which at (Fig. 55, 55a) [121] 150 �C converted aryl
(55b), alkenyl (55c), and alkyl (55d) aldoximes to primary amides
in good yields. Chang proposed that the reaction proceeded
through a nitrile intermediate (55e) which is in turn hydrated to
form the primary amide, and this mechanistic proposal appears to
hold true for many of the related reactions that have subsequently
appeared. Many of these methods are highlighted in Subheading 5.

A remaining challenge for this Beckmann-type rearrangement
was to synthesize amides from aldehydes in one pot. One particu-
larly intriguing aspect to this reaction is that early attempts sug-
gested that the ratio of cis to trans oxime was crucial for reactivity in
a traditional Beckmann-type mechanism [122]. Mizuno was the
first to achieve a one-pot conversion of aldehydes to primary amides
by using a hydroxyl amine salt, (NH2OH)2 · H2SO4 (Fig. 56)
[123]. The reaction requires 4 mol% of a heterogeneous catalyst,
Rh(OH)x/Al2O3 at 160 �C. This one-pot reaction was greatly
improved upon by Crabtree who showed an enhanced scope at
lower temperatures (110 �C) and used the commercially available
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Fig. 55 The first catalytic rearrangement of aldoximes to amides

Fig. 56 Oxidative amidation via in-situ generated aldoximes
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NH2OH · HCl [124]. In this report, Crabtree observed the for-
mation of a nitrile from an O-alkylated oxime indicating that the
Chang mechanism discussed previously was operative. One addi-
tional detail to the mechanism was the requirement of the oxygen
atom transfer to occur within the coordination sphere of the metal.
Because the reaction proceeded through a nitrile intermediate,
Crabtree demonstrated that the cis-trans isomerization of the
oxime did not affect the reaction yield.

Finally, Ramón and coworkers found that they could eliminate
the need for base entirely by using free hydroxylamine [125] to
mediate the conversion of aldehydes to primary amides thus gen-
erating minimal amounts of waste. In addition, the Ramón report
uses a base-metal catalyst (Cu(OAc)2) in water at a lower tempera-
ture than many of the related transformations (110 �C). More
recently, Mal and Achar removed the need for a metal catalyst
entirely by running the reaction neat in a ball-mill with a chlora-
mine precursor [126, 127]. Although outside of the scope of this
chapter, it is worth noting that there are also many reactions that
convert ketones to amides such as the Beckmann or the Wolff
rearrangements.

3.5.2 Isohypsic Oxidative

Amidation of Aldehydes:

NHC-Catalyzed Methods

The desire to move away frommetal catalysts entirely has driven the
development of NHC catalysis. Building on the concept from
Scheidt and coworkers, who added homoenolates to electrophilic
nitrogen sources [128], Zhang developed a 100% atom-economical
method of adding aldehydes to N-aryl nitroso compounds
(Fig. 57) [129]. Taking advantage of the umpolung reactivity of
the Breslow intermediate, nitroso compounds provide an electro-
philic source of nitrogen-generating amides from aldehydes.
Within 1 h at room temperature, the reaction generated hydroxa-
mic acids, which represent a useful motif both in pharmaceutical
research and metal catalysis.

Distinct from the umpolung reactivity of traditional NHC
catalysis, an alternative approach to NHC-catalyzed oxidation has
emerged with Corey being the first to demonstrate that the Breslow
intermediate generated from an aldehyde and cyanide ion could be
oxidized by manganese oxide to generate an acyl azolium interme-
diate that could be substituted by a nucleophile to synthesize acid
derivatives [130]. Three years later, in 1971, Gilman showed that
amines were compatible nucleophiles generating amides from alde-
hydes [131]. Performing this transformation using a catalyst and
no stoichiometric oxidant however proved to be much more chal-
lenging, and the corresponding isohypsic NHC-catalyzed methods
to generate esters [132] and thioesters [133] were developed long
before Bode and Rovis simultaneously extended this chemistry to
amide synthesis (Fig. 58).
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Bode used formyl cyclopropanes with a triazole catalyst at
40 �C [134] using imidazole as a stoichiometric additive to sup-
press the imine formation that deactivated the catalyst. The Rovis
reaction on the other hand did not require any stoichiometric
additives for the majority of the substrates [135] with the improve-
ment being achieved by using HOAt or imidazole as co-catalysts in
combination with α,β-epoxides or aziridines. Interestingly, both of
these reactions proved to be most successful with primary benzylic
amines, while other amines gave decreased yields. The general
concept of relay oxidation to achieve oxidative amidation using
NHC catalysis has since been extended to polymer-supported cat-
alysts [136], ring expansions [137], and kinetic resolutions of
amines [138]. We would like to direct the reader to recent reviews
that feature these methods [139].

Finally, an alternative approach to isohypsic oxidative amida-
tion using NHC-catalysis involves generating a nucleophilic amine
in situ by combining it with the redox event. Scheidt and others
have achieved [3 + 2]- or [3 + 3]-cycloadditions to synthesize cyclic
amides using diazines [134], or azomethine imines (Fig. 59)

Fig. 57 NHC-catalyzed umpolung oxidative amidation

Fig. 58 NHC-catalyzed oxidative amidation via an internal redox transfer
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[140]. The success of these reactions is a result of the amide bond-
forming event being intramolecular. The first bond-forming event
(addition of the homoenolate to the diazine) generates the nucleo-
phile (hydrazide) resulting in a low concentration of amine, thus
reducing deleterious side reactions between the amine and catalyst.

In summary, isohypsic methods that rely on internal redox
relays represent an atom economical synthesis of amides from alde-
hydes. Although the researcher has to consider the synthesis of the
reagents required to achieve these transformations, there is much
notable progress in both the catalytic rearrangement of oximes and
NHC-catalyzed amide synthesis.

4 Direct Amidation of Carboxylic Acids and Homologs

Examples of the direct amidation of esters have been reported since
the early 1990s, but generally require stoichiometric amounts of
activators or metal mediators. A few catalytic methods of note are
the early reports of macrolactamization [141, 142] using esters and
amines, though the first methodology that focused directly on
amide bond formation from esters and amines was reported by
Porco in 2005 [143]. He reported that group IV metal catalysts
were able to promote the formation of amides from esters and
amines with after optimization, Zr(OtBu)4 with a triazole (HYP,
HOAt, or HOBt) additive being shown to give the best yields. This
direct amidation reaction was demonstrated to give high yields with
a diverse group of substrates (60a–60c) and show high specificity
for esters (Fig. 60). Elucidation of the reaction mechanism indi-
cated that a dimeric zirconium structure was the catalytically active
species (Fig. 61).

Milstein et al. demonstrated in 2011 that their family of ruthe-
nium(II) pincer ligands could also perform direct amidation of
esters as well as DAS from alcohols and amines [144]. The PNN
ligand (2b) was shown to have the highest activity for amide bond
formation from esters and amines though unlike DAS from

Fig. 59 Oxidative amidation using in situ generated amines
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alcohols and amines, no base is required for the reaction to pro-
ceed. A variety of secondary and tertiary amides (62a–62c) were
able to be formed with a similar scope to the report using alcohols
and amines (Fig. 62). The mechanism is thought to proceed

Fig. 60 Zirconium-catalyzed amidation of esters

Fig. 61 Proposed transition state of zirconium-catalyzed amidation reaction

Fig. 62 Aminolysis of esters catalyzed by 2b
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through an intermediate in which both the amine and ester are
simultaneously coordinated to the ruthenium center at some point
in the reaction pathway.

A further study in 2012 by Mashima attempted to identify
benign conditions for direct ester amidation based on metals avail-
able in biological settings [145]. Catalytic NaOMe was shown to
promote amide formation from esters and amines for a variety of
substrates at a relatively low temperature (~50 �C). Extending this
methodology to target peptide couplings lead to extensive racemi-
zation due to the basic conditions. Though by adding trifluoro-
methylphenol to the reaction, they were able to preclude
racemization of the peptide, leading to efficient couplings.

Ohshima demonstrated the catalytic formation of several
amides using a La(OTf)3 catalyst at moderate temperature
(70 �C) (Fig. 63) [146] with the catalyst being commercially avail-
able and showing a high tolerance to several functional groups,
including phosphines (63b), nitriles (63c), sterically hindered sec-
ondary amines (63d), and fluorinated amines (63e).

Similar to the Milstein’s PNN catalyst, Ru-Macho, a commer-
cially available catalyst shown previously to promote amide forma-
tion by Dong and Guan [30], was used by Li for the formation of
amides from esters and amines [147] with high activity for the
formation of aliphatic secondary and tertiary amides. Since
Ru-Macho was originally developed for an industrial scale reaction
[148], Li tested the reaction at a larger scale (240 mmol) demon-
strating no loss of activity.

Highly activated esters are a common theme in the amidation
of esters, and in many cases, activation increases waste and decreases
utility. Fier and Whittaker reported a rare case of atom economical
amidation of activated esters in the form of N-carboxy anhydrides

Fig. 63 Lanthanide-catalyzed amide bond formation
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[149]. This strategy was used for the direct formation of benzo-
diazepines with CO2 and H2O as the only byproducts. Because of
the ability to run the amide formation step at low pH, no oligo-
merization or racemization of the was observed whatsoever
(Fig. 64). Other reactive esters such as methyl benzoates or phenyl
benzoates are effective electrophiles for electron-rich transition
metal-NHC complexes of Pd [150] and Ni [151, 152]. Access to
a Pd acyl intermediate has rendered one set of conditions applicable
to both amide synthesis through activation of reactive esters and
benzophenone synthesis through activation of reactive amides via a
Suzuki reaction [153].

The general strategy of utilizing highly reactive amides as elec-
trophiles has formed the basis of all existing transamidation reac-
tions. While the methods for transition-metal-free transamidation
are limited in scope to only transamidations between formamide
and benzamide with anilines under high temperature or highly
basic conditions [154–157], transition metal catalysis has enabled
a slightly broadened scope [158]. To date there is one example of
transamidation between aliphatic amides and aliphatic amines.
Garg and co-workers discovered that prefunctionalization of sec-
ondary amides allows mild transamidations with minimal epimer-
ization, a long-standing challenge to many amidation
methodologies (Fig. 65) [159]. The inefficiency associated with

Fig. 64 N-carboxy anhydrides as amide coupling partners under acidic
conditions

Fig. 65 Pd-catalyzed transamidation using aliphatic amines
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prefunctionalization of amides limits how green this chemistry
currently is, but the progress toward a more general transamidation
could have major implications in the future of green peptide
coupling.

A truly aspirational goal of green amide synthesis is to directly
access amides from carboxylic acids without the use of stoichiomet-
ric coupling reagents. Acids and amines are some of the most widely
available motifs, and the combination of the two should theoreti-
cally generate only water [8]. Ironically, waste generated from
DCC, POCl3, or HATU often represents a higher mass than the
isolated product in addition to well-documented issues with race-
mization and purification. Approaches toward a direct amidation of
carboxylic acids have slowly been gaining traction ever since the
seminal paper on this topic in 1996 by Yamamoto [160]. Given that
the first report used an aryl boronic acid catalyst, it is not surprising
that the most development for direct amidation of carboxylic acids
is boron based [161]. A continuing evolution from aryl boric acid
catalysts [162] through diboron catalyst [163], diboronic acid
anhydrides [164, 165], geminal diboron compounds [166], and
finally pseudo trimeric B3NO2 compounds was a rational direction
in light of the mechanistic understanding of the transformation
(Fig. 66). The reactions all seem to proceed through a pseudo
trimer containing three electronically distinct boron atoms. The
most Lewis acidic boron coordinates the amine, while the least
Lewis acidic boronic acid forms a hydrogen bond with the carbox-
ylic acid promoting amidation.

Most other approaches in this arena require stoichiometric
reagents such as silanes [167] or phosphites [168] to promote
amidation [169] or to turn over the catalyst [170]. And while
some of these catalysts offer an impressively broad scope applicable
to peptide synthesis [171], the only two non-boron-based methods
without a stoichiometric reagent use simple NiCl2 and ZrCl4. The

Fig. 66 Direct amidation of carboxylic acids using boronic acid catalysts
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zirconium-based method relies on molecular sieves which are recy-
clable dehydrating aids rather than consumed reagents. In fact,
many of the boron-based methods also use either sieves or a
Dean-Stark trap to remove water and drive the reaction forward.

5 Formation of Amides from Nitriles

Using nitriles to form amides is known through several mechan-
isms, the most widely exploited being the well-established Ritter
reaction [172]. More recently, nitriles have been utilized to form
primary amides via hydration. Often these reactions require a
strong acid or base to proceed, but there are several examples of
metal catalysts being employed for the hydration of nitriles to form
amides. The metal-catalyzed reactions are of particular note
because they often proceed under mild conditions and exhibit
maximal atom economy. Several enzymes have also been shown to
be extremely active [173–179] for generating amides from nitriles
and are used in many industrial processes. There are a large number
of examples for the hydration of nitriles, of which we will cover the
more important contributions, as there are already exhaustive
reviews on this topic [119].

The first report of the catalytic hydration of nitriles to amides
was reported by Taube in 1974 using [(NH3)5RuCl]Cl2 in the
presence of silver oxide, trifluoroacetic acid, air, water, and ethanol
[180] (Fig. 67). They were able to form several primary amides in
good yields under mild conditions. Another early report of a metal-
catalyzed hydration of nitriles was made by Murahashi in 1986
using RuH2(PPh3)4 at >100 �C [181]. They found that upon
addition of ammonia to an aqueous alcoholic solution of the nitrile,
secondary and tertiary amides could be obtained in good yields
(67a–67f).

Fig. 67 Ruthenium-catalyzed primary amide formation from nitriles

Greener Methods for Amide Bond Synthesis 83



In 1995, a highly active platinum catalyst [PtH(PMe2OH)
(PMe2O)2H] was reported by Parkins which gave TONs around
~5700 for this type of reaction and formed primary amides in good
yields [182]. Mild conditions (rt–80 �C) in toluene allowed for
thermally sensitive functionalities to be incorporated, and due to
both these features, this protocol has gained popularity and has
been used in the synthesis of several natural products [187].

In an attempt to limit organic solvent waste, there was a drive to
switch from using water as a reagent to using water as the solvent
for these processes. However, the catalyst system reported by Par-
kins had minimal solubility in water, and a search for catalytic
systems that functioned purely in aqueous environment were
sought. Systems using copper [183, 184], ruthenium [185–187],
and other metals were designed using ligands specifically engi-
neered to increase their solubility in aqueous environments.

As the hydration of nitriles is a well-established field, it was
surprising that it was not until 2013 that an example of the synthe-
sis of amides from alcohols and nitriles was reported. Using a
ruthenium(II) NHC catalyst, which was similar to those developed
for DAS from alcohols and amines, the Hong group demonstrated
that amides (68a–68c) could be formed in high yield from nitriles
and alcohols with complete atom economy and minimal
by-product formation (Fig. 68) [188]. Using 1H NMR to probe
the reaction mechanism, the free aldimine was observed confirming
that reduction of the nitrile was occurring in the reaction mixture.
The reaction mechanism proposed involved initial reduction of the
nitrile to the aldimine, followed by coordination and oxidation of
the alcohol to the aldehyde. Interestingly, in line with previous
observations, no free aldehyde was observed in the reaction. After
the oxidation occurs, the aldimine was reduced to the amine, and a
hemiaminal intermediate is formed. Further dehydrogenation
turns over the catalyst and releases the desired amide. Using the
same catalytic system though with lower loadings of both the
catalyst and ligand in a subsequent paper, the Hong group also
reported on the synthesis of cyclic imides (68d–68f,
Fig. 68) [189].

6 Formation of Amides from Azides

While there is a lot of interest in finding different oxygen atom
sources for amidation methods, investigation into new nitrogen
atom sources is more limited. In a paper by Mizuno in 2011,
while investigating the transformation of azides to nitriles using a
Ru(OH)x/Al2O3, it was noted that in the presence of water and air,
azides could be transformed directly into primary amides
[190]. The reaction was thought to proceed through a mechanism
where the azide is transformed into a nitrile and then hydrated to
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form a primary amide. While this reaction yields amides, the use of
azides does present additional challenges due to their explosive
hazard.

In 2012, the Hong group reported that DAS could be per-
formed using azides as the nitrogen source in the presence of an
alcohol (Fig. 69) [191]. In a similar manner to their previous
investigation into DAS using amines and alcohols, a ruthenium
(II) precursor, an imidazolium salt, and base are used to form an
NHC-bound ruthenium complex that catalyzes the reaction. The
catalyst reduces the azide to the amine using the equivalent of
hydrogen taken from the alcohol in the production of the aldehyde.
The reaction is then thought to proceed in an analogous manner to

Fig. 68 Formation of amides and cyclic imides using nitriles and alcohols mediated by a ruthenium(II) NHC
complex
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DAS between amines and alcohols and also demonstrates a similar
substrate scope. Typically, both aliphatic azides and alcohols are
tolerated (69a–69d), though in the presence of an alkyne, the
ruthenium(II) NHC complex preferentially forms the triazole
over the amide.

7 Conclusion

Considering the young age of this field, an impressive amount of
work has been achieved over the last 10 years, yielding a wealth of
methodologies for accessing amides with high atom economy.
Largely dominated by both heterogeneous and homogenous tran-
sition metal-based catalysts, important groundwork has been made
on both demonstrating functional tolerance and providing mecha-
nistic insights to expand this type of reaction into a wide and useful
chemical technique. Future studies should aim to find applicable
systems which rely on earth abundant metals and display high
activity at lower temperatures to ensure that these new methodol-
ogies can compete with canonical peptide coupling reagents. Fur-
ther improving the reaction conditions and substrate tolerance
could also help access important industrial applications of amide
bond formation such as peptide synthesis and polyamide
formation.

Although outside of the scope of this chapter, biocatalysis is an
emerging technology with high potential for greener syntheses of
amide bonds. Peptiligases [192], ligases [193], transaminases
[194] amide synthetases, sortases, proteases, and transpeptidase
[195] have all shown the ability to selectively form amides in the
presence of traditionally incompatible functional groups while also
operating in water. For more information on this topic, see
biocatalysis discussed in Chap. 12.

Fig. 69 Formation of amides using azides and alcohols mediated by a ruthenium(II) NHC complex
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Chapter 3

Mitsunobu Reactions in Medicinal Chemistry
and Development of Practical Modifications

Tsuyoshi Taniguchi

Abstract

The Mitsunobu reaction is widely used in synthetic chemistry and has contributed to the discovery and
scalable synthesis of drugs because the reaction is a reliable method for the stereoselective functionalization
of organic molecules. However, the Mitsunobu reaction has some serious problems from the viewpoint of
green chemistry. The reaction requires hazardous reagents and produces large amounts of undesired
by-products that sometimes complicate purification of the desired products. These drawbacks often hamper
the practical application of the Mitsunobu reaction in synthesis. Therefore, the development of novel
concepts to overcome these drawbacks is needed for wider utility of the Mitsunobu reaction to be realized.
As the first topic in this chapter, recent applications of the Mitsunobu reaction in medicinal and process
chemistry will be described, while recent modifications of the Mitsunobu reaction will be addressed in the
second section with a focus on “greener” methodologies.

Key words Azo compounds, Green chemistry, Medicinal chemistry, Mitsunobu reactions,
Phosphines

1 Introduction

Condensation reactions are fundamental methods to connect two
components in synthetic chemistry. Acid-catalyzed condensation
reactions are typical methods to obtain esters from carboxylic
acids and alcohols (Fischer esterification) [1]. Amides can be simi-
larly synthesized from carboxylic acids and amines, and this classical
reaction has been used in industrial synthesis of simple compounds
because the reaction is conceptually atom-economical and pro-
duces little waste. On the other hand, the method is not sometimes
suitable for efficient synthesis of complex molecules because the
reaction is reversible and often requires harsh conditions. In short, a
lot of energy is needed for the process on a large scale, and a
decrease in product yield is often caused under such harsh condi-
tions. There are some examples of highly active acid catalysts that
can overcome this problem [2–4], though generally this problem is
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avoided by using condensation reagents to activate carboxylic acids
[5]. Currently, many convenient reagents for this purpose are
commercially available, though these lead to significant
by-products, which need to be removed after the reaction.

In the 1960s, Mukaiyama and co-workers developed “oxida-
tion-reduction condensation” as a new concept of condensation
reactions [6], in which water (H2O) is formally removed as two
hydrogen atoms and an oxygen atom as a result of redox processes.
For instance, condensation between alcohols and carboxylic acids
proceeds to give the corresponding esters in the presence of 2,2-
0-dipyridyldisulfide as an oxidant and triphenylphosphine as a
reductant (Fig. 1) [6]. Carboxylic acids react with triphenylpho-
sphine activated by the reaction with 2,20-dipyridyldisulfide to form
the corresponding acyloxyphosphonium ions. After the intermedi-
ates have reacted with 2-pyridylthiolate, the thioester intermediates
further react with alcohols to give the desired esters. 2-Thiopyri-
done and triphenylphosphine oxide are formed as by-products in
the reaction, which become unavoidable waste. The reaction occurs
irreversibly under neutral conditions unlike the aforementioned
acid-catalyzed condensation reactions.

Fig. 1 Typical oxidation-reduction condensation
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In 1967, Mitsunobu and co-workers reported a new example
of an oxidation-reduction condensation [7, 8]. Typically, diethyl
azodicarboxylate (DEAD) is employed as an oxidant in the reac-
tion, and the reaction mechanism fundamentally differs from the
mechanisms of the previously reported oxidation-reduction con-
densation reactions (Fig. 2) [9, 10]. Triphenylphosphine reacts
with the azo group of DEAD to form an N–P bond and gives rise
to the reactive phosphonium intermediates, which subsequently
react with alcohols to give the corresponding alkoxyphosphonium
ions in contrast to the Mukaiyama protocol. The intermediates
undergo an SN2 reaction with carboxylic acids to afford the
corresponding esters. Thus, since Walden inversion of alcohols
occurs, the reaction is frequently utilized as a method for inversion
of the stereochemistry of chiral secondary alcohols. In addition,
alcohols can be converted to various functional groups by the
reaction with nucleophiles such as phenols, azide, phthalimide,
sulfonamides, sulfides, or active methylenes instead of carboxylic
acids (Fig. 3). Generally, the reactivity in the Mitsunobu reaction
depends on the acidity of nucleophiles (pKa < 13 is required)
because the basicity of a betaine intermediate generated from
DEAD is modest. This limitation can be overcome by using mod-
ified reagents and procedures [11–15]. Owing to its reliability and
predictable properties, the Mitsunobu reaction has become one of

Fig. 2 Typical Mitsunobu reactions

Mitsunobu Reactions and Modifications 99



the most well-known reactions in synthetic chemistry. The experi-
mental procedure of the Mitsunobu reaction is usually convenient.
Typically, DEAD is added to a solution of substrates and triphenyl-
phosphine in an appropriate solvent. Toluene or THF is preferably
used as a solvent, though the reaction usually works well in various
solvents.

Despite wide utility and large potential of the Mitsunobu reac-
tion, its application to practical synthesis on a large scale is often
limited with one of the major drawbacks being the production of a
large amount of waste based on the reagents used [16]. In this
respect, azodicarboxylates and organophosphines are converted to
the corresponding hydrazinedicarboxylates and organophosphine
oxides by redox reactions, and removal of both by-products from
the crude products is often troublesome, and in some cases, they
also contaminate the desired products. The mass of waste is
176.17 g/mol for diethyl 1,2-hydrazinedicarboxylate and
278.29 g/mol for triphenylphosphine oxide. Indeed, waste of
more than 450 g/mol is totally produced through the condensa-
tion process. This is inefficient from a viewpoint of atom economy.
Another serious drawback of the Mitsunobu reaction is that DEAD
is toxic and sensitive to light and shock, which presents a challenge
to performing the reaction on a large scale. Typically nowadays and
in particular for scale-up, DEAD is often replaced by the more
convenient alternative, diisopropyl azodicarboxylate (DIAD), or
other related reagents. However, these derivatives tend to be ther-
mally instable like DEAD. The differential scanning calorimetry
(DSC) analysis indicates that most of the azodicarboxylates release
a large amount of exothermic energy (ca. 1000 J/g) with decom-
position at typically around 200 �C, even if the compound is a
crystalline solid having a higher molecular weight than DEAD

Fig. 3 Possible partners in Mitsunobu reactions
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[17]. The Koenen test on DEAD and DIAD, in which a neat form
are directly heated in a sealed tube, results in explosion of the tube
[17]. Therefore, only a diluted solution of DEAD (typically 40% in
toluene) is currently commercially available from most of the
suppliers.

Thus, theMitsunobu reaction is a well-established method, but
many practical aspects of the reaction are still under active develop-
ment. Indeed, there are many reports of the application of the
Mitsunobu reaction in medicinal chemistry on a laboratory scale,
while on the other hand, extensive efforts have often been required
to solve the problems of waste removal and product purification in
these synthetic studies. Therefore, the development of practical
modifications for reducing the waste generated in the Mitsunobu
reaction is an important subject from the viewpoints of both pro-
cess and green chemistry. This chapter mainly covers representative
applications of the Mitsunobu reaction to medicinal and green
chemistry. More examples have been displayed in recent reviews
on the Mitsunobu reaction [18, 19].

2 Applications of the Mitsunobu Reaction in Medicinal Chemistry

The Mitsunobu reaction is widely utilized in the discovery of drug
candidates because it provides a reliable method for introducing
various functional groups to target compounds in a stereospecific
manner. In addition, application of the Mitsunobu reaction in a
parallel manner not only can enable medicinal chemists to effi-
ciently add libraries of compounds to their collection for SAR
purposes but also enables diversification and potential further elab-
oration of the compounds through the employment of different
nucleophiles [20]. Although Mitsunobu chemistry has been
demonstrated in such a parallel manner, novel solutions have to
be implemented to facilitate the purification [21]. In this section,
we provide examples of the utilization of the Mitsunobu reaction
across a range of drug discovery programs.

The Mitsunobu reaction was utilized for efficiently obtaining
several optically active derivatives to study the structure–activity
relationships of inhibitors of adrenal steroid 11β-hydroxylations
(Fig. 4) [22]. Since the starting chiral alcohols 1 are easily obtained
by an enzymatic optical resolution method [23, 24], the chiral
alkylated derivatives 3 could be systematically synthesized by
employing the Mitsunobu alkylation of imidazole 2 with a series
of chiral alcohols 1, which predictably proceeds with complete
inversion. Alkylation predominantly occurs at more nucleophilic
N-1 of imidazoles. This is a classical example demonstrating the
broad utility of the Mitsunobu reaction in medicinal chemistry. The
azo reagent used here is di-tert-butyl azodicarboxylate (DTBAD),
which is more convenient than DEAD. It is solid, and waste from
the reagent can be easily removed (vide infra).
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The indole compounds 4 are potent HIV-1 non-nucleoside
reverse transcriptase inhibitors, and the optically active compounds
are obtained by an enantioselective Friedel-Crafts reaction between
indoles and ethyl 3,3,3-trifluoropyruvate with an organocatalyst
[25]. The Mitsunobu reaction was utilized to efficiently access the
corresponding α-amino acid derivatives 5 for a compound library
[26]. Treatment of the enantiopure tertiary alcohols 4 with hydra-
zoic acid, diisopropyl azodicarboxylate (DIAD), and triphenylpho-
sphine produced the corresponding azides, and subsequent
treatment of the reaction mixture with additional triphenylpho-
sphine and water provided the amines 5 by reduction of azides in
moderate yield with complete inversion of stereochemistry (Fig. 5).
Although the use of highly toxic hydrogen azide is hazardous, this
is a rare example of a successful Mitsunobu reaction of tertiary
alcohols as sterically hindered alcohols are usually less reactive.

The Mitsunobu reaction served as a method for ensuring
stereocontrol in the synthesis of carbocyclic nucleoside analogues
that show potent anti-HIV activity, such as carba-BVdU [27, 28]
(Fig. 6). A typical hydroboration-oxidation sequence of cyclopen-
tene derivative 6 afforded deoxyribose mimics 7 and 8, with the R-
configured alcohol 7 always being the major product under a range
of conditions tried. A sufficient amount of the S-configured alcohol

Fig. 4 Systematic synthesis of inhibitors of adrenal steroid 11β-hydroxylations

Fig. 5 Synthesis of chiral α-amino acid derivatives by the Mitsunobu reaction
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8 could be obtained by inversion of the stereochemistry of
7 employing the Mitsunobu reaction. Subsequently, a thymine
unit was introduced into 7 and 8 by a second Mitsunobu reaction
to obtain of the protected versions of the nucleosides, 9 and 10.
Thus, the Mitsunobu reaction has become a powerful tool to
obtain multiple enantiomers of a drug candidate from a common
key intermediate even when conventional transformations show a
strong intrinsic bias toward a single enantiomer.

2-Nitrobenzenesulfonamides (nosylamides) function as good
nucleophiles under Mitsunobu conditions because they show
higher acidity than that of the corresponding p-toluenesulfonyla-
mides (tosylamides) and can also be readily removed under mild
conditions using thiolates [29, 30]. Therefore, the Mitsunobu
reaction with nosylamides is a useful method for synthesis of
amine compounds, and this is illustrated in a flexible synthesis of
heterocyclic scaffolds in the search for potent peptidomimetic drug
candidates [31]. When nosylamide 13 synthesized by the conden-
sation between the nosyl-protected tryptophan 11 and tetrahydroi-
soquinoline derivative 12 was exposed to Mitsunobu conditions,
intramolecular C–N bond formation took place to afford piperazi-
none compound 14, which can be easily be elaborated to the
non-peptide somatostatin analogue 15 (Fig. 7). Compound 14
was directly used for the next transformation without purification.
This example demonstrates that the Mitsunobu reaction can be
used as a method to provide rapid access to heterocyclic cores of
drug candidates.

The chemistry of nosylamides has also proven its merits in the
synthesis of secondary amines, and an improved Mitsunobu
method was applied to the synthesis of tenascin lipopeptide 20

Fig. 6 Divergent synthesis of carbocyclic nucleosides with the Mitsunobu reaction
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(Fig. 8) [32]. The Mitsunobu reaction between alcohol 16 and
nosylamide under standard conditions (DEAD/PPh3) complicated
the purification and only provided compound 17 in moderate yield
(43%). When the standard reagents were replaced with a combina-
tion of di-tert-butyl azodicarboxylate (DTBAD) and diphenyl-2-
pyridylphosphine under slow addition of DTBAD or the use of
excess amounts of reagents (2 equiv), the product 17 was isolated

Fig. 7 Synthesis of heterocyclic scaffolds for peptidomimetic drug design with
the Fukuyama-Mitsunobu reaction

Fig. 8 Synthesis of a secondary amine having a tenascin lipopetide by the Fukuyama-Mitsunobu procedure
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in a significantly improved yield (90%). The by-products could be
easily removed by acidic quenching followed by extraction as
di-tert-butyl 1,2-hydrazinedicarboxylate generated from DTBAD
decomposes under acidic conditions to iso-butene, carbon dioxide,
and hydrazine, which along with diphenyl-2-pyridylphosphine
oxide can be removed by acidic extraction [33]. The second Mit-
sunobu reaction of 17 with alcohol 18 under the same conditions
gave the corresponding protected amine 19, which was converted
to tenascin lipopeptide 20 by a series of subsequent chemical
transformations.

The Tsunoda reagent [(cyanomethylene)tributylphosphorane]
can promote theMitsunobu reaction even if nucleophiles with poor
acidity are employed because the reaction with this reagent can be
performed at high temperature (80–120 �C), which generates the
highly basic α-cyanomethyl anion [13, 14]. Even carbon nucleo-
philes such as active methylene compounds can partner with alco-
hols in the reaction utilizing this reagent [15, 16]. For example, the
Mitsunobu reaction with this reagent was applied to the synthesis of
various amino acids from a glycine derivative and a series of alcohols
[34]. Specifically, the optically active amino acids 23 could be
synthesized by the reaction of the nickel–(S)-2-[N-(N0-
benzylprolyl)amino]benzophenone complex 21 with alcohols via
the alkylated complexes 22 (Fig. 9), which provides a reliable
method for obtaining non-proteinogenic amino acids.

The Mitsunobu reaction is highly practical for medicinal chem-
istry on a laboratory scale, though chemists often hesitate to use the
Mitsunobu reaction in the industrial field because the method is
environmentally and atom-economically unfavorable chiefly due to
production of a large amount of waste, as described above
[35, 36]. Nevertheless, the Mitsunobu reaction is often chosen
for the preparation of drug candidates on a large scale as it is
often superior to other methods [16]. The typical Mitsunobu
reaction conditions are usually used, with the procedure for purifi-
cation being individually modified to facilitate isolation of the
desired compound.

The Mitsunobu reaction was employed to connect sulfamide
24 with alcohol 25 at a late stage in the synthesis of an active

Fig. 9 Synthesis of chiral amino acids with the Tsunoda reagent
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pharmaceutical ingredient (API) 26 on pilot-plant scale (Fig. 10)
[37]. Apparently, alkylation of 24 with alkyl halides corresponding
to 25 is preferred because the reaction is more atom-economical,
though such halides bear structures of toxic nitrogen mustard
reagents, and therefore contamination of the final product with
this becomes a serious problem. Therefore, a Mitsunobu procedure
with a modified work-up eliminating chromatography was
adopted. After the Mitsunobu reaction between 24 and 25, the
tert-butoxycarbonyl group was removed by treatment of the reac-
tion mixture with hydrochloric acid. When the mixture was
extracted with toluene/water, the desired product was included in
the aqueous phase because the hydrochloride salt was formed.
Therefore, most of the waste such as the hydrazinedicarboxylate
and triphenylphosphine oxide remaining in the organic phase could
be separated from the product in this step. Finally, highly pure
product 26 was obtained by basification with sodium hydroxide
followed by extraction into iPrOAc and addition of heptane to
precipitate the desired compound.

A Mitsunobu azidation was employed for the synthesis of drug
candidate 30, which is one of the hepatitis C virus (HCV) NS5B-
polymerase allosteric inhibitors, on a pilot-plant scale (Fig. 11)
[38]. After the Mitsunobu reaction of 27 with diphenylphosphoryl
azide (DPPA) to give the crude azide compound 28, another
equivalent of triphenylphosphine and water was added to the reac-
tion mixture to provide the corresponding amine via a Staudinger-
reduction. Treatment of the crude product with hydrochloric acid
provided the corresponding hydrochloride salt 29, which could be
isolated as a solid by simple filtration.

Fig. 10 Pilot-plant scale synthesis of an active pharmaceutical ingredient by the Mitsunobu reaction
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A thorough safety evaluation of the reaction is critical when the
step includes the reaction with azide reagents in the synthesis on a
plant scale [39, 40] in particular to stringently monitor for the
potential formation of toxic and explosive hydrazoic acid (HN3).
Through development of the overall process shown in Fig. 11, it
was confirmed that formation of hydrazoic acid was suppressed
below 10 ppm, though concentration of hydrazoic acid temporally
increased during addition of DPPA to the mixture.

The Mitsunobu reaction was adopted as the first step in the
synthesis of crizotinib (PF-02341066) (34), which is an anti-cancer
drug for the treatment of NSCLC functioning as an ALK (anaplas-
tic lymphoma kinase) and is currently being evaluated as a ROS1
(c-ros oncogene 1) inhibitor, on a pilot-plant scale because mild
reaction conditions for connecting 31 with 32 were required due
to the potential thermal instability of 32 (Fig. 12) [41]. Again, a
modified procedure was developed in order to simplify the purifi-
cation of 33. After the typical Mitsunobu reaction between 31 and
32, most of the waste mainly including triphenylphosphine oxide
and diisopropyl 1,2-hydrazinedicarboxylate was removed by addi-
tion of water and subsequent filtration of the complex formed.
Solubility profiling of the desired product leading to replacement
of the solvent with ethanol represented a key step as this allowed
direct precipitation product 33, which could be isolated in high
purity by filtration, and used directly in the subsequent Ni-cata-
lyzed reduction of a nitro group.

Fig. 11 Multikilogram synthesis of an HCV polymerase inhibitor featuring a Mitsunobu azidation
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It has been established that triphenylphosphine oxide forms
stable complexes with some metal halides, and this unique phe-
nomenon was applied to remove triphenylphosphine oxide when
the Mitsunobu reaction was used for the scalable synthesis of the
S1P1 receptor agonist 38 (Fig. 13) [42]. When magnesium chlo-
ride was added to the reaction mixture after completion of the
Mitsunobu reaction between alcohol 35 and phenol 36, an

Fig. 12 Application of the Mitsunobu reaction to the pilot-plant scale synthesis of crizotinib

Fig. 13 Mitsunobu reaction with modified purification in the scalable synthesis of an S1P1 receptor agonist
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insoluble complex of magnesium chloride with triphenylphosphine
oxide was formed in the toluene solution. Most of triphenylpho-
sphine (>95%) oxide could be removed by filtration of this suspen-
sion. Subsequently, product 37 could be isolated in high purity by
filtration as 37 precipitated from 2-propanol enabling the hydrazi-
nedicarboxylate by-product formed to be removed in this step.

There are numerous similar examples of the Mitsunobu reac-
tions on a large scale [43–46] with a focus on for modifying work-
up procedures to facilitate purification and avoid chromatography
in the majority of cases.

3 Modifications of the Mitsunobu Reaction

As described in the previous section, the production of a large
amount of waste seriously hampers application of the Mitsunobu
reaction to the practical synthesis of drugs and their intermediates.
Many interesting concepts for improving the Mitsunobu reaction
have recently been reported with many of these modifications
aimed at the facile removal of waste after the reaction.

Separation of waste by extraction operative after the reaction
represents one of the simplest modifications with the standard
example being the Mitsunobu reaction promoted by a combination
of diphenyl-2-pyridylphosphine and di-tert-butyl azodicarboxylate
(DTBAD), which can be extracted/decomposed by an aqueous
acidic work-up (Fig. 8) [29].

The crown ether tag attached to the triphenylphosphine deriv-
ative 39 facilitates removal of the corresponding phosphine oxide
with an ArgoPore™ ammonium trifluoroacetate column (Fig. 14)
[47]. When the crude product was purified by the column with
dichloromethane after the Mitsunobu reaction between 7-hydro-
xycoumarin and benzyl alcohol, no phosphine oxide was detected
from the elution leading to the benzylated product, though further

Fig. 14 Mitsunobu reaction with a phosphine reagent bearing a crown ether tag
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purification to remove waste based on DEAD is required for in
order to obtain highly pure desired product. This methodology
may not be practical on a large scale due to the use of toxic
dichloromethane in chromatography, but would be useful on a
laboratory scale when typical phosphine oxides become problem-
atic waste in purification of the desired products.

Plenio and co-workers developed phosphine 41 having a
redox-switching tag (Fig. 15) [48] and utilized a combination of
this reagent and di-tert-butyl azodicarboxylate (DTBAD) to pro-
mote the Mitsunobu reaction. A treatment of the crude reaction
mixture with iron(III) chloride followed by ether/water extraction
provided an organic phase, which includes the product and waste
based on the azo reagent, and an aqueous phase including the
phosphine oxide 42 possessing an oxidized ferrocene core as
high-valent ferrocene has a higher solubility in water. The separated
phosphine oxide 42 can be reduced in a stepwise manner with
sodium thiosulfate and trichlorosilane to recover the starting phos-
phine 41, while the pure product is obtained after removal of waste
based on the azo reagent by treatment with hydrochloric acid
followed by ether extraction.

Curran and co-workers have applied their fluorous chemistry
demonstrating that [49–51] the Mitsunobu reaction with azo
reagents 43–46 and phosphine 47 having fluorous tags smoothly
proceeds in THF, and highly pure products could be obtained by

Fig. 15 Mitsunobu reaction with a phosphine reagent bearing a redox-switching tag
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solid-phase extraction with fluorous silica gel (FluoroFlash®)
(Fig. 16). For instance, in the reaction between 4-fluorobenzyl
alcohol and 4-cyanophenol with azo compound 45 and phosphine
47, methanol/water (80:20) eluted only the corresponding ether
product in high purity, whereas the fluorous side products could be
recovered by switching the solvent to absolute methanol. Although
a recovered fluorous mixture needs to be further purified by usual
silica gel chromatography, fluorous hydrazine compounds are reox-
idized to the azo reagents with combination of bromine and pyri-
dine. In a similar context, a fluorous phosohine oxide is recyclable
by reconversion to the fluorous phosphine with alane–N,N-
dimethylamine complex. Azo reagent 45 having a propylene spacer
tends to provide better results than azo reagent 44 having an
ethylene spacer when steric hindered alcohols or weakly acidic
nucleophiles are used in the reaction. Azo reagents 43 and 46 are
more atom-economical from a standpoint of fluorine atoms. How-
ever, more fluorous silica gel is needed to get sufficient separation in
the reactions with these reagents, compared with the cases of 45
and 46.

Di-2-methoxyethyl azodicarboxylate (48) (DMEAD®) is a new
entry among modified azo reagents (Fig. 17) [52] and is conve-
nient for handling due to being a crystalline solid. 48 is easily
prepared by acylation between commercially available hydrazine
hydrate and 2-methoxyethyl chloroformate followed by oxidation
with N-bromosuccinimide, and it is obtained as a pure crystalline
solid by recrystallization. The by-product from the reduction after
reaction of DMEAD®, di-2-methoxyethyl hydrazinedicarboxylate

Fig. 16 Fluorous Mitsunobu reagents
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(49) can be easily removed by simple extraction with water. Since
most of triphenylphosphine oxide can often be removed by tritura-
tion with hexanes followed by filtration, obtaining a highly pure
product is often possible after short silica gel column chromatogra-
phy. In a similar manner, utilizing azodicarbonyl dimorpholide
(ADDM) allows for the reduced by-product to also be removed
after reaction by aqueous extraction, and in this case, it was shown
that the reagent can be easily recycled by oxidation with silver
(I) oxide and re-used [53].

Solid-phase synthesis facilitates removal of waste in organic
synthesis because the desired products can be isolated simply by
filtration. As with typical solid-phase synthesis, there are a very large
number of examples of the Mitsunobu reaction using polymer-
supported substrates (alcohols, carboxylic acids, or other nucleo-
philes) [54]. Such a methodology is utilized for construction of
medicinal libraries [55–57]. In this respect, Schultz and co-workers
reported a unique solid-phase method in the construction of com-
binatorial libraries of 2,6,9-substituted purines (Fig. 18) [58]. The
solid-phase Mitsunobu reaction with substrates possessing the
polymer tag proved to be problematic due to incomplete alkylation
with secondary alcohols and the use of excessive amounts of
reagents. This is a typical problem in solid-phase reactions, which
is often attributed to an issue of solubility. As such, the reactions
were carried out in solution phase, and after the reaction of purine
50 had been performed, the crude products were captured by resin-
bound amines 52 prior to purification. Subsequent filtration of the
resultant suspension gave products 53 in high purity with this
strategy enabling both the reliable solution-phase Mitsunobu reac-
tion to occur and the easy removal of waste from the desired
products. Numerous purine derivatives 54 could be synthesized
through additional solid-phase reactions, with final isolation occur-
ring through cleavage of the resin. Construction of a 1000 com-
pound library is possible employing this methodology in a 96-well
format.

On the other hand, there are examples of solution-phase Mit-
sunobu reactions employing polymer-supported reagents, which

Fig. 17 Mitsunobu reaction with DMEAD
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enables both the reagents and waste based upon them to be
removed by filtration of the reaction mixture. This method is
more convenient than the solid-phase method described previously
as it is applicable to a diverse range of substrates. Both polystyrene-
bounded azo 55 and phosphine 56 have been reported (Fig. 19)
[59–62], though typically either the azo reagent or the phosphine
reagent is used as a polymer-supported reagent in the Mitsunobu
reaction because if both are employed as polymers both reaction

Fig. 18 Synthesis of purine derivatives through a combination of the solution-phase Mitsunobu reaction and
solid-phase reactions

Fig. 19 Typical examples of polymer-supported Mitsunobu reagents

Mitsunobu Reactions and Modifications 113



rate and the amount of solids in the reaction medium often become
a problem.

Recently, Hanson and co-workers reported a solution-phase
Mitsunobu reaction with azo and phosphine reagents 57 and 58
featuring ring-opening metathesis (ROM) oligomerization of a
norbornenyl tag, which are soluble in THF (Fig. 20) [63]. After
the Mitsunobu reaction has been conducted with both polymer
reagents, the polymers can be easily removed by two filtration
processes through a short pad of silica gel eluting with EtOAc/
heptane, enabling the product is readily obtained in high purity.
Monomer reagents bearing a norbornenyl tag also work well in the
Mitsunobu reaction. As an interesting example, after completion of
the reaction, oligomerization with norbornenyl-tagged magnetic
nanoparticles enables removal of by-products by a magnet
[64]. There are similar examples using other polymers or dendri-
mers such as polystyrene, polyglycerol, and polyethylene glycol
[65, 66].

Although these methods facilitate the purification of Mitsu-
nobu reactions, application of these on a large scale may not be
practical owing to either prohibitive cost, or large-scale availability
of the necessary reagents.

An innovative but fundamental improvement of theMitsunobu
reaction is to avoid the stoichiometric use of azo and/or phosphine
reagents. Recycling reagents in the reaction mixture is a feasible
concept, and thus this system should consist of catalytic amounts of
Mitsunobu reagents, which are recycled by stoichiometric amounts
of convenient sacrificial reagents, of which the generated
by-products are easy to remove after reaction.

The concept has already been realized in the case of hazardous
azo reagents. In 2006, Toy and co-workers developed the first
example of catalytic Mitsunobu reaction using iodobenzene diace-
tate as a terminal oxidant (Fig. 21) [67] with diethyl hydrazinecar-
boxylate generated in the Mitsunobu reaction being reoxidized to
the starting DEAD in the presence of iodobenzene diacetate, and

Fig. 20 Mitsunobu reaction using “soluble” polymer-supported Mitsunobu reagents
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loading 10 mol% of DEAD is thus sufficient to obtain the product
in good yield. The sacrificial reagent produces iodobenzene and
acetic acid as the bulk of the waste, and a loading of 10 mol% of
DEAD is sufficient to obtain the desired products in good yield.
Although only examples with carboxylic acids have been shown in
scope of reactions, the concept of the reaction is very impressive.

A second example of a catalytic Mitsunobu reaction was
reported in 2013 (Fig. 22) [68] with the outstanding feature
being the use of atmospheric oxygen as a terminal oxidant for
recycling the azo reagent with the aid of an iron catalyst. Since
the standard by-product, diethyl 1,2-hydrazinedicarboxylate, was
intact under the aerobic iron-catalyzed oxidation conditions, a new

Fig. 21 Catalytic Mitsunobu reaction with iodosobenzene diacetate as a sacrificial oxidant

Fig. 22 Catalytic Mitsunobu reaction with azo-reagent recycling through aerobic oxidation
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azo reagent that is recyclable under these conditions was devel-
oped. 2-Phenylhydrazinecarboxylate derivatives are easily oxidized
to the corresponding 2-phenylazocarboxylate derivatives by aerobic
oxidation with a catalytic amount of iron phthalocyanine [Fe(Pc)]
because an aromatic ring can stabilize intermediates such as a cation
or a radical. Phenylazocarboxylate derivatives induced the Mitsu-
nobu reaction like DEAD, and 2-phenylhydrazinecarboxylate deri-
vatives should work as a catalyst in Mitsunobu reaction in the
presence of iron phthalocyanine and air. Ethyl 2-(3,4-dichlorophe-
nyl)hydrazinecarboxylate has been identified as an efficient catalyst
in this catalytic process. Iron phthalocyanine is commercially avail-
able as an inexpensive and non-toxic reagent. In addition, recently,
a 2-(3,4-dichlorophenyl)hydrazinecarboxylate has been also com-
mercially available from a supplier. The experimental procedure is
very simple because the mixture of all materials and reagents was
just stirred under air (typically a balloon technique was used). This
catalytic system is conceptually close to the ideal catalytic Mitsu-
nobu reaction as the stoichiometric waste generated from the ter-
minal oxidant is water. Addition of molecular sieves is essential to
sequester water formed from oxygen in the system. Although
reactivity is still moderate compared with the typical Mitsunobu
reaction, this catalytic method is applicable to reactions with several
nucleophiles such as phenol, phthalimide, and a nosylamide.

Catalytic Mitsunobu reactions for phosphine reagents have
been recently reported [69]. Cyclic phosphine oxides efficiently
work as a catalyst combining with phenylsilane as a sacrificial reduc-
ing reagent in the Mitsunobu reaction with a stoichiometric
amount of DIAD (Fig. 23). This method also has relatively general
scope of substrates. The catalytic concept is based on catalytic
Wittig reactions reported in 2009 [70].

Fig. 23 Catalytic Mitsunobu reaction with a phosphine reagent recycled through reduction with phenylsilane

116 Tsuyoshi Taniguchi



The azo and phosphine reagent-free Mitsunobu reaction is a
further goal in sustainable chemistry to avoid the significant draw-
backs of these reagents, and there have been a few promising
examples reported in this area. Diphenylcyclopropenone can work
as a catalyst to promote elimination of the hydroxyl groups of
alcohols (Fig. 24) [71] with the activated form of this catalyst
being the stable cyclopropenium cation 59 generated by the reac-
tion with methanesulfonic anhydride (Ms2O). When an alcohol is
added to cation 59, cyclopropene intermediate 60 is rapidly
formed and then converted to cation 61 by elimination of the
methanesulfonate anion (MsO�). The methanesulfonate anion
then attacks the activated alcohol from the back side to provide a
mesylate with inversion of stereochemistry. The reaction is applica-
ble to various secondary alcohols bearing functional groups due to
the mild conditions, but the applicable nucleophile is only the
methanesulfonate anion at the present conditions. If mesylates are
used for precursors of SN2 reactions with other nucleophiles, over-
all stereochemistry is retained from alcohols. Thus, this catalytic
method cannot be full replacement for the Mitsunobu reaction at
the moment, though the concept is very attractive. This catalytic
method has also been demonstrated for the direct chlorination of
alcohols, but it is rather a replacement for Appel reactions [72].

Fig. 24 Cyclopropenone-catalyzed SN2 reaction with the methanesulfonate
anion
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An azo reagent-free Mitsunobu reaction has also been achieved
by the use of an activated phosphorus(V) reagent 62 (Fig. 25)
[73]. Treatment of a mixture of an alcohol and a carboxylic acid
with reagent 62 directly provides the corresponding Mitsunobu
product. The phosphorus(V) reagent 62 is prepared from triphe-
nylphosphine oxide by treatment with oxalyl chloride followed by
addition of lithium 1,1,1-trifluoroethoxide. The overall reaction
mechanism does not involve a redox process in contrast to the
conventional Mitsunobu reaction, and reagent 62 is also sensitive
to moisture though can be stocked as an ethyl acetate solution.

4 Conclusion

Comprehensive application of the Mitsunobu reaction to medicinal
chemistry has been illustrated. The typical Mitsunobu reaction has
matured into a reliable and efficient method on a laboratory scale,
whereas serious problems often appear on a plant scale because of
the use of hazardous reagents and generation of much waste. Many
impressive approaches to solve such the problems have been
reported from the academia, but further efforts will be needed to
realize their practical application. It is expected that safe, economic,
and ecological Mitsunobu methods will be developed in the future
[74, 75].
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Chapter 4

Direct Nucleophilic Substitution of Alcohols by Brønsted or
Lewis Acids Activation: An Update

Pier Giorgio Cozzi, Andrea Gualandi, Luca Mengozzi, Elisabetta Manoni,
and Claire Margaret Wilson

Abstract

Typically substitution of alcohols involves a two-step activation/displacement pathway thus leading to the
generation of additional waste. The current chapter considers an alternative reaction manifold with the
displacement taking place directly through activation of the alcohol by either a Lewis or Brønsted acid. With
particular focus on the literature since 2011, an initial overview of carbenium ion reactivity is provided
followed by a survey of displacement reactions grouped by the nature of the nucleophile. Finally, advances
in both diastereoselective and enantioselective variants of the reaction are discussed.

Key words Alcohols, Direct nucleophilic substitution, Lewis acids, Brønsted acids, Mayr scale,
Carbenium ions, Piancatelli rearrangement, Meyer–Schuster rearrangement, Cascade reactions, Enan-
tioselectivity, Diastereoselectivity

1 Introduction

“In 2005, the ACSGreen Chemistry Institute® in conjunction with
pharmaceutical corporations formed the ACS GCI Pharmaceutical
Roundtable to encourage innovation while catalysing the integra-
tion of green chemistry and green engineering in the pharmaceuti-
cal industry. The activities of the Roundtable reflect its members’
shared belief that the pursuit of green chemistry and engineering is
imperative for business and environmental sustainability”
[1]. These statements cleanly summarize the on-going shift to the
development of sustainable and green chemical processes with
problems related to pollutants and the costly use of toxic metals
or reagents changing the way in which new chemical processes are
realized. In addition, changes in industrial policy are also influen-
cing the development and invention of new chemical methodolo-
gies. The pharmaceutical roundtable has developed a list of
imperative research topics, with the vision that improved meth-
odologies to realize these will lead to a significant reduction in

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_4,© Springer Science+Business Media, LLC, part of Springer Nature 2022
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impact in producing APIs and fine chemicals. Within that list, the
nucleophilic substitution of alcohols is considered one of the most
prominent topics. Alcohols are used in universities and industry as
starting materials for important synthetic transformations. How-
ever, they need to be activated by the introduction of a good leaving
group in order to accomplish many of these transformations. This
activation is normally conducted in a discrete single step reaction,
often followed by a nucleophilic displacement, thus producing
additional waste.

In recent years, the use of Brønsted or Lewis acids has been
proposed as a possible solution to this shortcoming to enable the
direct nucleophilic substitution of alcohols [2]. In this emerging
protocol, relatively stable carbenium ions are formed, and the
by-product generated by the nucleophilic displacements is water
(Scheme 1). Although generally considered green processes, these
transformations are typically carried out in the presence of an excess
of the nucleophile which in itself is “wasteful.” Given this, these
reactions need to be critically accessed, taking into account the
conditions, solvent, and promoters used. Although the scope is
sometimes limited and conditions are not always “green,” these
new methodologies are valuable processes and should be consid-
ered in synthetic planning discussions. In 2011, we presented a
general review [2] of the direct nucleophilic substitution of alco-
hols, in which a series of Brønsted and Lewis acids were examined as
catalysts or promoters in nucleophilic SN1-type reactions. In the
last 4 years, various new processes, methods, and reactions have
been developed in this area, and a more up-to-date review is pre-
sented herein to cover these developments [3–7]. In this chapter,
we briefly highlight and summarize the key principles and under-
standing necessary to use, develop, and design new SN1-type reac-
tions of alcohols, highlighting particularly the progress made in the
last several years in the direct nucleophilic substitution of alcohols.

2 Alcohols as Electrophiles: Generation of Carbenium Ions by Brønsted or
Lewis Acids

A common mechanism underlies the direct substitution of alcohols
in the presence of Brønsted or Lewis acids. Fundamental studies of
SN1-type reactions have shown that carbocations are key intermedi-
ates in many organic reactions [8] including Friedel–Crafts
(FC) reactions and polymerizations. The generation of carboca-
tions as suitable precursors by laser flash photolysis provides infor-
mation regarding their reactivity with many different nucleophiles,
and if the lifetime of the photogenerated species is sufficient to
observe reactivity towards the nucleophiles of interest, then kinetic
data can also be generated [9]. And if the lifetime of the photo-
generated carbocations is sufficient to observe reactivity toward the
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nucleophiles of interest, then kinetic data can be generated. The
combination of conventional UV–Vis spectroscopy, stop-flow
methods, and laser flash photolysis allows for the investigation of
a reaction series across a wide range of rate constants from
10�4 M�1 s�1 up to the diffusion limit (109 M�1 s�1). Using
carbenium ions of varying stability, Mayr was able to build up a
comprehensive reactivity scale, which is designed to consider car-
benium ions with reactivity differences over 30 orders of magnitude
in reactions with the same nucleophile [10]. The Mayr scale of
reactivity gives a general idea about the stability and the possible
use of different carbenium ions in chemical processes. Mayr was
able to express this relationship in the logarithmic equation log
k ¼ s (E + N), with k as the rate constant, E representing electro-
philicity, N representing nucleophilicity, and s representing specific
nucleophilicity. From this equation, it is possible to measure the
reaction rate of substrates covering more than 10 units of electro-
philicity (E) or 14 units of nucleophilicity (N), and it is also
possible to establish a “rule of thumb” for a successful reaction
between a nucleophile and electrophile, allowing a rapid assessment
of a nucleophile-electrophile combination to be made to see if a
positive reaction is likely to occur [11]. Specifically, a successful
reaction of nucleophile and electrophile will have an E + N > �5.
The equation is easily understood and rationalized and can further
be extended to predict the potential success of reactions that takes
place in the direct nucleophilic substitution of alcohols. It is impor-
tant to note that in this process the alcohols generate carbenium
ions (Scheme 1) with the stability of this intermediate species
representing an important factor. The different methodologies
discussed in this chapter generate stabilized carbenium ions with
the majority of the alcohols discussed in the literature being allylic,
benzylic, benzhydrylic, or propargylic. The stability of a carbenium
ion derived from an alcohol can be easily determined from a sim-
plified Mayr scale, as depicted in Fig. 1.

The use of secondary and tertiary alcohols bearing only alkyl
groups is quite uncommon in these transformations as the electro-
philicity of the generated carbenium ion will be too high. Carbe-
nium ions of high electrophilicity are not only difficult to generate

Scheme 1 Mechanism involved in the direct nucleophilic substitution of alcohols
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but also are prone to side reactions such as rearrangements or
eliminations. Additionally, the Brønsted and Lewis acids utilized
to generate the carbenium ion along with the nucleophilicity
(according to the Mayr equation), and concentration of the reac-
tion partners also influences the likelihood of the reaction having a
positive outcome. Normally, these considerations are not the key
points of focus in reports on the direct nucleophilic substitution of
alcohols, as authors are more interested in highlighting the advan-
tages such as the mild reaction conditions, catalytic use of Brønsted
or Lewis acid, and reaction scope. As discussed, carbenium ions are
common intermediates generated in these reactions, and given this,
we will try to discuss the recent developments in the field by
unifying the types of alcohols and considering the various acidic
conditions used for the generation of the reactive species. Initially,
allylic, benzylic, benzhydrylic, and propargylic alcohols will be

Fig. 1Mayr’s scale with common nucleophiles and selected carbenium ion generated by the action of Lewis or
Brønsted acids on alcohols
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discussed together as starting materials with comments and discus-
sion of the different acidic compounds used for the generation of
the common intermediate. This forms a core area of research with
often the same model reaction partners being described by various
research groups, with different Brønsted or Lewis acids employed
to promote the desired transformation.

2.1 Brønsted and

Lewis Acids for the

Generation of

Carbenium Ions

The direct use of alcohols in SN1-type reactions results in the
formation of a stoichiometric amount of water as a by-product,
therefore requiring the Brønsted or Lewis acid catalyst employed in
this transformation to be both water-tolerant and not deactivated
by the hydroxyl group. Kobayashi has nicely summarized the role
and features of water-tolerant Lewis acids in organic transforma-
tions and was able to link two physical parameters to the successful
use of such acids under these conditions [12]. Firstly, the stability
constant (hydrolysis) of the Lewis acid needs to be sufficient to
allow the activation of the hydroxyl group via coordination of the
Lewis acid to the alcohol, and particularly oxophilic Lewis acids can
facilitate this coordination event. Secondly, after formation of the
carbenium ion and the successive reaction with the nucleophile, the
Lewis acid needs to be stable in the presence of the water
by-product to drive the catalytic cycle. In addition, the alcohol
must be able to successfully out-compete water in terms of coordi-
nation to the Lewis acidic center, as coordination of the latter will
diminish the efficiency of the Lewis acid. The overall degree of
alcohol coordination is related to the exchange rate of water coor-
dinated to the Lewis acidic center. To some extent, these considera-
tions can be applied also to Brønsted acids with the acidity being
particularly relevant, as this shifts the equilibria of the reaction to
the protonated alcohol form. With Brønsted acids, it is also impor-
tant to consider the basicity of the species generated by this pro-
tonation. As the Brønsted acids employed in direct nucleophilic
substitution are normally highly acidic, the basicity of the anionic
species is low. When the basicity of this species is increased, elimi-
nation and other side reactions could be favored. One further
consideration arises when cationic Lewis acid catalysts, such as
metal chlorides, triflates, or perchlorates, are utilized in the reac-
tions, as these tend not to be stable in the presence of water being
hydrolyzed to produce strong Brønsted acids often resulting in side
reactions. In fact, this hydrolysis has raised questions as to whether
a Lewis acid is the true catalyst in many SN1-type reactions.

3 Classes of Nucleophiles for SN1-Type Reaction of Alcohols: C, N, O, and S
Nucleophiles

Generally, the direct nucleophilic substitution of alcohols allows a
great diversity in the scope of nucleophiles that can be used, with
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acidic ketoesters, diketones, or malonates commonly employed as
carbon-nucleophiles. With acidic substrates and particularly Lewis
acids, it is possible to generate the metal enolate, which has been
widely successfully employed in direct nucleophilic substitutions.
In addition, the employment of potentially bidentate nucleophiles
such as CN is sometimes described in these transformations,
though less acidic organometallic compounds are not commonly
used due to the competitive deprotonation of alcohols. Alkynes are
employed when the Lewis acid is able to activate the alkyne toward
the formation of the corresponding metal acetylide. Another class
of carbon nucleophiles extensively used are aromatic or heteroaro-
matic compounds. The Mayr scale can be utilized to indicate the
nucleophilicity of aromatic compounds, and both pyrrole and
indole find widespread employment in a large number of direct
nucleophilic substitutions given that they are 5–7 orders of magni-
tude more nucleophilic than aromatic compounds substituted with
electron-donating groups EDG (EWG ¼ electron withdrawing
group) [10, 11]. Typically, azoles, pyridine, and aromatic com-
pounds substituted with EWG groups are not suitable nucleophiles
for direct substitution due to their reduced nucleophilicity. Nitro-
gen-nucleophiles have been extensively examined in direct nucleo-
philic substitution, as amines and their derivatives are important
intermediates in synthesis. The direct nucleophilic substitution of
alcohols to form amines represents a cornerstone transformation
and has been described using highly nucleophilic azides or the less
nucleophilic (though not basic) electron-deficient amine derivatives
(carbamates, amides). Direct substitution with oxygen nucleophiles
can be considered in order to avoid a deprotonation step, and low
molecular weight alcohols (including acidic phenols) are sometimes
utilized for this purpose. Acidic thiol (RSH) derivatives are also
suitable for direct nucleophilic substitution chemistry, though care
must be exercised to avoid oxidation of both the thiols and the
highly thiophilic Lewis acids which lead to a significant reduction in
yields. Samec has investigated the effect of the electrophiles and
nucleophiles with different catalysts in the catalytic SN1-type sub-
stitution of alcohols with varying degrees of activation using a series
of C-, N-, S-, and O-centered nucleophiles [13]. As carbenium ions
play a key role, the use of different catalysts does not produce a
significant difference in reactivity, though the electrophilicity of the
carbenium ion is a key factor. However, the catalyst employed is
important as it exhibits different reactivity when varying the nucle-
ophile. For example, BiIII-Lewis acidic catalysts are highly efficient
with all nucleophiles, whereas FeIII- and AuIII-based catalysts show
higher conversions for S-, C-, and N-centered nucleophiles, while
RhVII-, PdII-, and PtII-derived systems are the catalysts of choice for
O-centered nucleophiles though lead to by-products (typically
ethers formed by the alcohols reacting with itself) when C, N,
and S nucleophiles are employed. With some Lewis acids (e.g.,
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those based on indium), certain ethers (e.g., allylic ethers) have
been shown to form reversibly, though can revert to give the
desired carbenium ion. However, if the ether is more stable, the
formation of this by-product (which is favored with oxophilic Lewis
acids) will reduce both the yield and the selectivity of the reaction.
Although theoretical investigations have been conducted on the
catalytic steps involved in the direct Lewis or Brønsted acid-
promoted nucleophilic addition reaction [14], a clear and deep
understanding of the reactivity trends involved mechanistically has
not yet emerged.

4 Development of Direct Nucleophilic Substitution with C-Nucleophiles

4.1 Addition of

Carbonyl Derivatives:

Use of Lewis Acids

Many Lewis acids have been reported as promoters for the addition
of malonates, ketoesters, and diketones to alcohols, the general
scheme for which is indicated in Scheme 1. Considering oxophilic
Lewis acids, the mode of activation of these catalysts involves the
coordination of the hydroxyl group to the Lewis acid leading to the
formation of a hydroxo–anionic complex. Fe2(SO4)3 · H2O on
silica has been described as a novel and efficient catalyst for the
direct nucleophilic substitution of alcohols under solvent-free con-
ditions [15]. The reaction with benzhydrylic, benzylic, and allylic
alcohols has been shown to give high yields of the desired com-
pounds using either symmetrical or unsymmetrical diketones. By
selecting bis(4-methoxyphenyl)methanol (E¼ 0), it was possible to
confirm the intermediacy of the carbenium ion. Despite the elec-
trophilicity of this carbenium ion, its stability is increased by the
presence of SiO2, and as such the cation’s presence could be
observed (as indicated by the red color) under an atmosphere of
air for ca. 1 h. Many SN1-type reactions of acidic diketones and
ketoesters were described in our previous review [2], though it is
interesting to report the possibility of using less acidic substrates for
the direct α-alkylation, as described by Gu, who reported the direct
nucleophilic substitution of aryl methyl ketones 2 with benz-
hydrylic alcohols 1 and xanthinol derivatives (Scheme 2) [16].

With chlorobenzene as the reaction solvent and Fe(OTf)3 as
the catalyst at high temperature (130 �C), it proved possible to use
ketones 2 as substrates due to their equilibrium with their
corresponding enol form, with yields for products 3 reported in
the range of 34–70%. It is important to note that highly electro-
philic alcohols cannot be used, as illustrated in the case of benzhy-
drols (with E > 0) where oxidation of the alcohol took place
through an internal redox reaction, with the concomitant loss of a
hydride.
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4.1.1 Addition of

Carbonyl Derivatives: Use

of Brønsted Acids

The direct α-alkylation of unactivated ketones is also possible when
Brønsted acids are employed as catalysts using benzylic alcohols
4 as the electrophiles (Scheme 3) [17]. The reaction is performed in
triflic acid with trimethyl orthoformate as an additive, which plays
an important role as it forms the corresponding methyl vinyl ether
of the ketone, a nucleophilic species that intercepts the carbenium
ion generated under the reaction conditions. Diverse aryl ketones
3 could be alkylated with diarylmethanols, cinnamyl alcohols, and
phenyl propargyl alcohols of varying electrophilicities (Fig. 1).

4.2 Friedel-Crafts

Reactions of Alcohols:

Use of Lewis Acids

Numerous publications on the direct FC (FC ¼ Friedel-Crafts)
reaction have appeared since 2011, as this transformation gives
rapid access to various important intermediates. Different Lewis
and Brønsted acids have been described for the promotion of the
FC reaction, with a diverse array of alcohol starting materials
employed. Many recent works have described the use of boron-
based Lewis acids for the generation of the carbenium ions. In
addition, Bi(OTf)3 has been used in the catalytic intramolecular
FC reaction of tertiary alcohols to prepare disubstituted tetrahy-
dronapthalenes, chromans, thiochromans, tetrahydroquinolines,
and tetrahydroisoquinolines. The reactions were conducted in
CHCl3 at reflux and in general gave good yields [18]. More
recently, an FC reaction involving benzylic alcohols with nucleo-
philic anilines has been reported [19] with Re2O7 catalyst (5 mol%)
at 80 �C in CH3CN providing good yields of the desired products.
As herein non-protected anilines are employed as the nucleophile,
questions can be raised about the nature of the effective kinetic
adduct. The reaction first involves the formation of a mixture of the
N-alkylated (the kinetically controlled product) as well as the
C-alkylated products (the thermodynamically controlled product).
Re2O7 is able to further activate the N-alkyl product thus

Scheme 2 Direct nucleophilic substitution of aryl methyl ketones with Benzhydrylic alcohols
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regenerating the carbocation. Bisai and co-workers conducted FC
reactions of 3-hydroxy-2-oxindoles with electron-rich aromatics
(phenols) in order to access the core structure of azonazine indole
alkaloids [20]. A variety of Lewis acids were shown to successfully
promote the ionization of the starting oxindole lea3ding to the FC

Scheme 3 α-Alkylation of unactivated ketones

Scheme 4 Tetrafluorophenylboronic acid as an air- and moisture-tolerant catalyst for the reaction of alcohols
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product, with In(OTf)3, Cu(OTf)2, Bi(OTf)3, and Sn(OTf)2 all
providing yields of greater than 85%. Several recent reports pub-
lished on the direct nucleophilic substitution of alcohols in FC
reactions have focused on the activation of allylic and propargylic
alcohols. For allylic alcohols, Hall has reported a boronic acid
catalyst, which was initially applied to a sequential Nazarov cycliza-
tion of divinyl alcohols/Diels–Alder cycloaddition for the prepara-
tion of densely functionalized bicyclic compounds in a highly
diastereoselective fashion [21]. More recently, Hall has described
the use of 2,3,4,5-tetrafluorophenylboronic acid 8 as an air- and
moisture-tolerant catalyst for the reaction of both allylic 7 and
benzylic alcohols with a variety of relatively non-nucleophilic
arene compounds 6 (Scheme 4) [22].

It is hypothesized that the presence of hydrogen in the ortho-
position of 8 could influence the stability of the transition state for
hydroxyl-activation through hydrogen bonding and that the fluo-
rine groups enhance the Lewis acidity. Propargylic alcohols have
also been successfully employed in FC reactions with nucleophilic
aromatic and heteroaromatic (indole and pyrrole) compounds
using either Ce(OTf)3 [23] or SnCl2 [24] as the catalysts with
nitromethane as the solvent.

4.2.1 Friedel-Crafts

Reactions of Alcohols: Use

of Brønsted Acids

An FC reaction promoted by TsOH was used by Heo and
co-workers for the synthesis of laetevirenol A 10 (Scheme
5) [25]. Interestingly, this reaction involved the formation of the
tertiary carbenium ion, which rearranged to the less stable benzylic
carbenium ion, which in turn lead to the desired product. An
α-amidoalkylation reaction, catalyzed by very low levels of HCl
produced in situ from 1,1,2,2-tetrachloroethane at high tempera-
ture, was recently described by Dalla and co-workers [26]. This
work draws into question the role played by Lewis acids given that
chlorinated solvents are used at high temperature. The reaction is
described in both an intramolecular and intermolecular fashion
with a broad scope of nucleophilic partners. In particular, the
skeletal framework obtained in the intramolecular FC reaction
provides rapid access to useful intermediates for the synthesis of
alkaloids.

Other highly electrophilic benzylic alcohols can be activated
toward nucleophiles using the strong Brønsted acid, o-benzenedi-
sulfonimide [27]. In this case, the reaction can be performed under
solvent-free conditions using 10 mol% of the Brønsted acid, and
importantly, it was possible to perform the alkylation with challeng-
ing highly electrophilic substrates (E ¼ 5) and achieve yields equal
to or higher than those described in the literature using Lewis acids.
Finally, acidic medium behaving as a Brønsted acid has been for
SN1-type reactions. For example, allylic alcohols can be activated
toward the direct nucleophilic substitution reaction using
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and 2,2,2-
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trifluoroethanol (TFE) as reaction solvents [28]. This procedure is
general and works under mild conditions with the key properties of
HFIP and TFE for generating carbenium ions being disclosed by
Mayr [29]. Essentially, the low nucleophilicity of the solvent
(N ¼ 0–1) combined with the acidity of the proton enables the
facile generation of the carbenium ion possible. As well as the
generality shown for the FC reaction of nucleophilic arenes and

Scheme 5 Synthesis of a natural product by a Friedel-Crafts reaction of a tertiary alcohol

Scheme 6 A Facile formation of an oxallyl cation
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allylic alcohols, these reaction conditions are also suitable for the
SN1 reaction of different nucleophiles, and it is important to keep in
mind that 1,3-dicarbonyl compounds (acetylacetone and Mel-
drum’s acid) are also suitable substrates for this transformation.
Cyclic silyl enol ethers 13 bearing a hydroxyl group in the α-
0-position can be treated with Brønsted acids like pyridinium triflate
to afford a stable oxallyl cation, which can undergo FC reactions
with nucleophilic indole derivatives 14 (Scheme 6) [30].

4.3 Nitriles, Cyanide,

and Other

Nucleophiles

A simple iron catalyst has been described for a Ritter-type reaction
allowing the synthesis of primary, secondary, and tertiary amides
[31]. The catalytic system also permits the addition of other
nucleophiles, such as phenylacetylene, to produce substituted phe-
nyl ketones. The yields are good with benzylic alcohol substrates,
and for reactions with yields below 40% under the standard condi-
tions, it is possible to improve them using cationic Fe(III) com-
plexes generated in situ in particular where the activation of
secondary allylic alcohols is required (normally difficult substrates
for SN1-type reactions). Zhou has reported the preparation of
functionalized 2-oxindoles by the Ritter reaction using HClO4

(10–20 mol%) in the presence of alkyl, vinyl, or aryl nitriles to
give amides [32]. The reactions of nitrones with allenyl cations
generated by triflic acid or by Sc(OTf)3 were reported by Liu and
co-workers in the preparation of dihydro-β-carbolines [33].

5 Development of Direct Nucleophilic Substitution with N-Nucleophiles

In our previous review, we reported the use of many Lewis and
Brønsted acidic conditions for the SN1-type directed nucleophilic
substitution of alcohols, using 4-nitroaniline, tosylamide, methyl
and benzyl carbamate, simple amides, and tert-butoxycarbonyl
(Boc) amines as substrates [2]. An update on the recent progress
both in terms of the conditions used and the scope of nucleophile-
electrophile combination will be illustrated here.

5.1 The Use of Lewis

Acids with N-

Nucleophiles

Although various expensive Lewis acids have been reported for the
direct amination of alcohols, it has been demonstrated that Al
(OTf)3 is a reliable, cheap alternative catalyst for this transforma-
tion [34]. The scope of the reaction is broad with allylic-, benzylic-
alcohols, and benzhydrols all being shown to be suitable substrates
to participate in the reaction with various amides. The reaction,
typically performed in CH3NO2 with 1 mol% of the catalyst at
room temperature is extremely fast (max 1 h) and provides the
desired products in good to excellent yields. A particularly notable
feature of this transformation is the possibility to use highly elec-
trophilic carbenium ions derived from benzhydrols (E ¼ 1–4). The
more stable ferrocenyl alcohols (E ¼ �3.5) have been employed in
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the synthesis of guanine and guanosine derivatives by a direct
nucleophilic substitution of either racemic or enantioenriched fer-
rocenylethanol derivatives in the presence of the same catalyst, (Al
(OTf)3) [35]. The lower Lewis acidity of Al(OTf)3 allowed the
direct introduction of ferrocenylethanol 16 at the 9-position of
the Boc-protected guanine derivative 17. Through the judicious
choice of Lewis acid derivatives (indium vs. aluminum), it was also
possible to use Boc protected guanine derivatives (Scheme 7).

Another suitable Lewis acid for the direct introduction of
N-based nucleophiles to alcohols is iron(III). Najera has investi-
gated the role played by iron in these reactions [36, 37] with an
investigation using allylic alcohols in water at 80–90 �C. It is
remarkable that the direct substitution reaction takes place in
water (or “on water”), as the carbenium ion formed preferentially
reacts with the nucleophilic species present forming the desired
amine derivative, which is stable under the reaction conditions.
The hydrate of iron has been demonstrated to be the active catalyst
in these reactions. Re2O7 is also capable of activating alcohols in
direct nucleophilic reactions [38], and various amides have been
successfully used with both benzylic and propargylic alcohols. A
typical protocol uses CH2Cl2 as the reaction solvent at room tem-
perature, with catalyst loadings of less than 2% used. The Zhan
group has developed a method to prepare acrylonitriles via a dom-
ino reaction involving initially propargylic substitution followed by
rearrangement using FeCl3 (10 mol%) as the Lewis acid catalyst
[39]. The transformation of benzylic alcohols into the
corresponding azides [40] (using 1 mol% of Bi(OTf)3 in
CH2Cl2—caution when using azides, and especially in solvents
such as CH2Cl2) or into the corresponding sulfonamides (by the
use of BF3) has also been demonstrated [41].

5.2 The Use of

Brønsted Acids with N-

Nucleophiles

Many examples of the use of Brønsted acids in direct substitution
with N-nucleophiles have been reported in our previous review
[2]. However, a recent report has described the use of functiona-
lized sulfonic acid ionic liquids as efficient catalysts for the direct
amination of alcohols [42].

Scheme 7 Direct nucleophilic reaction of a guanine derivative with ferrocenyl alcohol
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6 Development of Direct Nucleophilic Substitution with O-Nucleophiles

The direct nucleophilic substitution of alcohols can be used to
access a variety of different cyclic and acyclic ethers, and either
Lewis or Brønsted acids can be used to promote these
transformations.

6.1 The Use of Lewis

Acids with O-

Nucleophiles

More recent results reported in this area rely on the use of
aluminum-, boron-, or gold-based Lewis acids as catalysts, with a
typical example being the use of Al(OTf)3 as a new efficient catalyst
for the direct nucleophilic substitution of ferrocenyl alcohols
reported by Mamane as a useful method for the synthesis of
ferrocene-containing PEG (polyethylene glycol) derivatives
[43]. 2,2-Disubstituted-2H-chromenes and 2,2-disubstituted-
2H-1-benzopyrans are present in many natural products and phar-
maceutically relevant molecules demonstrating a broad range of
activity, including antitumor, anti-HIV, antibacterial, and antifun-
gal. Propargylic alcohols can be used for the formation of chro-
menes in the presence of BF3 [44] with the reaction involving an
initial direct nucleophilic substitution of a phenol with the propar-
gyl carbenium ion, which is formed by reaction with 15 mol% of
BF3 in CH2Cl2 at room temperature, followed by ring closure
through a Claisen rearrangement to the desired chromene.
Although primary and secondary propargylic alcohols are relatively
unreactive substrates for this transformation, tertiary propargylic
alcohols react with numerous differently substituted phenols to
provide the chromenes in reaction times ranging from 5 to 7 h.
Moran has reported the use of B(C6F5)3 in the formation of both
cyclic ethers and pyrrolidines 20 (Scheme 8) [45].

In this reaction, in addition to using allylic and propargylic
alcohols as suitable substrates, it was also demonstrated that ali-
phatic primary alcohols could be activated though at higher tem-
peratures (100 �C in CH3NO2). Normally cyclization of primary
aliphatic alcohols occurs only when stoichiometric amounts of
dehydrating agents or superacids are used at significantly elevated
temperatures (>160 �C). Iron Lewis acids have also been shown to
be compatible for direct O-substitution reactions with the use of
FeCl3 (25 mol%) in dichloroethane at 80 �C reported for the direct
nucleophilic displacement by alcohols in the formation of benzoin
derivatives [46], while 2H-chromenes can be obtained in a similar
manner by iron(III) complex-catalyzed cyclization of 2-(1-hydro-
xyallyl) phenols [47]. An interesting mechanistic analysis was dis-
closed by Widenhoefer [48] using gold carbene complexes in the
direct nucleophilic addition of alcohols to allylic alcohols to form
allylic ethers. These regio- and stereo-specific transformations were
shown to take place exclusively via γ-addition syn to the departing
hydroxyl group of the nucleophile on the double bond, followed by
Au-complexation of the allylic alcohol. The successive elimination
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of the hydroxy group and de-complexation of Au then provides the
E-olefin. It is important to consider this mechanistic study when
new transformations based on either Au(I) or Au(III) Lewis acids
are studied.

6.2 The Use of

Brønsted Acids with O-

Nucleophiles

In the SN1-type direct reaction of nucleophiles with alcohols,
nucleophilic solvents like water are often avoided though interest-
ingly it has recently been shown that if the nucleophilicity of the
nucleophiles present in the reaction mixture is greater than the
nucleophilicity of the solvent, the desired reaction will occur
much faster than the competing reaction of the solvent (though
naturally the relative concentration of nucleophile and solvent must
also be considered). Therefore, it is possible to carry out many SN1-
type transformations in water. For example, hot water displays
acidic properties and has been reported to efficiently promote the
intramolecular direct nucleophilic substitution reaction of unsatu-
rated alcohols to form cyclic ethers [49], as well as the 1,n-rear-
rangement (n¼ 3, 5, 7, 9) of allylic alcohols taking advantage of the
direct nucleophilic substitution of solvent water [50].

7 Non-stabilized Carbenium Ions from Alcohols: The Use of Calcium-Based
Lewis Acids

Niggeman and co-workers have published several interesting devel-
opments for the direct nucleophilic activation of alcohols using
calcium Lewis acids [51]. Not only is calcium inexpensive,
non-toxic, and abundant (as the fifth most frequent element in
the Earth’s crust), but Lewis acidic calcium complexes also display
remarkable properties and have the ability to activate numerous
alcohols that cannot be activated by other common and widely
employed Lewis acids. In particular, calcium complexes can be

Scheme 8 Synthesis of cyclic ethers and pyrrolidines by the use of a boron-
based Lewis acid
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used with secondary and tertiary alcohols leading to carbenium
ions that are so electrophilic; they are not incorporated on the
Mayr scale. Typically, alcohols are activated by calcium complexes
surrounded by weakly coordinating, non-basic anions such as
TfO�, F�, or 1:1 combination of triflimidate (NTf2)

� and hexa-
fluorophosphate (PF6)

� as these salts are particularly stable to both
air and moisture. The Lewis acid catalyst formed by the combina-
tion of Ca(NTf2)2 and Bu4NPF6 has proven to be highly active for
SN1-type reactions of alcohols, operating under mild conditions at
room temperature. It has been suggested [51] that calcium is
particularly active in these transformations due to its ability to
coordinate oxygen though another interesting property is its ability
to enhance the activity of acids. When the carbenium ion is formed
from the alcohol in these transformations, the alkoxide ion coordi-
nating to the calcium atom is basic and able to act as strong base
while calcium hydroxide also acts as a base and restores the calcium
complex through the liberation of water. The combination of
oxophilicity, Lewis acid activity, and basicity of the coordinate
hydroxide makes the calcium Lewis acid particularly suitable for
use in SN1-type reactions, and although primary alcohols are
unsuitable substrates, the SN1-type reactions with calcium ions
have broad scope and unique reactivity activating many substrates
that are not activated under more conventional conditions. Again
considering the Mayr scale to compare reactivity of the
corresponding carbenium ions generated, it is easy to discern that
alcohols located above E ¼ 3 or 4 scale can be used in SN1-type
reactions (Fig. 1). Several key findings and applications of calcium-
catalyzed SN1-type reactions were summarized in our previous
review article in 2011 [2]. A further example is presented in the
direct functionalization of alkynes with carbon-centered electro-
philes. After the nucleophilic attack of the alkyne, a vinyl cation
intermediate is generated, which can be intercepted by a water
molecule, and after keto-enol tautomerization, the corresponding
ketone is generated. Alcohols are also suitable substrates for this
transformation, with water being generated in the activation step.
Taking advantage of this, Niggemann recently disclosed a carbohy-
droxylation of alkynes with allyl and propargyl alcohols using a
calcium Lewis acid at 5 mol% loading [52]. To stabilize the inter-
mediate carbenium ion and to promote the transformation, a
weakly Lewis basic electron-pair donor additive, cyclopentanone,
was also used. These conditions were shown to be highly efficient
for the stabilization of either allyl- or vinyl-cationic intermediates in
combination with a Ca(NTf2)2 and Bu4NPF6-based catalyst system
with a cascade reaction based on this concept being developed,
involving the formation of a vinyl cation that is intercepted by a
series of arene nucleophiles (Scheme 9) [53].

Recently, an interesting transformation was described for the
formal intermolecular [2 + 2 + 2] cycloaddition reaction of enynes
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involving the formation of a propargylic cation (which can also be
considered an allenyl-cation), a calcium-catalyzed dehydration, fol-
lowed by nucleophilic attack of an olefin. The reaction proceeded
with excellent regio- and chemoselectivity, producing bicyclic
building blocks containing up to three stereocenters in a highly
diastereoselective manner [54].

8 Complex Rearrangements and Cascade Reactions: Aza- and Oxa-Piancatelli
Cascade Reactions

Alcohols are involved in the well-established Pinacol and Prins-
Pinacol rearrangements, and these transformations have been
used in numerous complex syntheses, with the alcohol starting
materials often being treated with Brønsted or Lewis acids. Unpro-
tected glycals can also be considered as useful starting materials for
allylic SN1-type reactions as they readily undergo catalyzed substi-
tution reactions at C-1, accompanied by allylic rearrangement, with
this reaction commonly known as the Ferrier rearrangement or the
Ferrier Type-I reaction [55].

The classical Meyer–Schuster rearrangement involves heating
an alcohol with a strong acid though these somewhat harsh condi-
tions are often incompatible with the presence of a number of
functional groups [56]. However, this transformations has recently
been described under milder conditions using either Lewis or
Brønsted acids enabling a wide range of primary, secondary, and
tertiary propargylic alcohols to undergo the Meyer–Schuster rear-
rangement to give enones at room temperature typically using Au
(I)-based catalysts in the presence of small quantities of either
MeOH or 4-methoxyphenylboronic acid (Scheme 10) [57].

Scheme 9 Combination of Ca(NTf2)2 and Bu4NPF6 as active catalysts for the activation of highly electrophilic
alcohols
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This transformation enabled the synthesis of the enone-con-
taining natural product daphenone 26, and in addition, the rear-
rangement of primary propargylic alcohols was combined in a
one-pot procedure with various nucleophiles to give access to
β-aryl, β-alkoxy, and β-sulfido ketones. A similar transformation
was described by Yanada using Bi(OTf)3 [58] and Amberlyst-15
immobilized in a [Bmim][PF6] ionic liquid [59]. In another exam-
ple of a reaction mediated by an initial Meyer–Schuster rearrange-
ment [60], various 1,1-diaryl-2-propyn-1-ols are coupled with
indan-1,3-dione. The reaction proceeds in water under microwave
irradiation in the presence of catalytic amounts of the
water-tolerant InCl3. Allenes are also versatile synthons in organic
chemistry that can be obtained in a facile manner reacting a Au
(III)-cationic complex with propargylic alcohols in the presence of
nucleophilic arene compounds. Similar to the Mayer-Schuster rear-
rangement, the propargylic cation generated under the reaction
conditions is in equilibrium with the allenylic cation, which is
intercepted by the nucleophilic aromatic compound in an
FC-type reaction. When furylcarbinols are treated with acids, a
rearrangement can take place, giving access to 4,5-substituted
cyclopentenones, and this transformation was recently reviewed
[61] along with other rearrangements that involve propargylic
alcohols, in which carbenium ions are formed in the presence of
Lewis acids capable of activating alkynes (Au, Ag, Yb) [62]. Com-
mon to all these transformations is the fact that after the activation
step of the carbenium ion generates the allenyl cation, which is then
attacked by either an internal or external nucleophile, often in a
FC-type reaction leading cyclic or bicyclic substrates. The Pianca-
telli rearrangement has been exploited to allow access to a series of
novel aza-spirocycles and spirocyclic ethers [63]. For example,
1,2-Dihydropyridine-5,6-dicarboxylates were efficiently obtained

Scheme 10Meyer–Schuster rearrangement to give enones at room temperature
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by a cascade reaction in which primary amines and 2-butynedioate
are reacted with carbenium ions obtained from propargylic alcohols
[64] with allenic carbocations being key intermediates in this reac-
tion, being intercepted by the nucleophilic enamines which are
formed in situ. An interesting series of reactions was described by
Yeh and co-workers in which homoallylic cations reacted with an
adjacent tethered-alkyne (Scheme 11) [65].

As seen in Scheme 11, alcohol 27 is reacted with FeCl3, with
the cationic promoted ring-opening reaction producing a homo-
allylic cation that undergoes ring-expansion and trapping with
chloride leading to the desired product 28. In a similar manner,
the Nazarov rearrangement reaction can be performed as a type of
cyclization reaction, with a variant (although not formally a
Nazarov cyclization) recently described in which allylic alcohols
undergo FeCl3-catalyzed cyclization to form functionalized
indenes [66].

9 Stereoselective Reactions

Stereoselective reactions using alcohols as intermediates have sev-
eral advantages, as in particular functionalization or activation steps
are avoided. In the direct nucleophilic substitution of alcohols,
carbenium ion intermediates are generated. Due to their planar
structure, nucleophiles can react at either of the two
pro-stereogenic faces, and in order to react at one face preferen-
tially, three strategies have been developed (Fig. 2).

Firstly, if the alcohol contains a stereogenic center, the forma-
tion of a preferential diastereoisomer is possible, whereas other
strategies consider the formation of an intimate chiral pair
[67]. The third strategy was developed in recent years with the
renewed interest in organocatalytic activation modes, and this has
been shown to be particularly successful with the development of a
large family of chiral Brønsted acids [68]. This approach also con-
siders the formation of a chiral nucleophile using a promoter in
sub-stoichiometric amounts. For example, chiral enamines (can be
generated in situ employing chiral primary or secondary amines)
subsequently react with the carbenium ions generated from alco-
hols in a stereoselective fashion. In our previous review, this
approach was introduced, highlighting the methodology, scope,
and possibilities offered by such a strategy, and as such herein, the
focus will be on summarizing more recent results [2].

9.1 Diastereos-

elective Reactions

with Chiral Alcohols

After carrying out a detailed investigation on the reaction of chiral
benzylic cations [69], Bach reported on a series of tyrosine deriva-
tives focusing on the stereo-controlled addition of nucleophiles to
the carbenium ion, generated using HBF4 (3 equiv.). The protect-
ing groups on the tyrosine were varied, while the
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diastereoselectivities obtained in the FC reaction examined. The
reactions were shown to be fully stereo-convergent and proceeded
under kinetic control. In order to explain the observed stereoselec-
tivity, the proposed model suggested a conformationally locked
benzylic cation intermediate, in which the conformation is con-
trolled by allylic strain. By introducing specific protecting groups, it

Scheme 11 Reaction of homoallylic cations with an adjacent tethered alkyne

Fig. 2 Generation of a new stereocenter in the reaction involving the activation of
alcohols by Lewis or Brønsted acids
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was possible to achieve high levels of stereocontrol in the FC
reaction, employing various nucleophilic aromatic substrates. A
similar pattern was exploited by Hanessian in order to access the
2-amino-1,1-diarylalkanes chiral unit, through introduction of a
phenylamine moiety [70]. In this report, the starting materials are
electron-rich benzylic alcohols carrying adjacent α-nitro or α-azido
groups with the reaction promoted by either AuCl3 or Bi(OTf)3. In
both cases, a syn-diastereoisomer was kinetically favored based on
the minimization of allylic strain in the intermediate resonance-
stabilized benzylic carbenium ions on which the nucleophilic attack
takes place.

N-Acyliminium ions are important intermediates in synthesis
and are readily accessible by a number of methods [71]. For exam-
ple, acyliminium ions can be obtained from stable α-amino alcohols
derived from barbituric acids (uracils) and have been utilized in the
direct nucleophilic displacement of alcohols to produce useful ura-
cil derivatives 30 (Scheme 12) [72, 73].

This methodology relies on an initial chemoselective mono-
reduction of barbituric acids using a SmI2–H2O complex, after
which the stable amino alcohols obtained can be reacted with
several nucleophiles in the presence of a Lewis acid. The reaction
features a very broad substrate scope and proceeds with excellent
stereoselectivity (dr up to >95:5), which is primarily a function of
the stereogenic center present in the starting compounds. Among
all the Lewis acids tested, BF3 gave high yields, excellent stereo-
selectivity, and a broad reaction scope with regard to the nucleo-
phile employed.

Scheme 12 Acyliminium ions obtained from barbituric acids by activation of alcohols
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A diastereoselective alkylation of chiral nitro derivatives was
reported by Cozzi and co-workers [74]. Given that the simple
alkylation of nitro derivatives is known to be difficult as normally
electrophilic reagents have the intrinsic preference for attack on the
oxygen atom of the nitronate anion, therefore α-alkylation of such
species is quite rare. In this study, trifluoroethanol, a
non-nucleophilic and acidic alcohol [29], acts as both the reaction
medium and activator for the formation of carbenium ions from
various benzylic, benzhydrylic, and propargylic alcohols with
enantio-enriched substrates obtained from nitro-Michael or
Henry reactions utilized as the starting materials. Various novel
chiral pyrrolidines, which have been shown to be useful secondary
amines in the promotion of organocatalytic reactions, can be readily
obtained using this methodology.

9.2 Stereoselective

Reactions with Chiral

Counterions

In 2012, the Gong group described the highly enantioselective
substitution reaction of 3-substituted 3-hydroxy-oxindoles 31
with ene-carbamates using 10 mol% of chiral phosphoric acid 32,
allowing access to enantioenriched oxindoles 33 in 72–92% yield
with 90–96% ee (Scheme 13) [75].

In the same year, the use of a series of simpler cyclic and acyclic
ketones as nucleophiles was reported by Guo and Peng [76] in the
direct α-alkylation of 3-indolyl 3-hydroxy-3-indolyloxindoles. The
ability of 3-hydroxy-indole to readily form carbenium ions is largely
due to the high stability of the resulting species, and although their
electrophilicity has not been fully investigated, these diarylcarbe-
nium tetrafluoroborates containing N-heteroarenes are bench sta-
ble and can be isolated [77]. In a similar manner, 3-indolyl
3-hydroxyoxindole fragments can be used for the formal asymmet-
ric [3 + 3] cycloaddition with an azomethine ylide generated in situ,
with the nucleophilic species being formed through an interaction
of a phosphoric acid with the activated alcohol [78].

Allylic alcohols can be alkylated through the activation of leav-
ing groups such as halides, carbonates, or acetates in Tsuji-Trost
type-reactions [79], though the stability of the carbenium ions
derived from allylic substrates can be also exploited in the presence
of Brønsted acids or Lewis acids, as we have briefly illustrated in
previous sections. Chiral nucleophiles have also been utilized in the
presence of Lewis acids or transition metals in order to facilitate the
formation of π-allylic cationic species from allylic alcohols [80],
though due to their relative high electrophilicity, in order to allow
the reaction to proceed, highly nucleophilic species need to be
employed. Chiral phosphoric acids of moderated acidity [81],
which are capable of catalyzing a variety of such reactions [80],
are also able to protonate the allylic alcohol to generate a chiral ion
pair, and this was exploited in a highly enantioselective organoca-
talytic intermolecular allylic alkylation of allylic alcohols with
1,3-dicarbonyls described by Gong (Scheme 14) [82].
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In this study, cyclic and acyclic diketones 35 gave very high
enantiomeric excesses when the reaction was performed in DCE at
�20 �C, while acetoacetate also gave good results. This reaction
was exploited in the total synthesis of hydroxymetasequirin-A tetra-
methyl ether diacetate (9 steps, 37% overall yield), though has only
been described for the less electrophilic allylic cations. The use of
less electrophilic alcohols in the enantioselective alkylation of car-
bonyls was described by Najera and Baeza [83], who utilized a dual
hydrogen bond activation in an SN1-type reaction for methylene
compounds, using benzydrylic alcohols as the alkylating agents and
employing bis(2-aminobenzoimidazole) 40 in combination with an
achiral Brønsted acid (TFA or TfOH) as the catalysts (Scheme 15).

In this case, enantiomeric excesses of up to 90% were obtained
using various alcohols, and it is interesting to note that the meth-
odology was also applicable to allylic alcohols, although the results
obtained were not as good.

Scheme 13 Synthesis of enantioenriched oxindoles
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Scheme 14 Intermolecular allylic alkylation of allylic alcohols with 1,3-dicarbonyl compounds

Scheme 15 A dual hydrogen bond activation in an SN1-type reaction
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9.3 Stereoselective

Reactions with Chiral

Nucleophiles

Following on from Cozzi’s asymmetric organocatalytic α-alkylation
of aldehydes [84], Cristmann and co-workers reported an orthog-
onal tandem hydroformylation/asymmetric organocatalytic
α-alkylation of both simple and functionalized olefins 43 with
benzhydrylic alcohols, though this chemistry was limited to the
use of highly stable carbenium ions (E ¼ �7) (Scheme 16) [85].

Similarly, the same stable benzhydrylic alcohols were used by
Kokotos in the alkylation of cyclic ketones, promoted by 10 mol%
of a thioxotetrahydropyrimidinone prolinol-derived catalyst
[86]. The use of primary amines derived from quinine was reported
by Gong and co-workers, in combination with an amine and 30% of
the chiral phosphoric acid 6, to mediate the highly enantioselective
alkylation of 3-indolyl-3-hydroxyoxindoles with O-protected-acet-
aldehyde to give a quaternary oxindole product with both high dr
values and excellent ee [87]. The 3-indolyl-3-hydroxyoxindole
framework was also a viable substrate using asymmetric enamine
catalysis in aqueous media as demonstrated by Wang and Ji
[88]. Guo and co-workers have described an efficient α-alkylation

Scheme 16 Tandem hydroformylation/asymmetric organocatalytic alkylation reaction
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reaction of α-amino aldehydes with 3-indolylmethanols [89], with
use of a primary amine thiourea-based catalyst allowing the forma-
tion of the corresponding enamine of α-amino aldehydes in high
yields (up to 99%), with good diastereoselectivities (up to 88:12),
and with excellent enantioselectivities (up to 96% ee). The products
obtained in this reaction can be readily converted into tryptophan
derivatives. Cozzi has described an efficient prolinol-derived cata-
lyst containing a ferrocene framework for the stereoselective alkyl-
ation of aldehydes [90]. In contrast to the Hayashi-Jørgensen
catalyst which contains a sensitive OTMS group, the pyrrolidine
ferrocene can be used in the presence of InBr3 or a range of other
Lewis acids.

9.4 Stereoselective

Reactions with Chiral

Metal Complexes

A detailed mechanistic analysis was performed by Bandini and
Miscione using experiments and DFT calculations on an enantio-
selective intramolecular FC reaction of indole with allylic alcohols
[91]. In this publication, both the role played of gold catalysis and
the effective generation of a carbenium allylic intermediate are
discussed. Although apparently these reactions are often viewed as
Lewis acid mediated reactions, with the gold complexes activating
the alcohols, this mechanistic study shows that the reaction is a
stepwise SN2

0-type in which the auration of the C–C double bond
of the allylic alcohols takes place due to FC reaction of indole. After
rearomatization of the indole moiety, a subsequent β-elimination of
[Au(I)]-H2O occurs, thus demonstrating that this reaction does
not involve direct nucleophilic displacement and formation of a
carbenium ion. Nevertheless, it is important to illustrate these
results relative to other gold-mediated nucleophilic displacements
of allylic alcohols, where the mechanism could probably be similar
to the SN2

0 mechanism determined for the intramolecular FC
reaction. It is also worth mentioning that the counterion on the
gold complex (a triflate in this case) plays a central role throughout
the mechanism, with hydrogen bonds formed in the preferred
transition state between both the indolic proton and the allylic
hydroxyl group with the counterion leading to the favored orienta-
tion of reagents. The counterion in this example is also involved in
the shuttling of the indolic protons to the hydroxyl group, leading
to the formation of a water molecule, which is subsequently
eliminated.

9.5 Stereoselective

SN1-Type Reactions

with Enantioenriched

Alcohols

Gong has reported an Au(I)-catalyzed multiple cascade reaction
between 2-alkynyl arylazides and propargylic alcohols, generating
pyrroloindolone derivatives with a great degree of structural diver-
sity [92], with the gold complex participating in a tandem triple
catalysis cascade when enantioenriched propargylic alcohols 47 are
used (Scheme 17).

This leads to enantioenriched pyrroloindolone derivatives 48
with two stereogenic centers, including a quaternary one, with
excellent stereocontrol, with the transformation only being
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possible because the reaction does not occur via a carbenium ion
but instead through a carbenoid gold complex, which reacts with
the alcohol formed after a Saucy-Marbet rearrangement involving
the propargylic indole, to give the observed pyrroloindolone
product.

10 Miscellaneous

Morita–Baylis–Hillman (MBH) adducts [93] are allylic alcohols
that can be used as SN1 nucleophilies, and to demonstrate this,
Sasai has reported an SN1

0-type reaction using Deoxo-Fluor [94]
for the preparation of alkenes bearing four different C-substituents,
with high regio- and stereo-control. The formation of a C(sp3)–F
bond is realized in this transformation, with the reaction showing a
fairly broad scope.

The direct reaction of hydrides with carbenium ions is a useful
strategy for the transformation of alcohols to the corresponding
alkanes. With the nucleophilicity of hydride reagents being recently
established by Mayr [95], different electrophilic carbenium ions
generated using Bronsted or Lewis acids can be used in hydroge-
nolysis. In this regard, Samec has reported a Pd-catalyzed direct
nucleophilic reduction of primary, secondary, and tertiary benzylic
alcohols with formic acid [96], while the reductive deoxygenation
of allylic or benzylic alcohols with excess Ti(III) reagent has been
reported by Arteaga and Jaraı́z [97]. This latter reaction proceeds
via an allyl(benzyl)–radical and an allyl(benzyl)–Ti species, which is
then selectively protonated. The capability of titanium to perform
de-oxygenation is well established and observed in the classical

Scheme 17 Triple tandem catalysis with enantioenriched propargylic alcohols
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McMurry reaction [98]. In similar transformations, tertiary and
secondary benzylic alcohols are transformed into the
corresponding alkanes in good to quantitative yields by use of tin
(IV) ion-exchanged montmorillonite (Sn-Mont) as a solid acid
catalyst and Et3SiH as the hydride source.

11 Conclusion and Future Perspectives

In this update to our previous comprehensive review [2], we have
presented new reactions and methodologies in the SN1-type reac-
tion of alcohols, reported in the last few years. Progress has been
made, particularly in the application of chiral Brønsted acids in
stereoselective reactions in which carbenium ions are formed. We
envision that future developments in the field will consider the use
of solid embedded Lewis acids and organic-inorganic solid combi-
nations for selective SN1-type reactions, with the possible recovery
and reuse of the catalysts. Although secondary and primary alcohols
are still not suitable substrates for such transformations, the inven-
tion of strong acids with stabilizing effects would allow reactions to
be extended to these substrates, further enhancing the scope of
SN1-type transformations. New photocatalytic reactions, in which
mild conditions are used to generate radical species, can be coupled
with alcohols and carbenium ions, allowing for the development of
interesting novel cascade and multicomponent transformations in
which activation of the alcohols will be more facile. It is important
to consider that alcohols will be valuable materials for use as bio-
diesel and for the preparation of key compounds within the remit
renewable and green chemistry, and SN1-type direct nucleophilic
substitution can potentially play a pivotal role to achieve this goal.
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Chapter 5

Friedel-Crafts Reactions

Grigoriy Sereda

Abstract

The history, mechanism, diversity, industrial applications, and perspectives of the Friedel-Crafts reactions
have been discussed in terms of “green” chemical processes. The rational design of reaction conditions and
correct choice of the catalyst provide a wide variety of options to conduct one of the most fundamental
groups of organic reactions in a responsible and environmentally friendly manner. Utilization of now
available methods of nanotechnology and non-traditional sources of energy paves the way for the further
implementation of the principles of “green” chemistry for industrial Friedel-Crafts reactions.

Key words Friedel-Crafts reactions, Alkylation, Acylation, Catalysis, Drug discovery, Green chemis-
try, Selectivity, Mechanisms, Toxicity, Photochemistry

1 Types and Mechanisms of Friedel-Crafts Alkylation and Acylation

In 1873, Grucareviz and Mertz [1] reported the preparation of
ketones from acyl chlorides and aromatic hydrocarbons in the
presence of Zn metal or ZnO. Four years later, in 1877, Charles
Friedel and James Crafts employed a Lewis acid (aluminum chlo-
ride, AlCl3) for introduction of an amyl group to the molecule of
benzene, using 1-chloropentane as the source of the alkyl group
(alkylation agent) [2]. The paper of Friedel and Crafts explicitly
recognized the role of a metal halide in the process of acylation and
alkylation of aromatic hydrocarbons. This type of reaction as such
was named after Friedel and Crafts. Later on, many other alkylation
(alkyl halides, alkenes, alcohols) and acylation (acid halides, anhy-
drides, acids, esters, amides) agents in combination with various
catalysts and substrates have been reported to carry out the prepa-
ration of functionalized aromatic compounds, which remain
extremely important in the chemical industry today [3, 4]. Frie-
del-Crafts reactions can be accompanied by cyclizations, rearrange-
ments of substrates, reagents, and products (particularly in
alkylation). It is important to note that alkylation can also be a
reversible process [3].
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The Friedel-Crafts alkylation is the introduction of an alkyl
group to an aromatic compound by the mechanism of electrophilic
aromatic substitution (Scheme 1). The electrophilic agent is gen-
erated by the coordination of a Lewis acid (in this example AlCl3)
with the halogen of the alkyl halide (herein an alkyl chloride), which
polarized the C–Cl bond, increases the partial positive charge on
carbon, and, most importantly, facilitates further polarization of
this bond during the following electrophilic attack. The step of the
electrophilic attack leads to the σ-complex, which produces the
product after deprotonation. Removal of HCl regenerates the
AlCl3 catalyst. Each of the variety of alkylation methods discussed
in this chapter utilizes some form of positive charge induction on
the carbon, up to generation of the carbocation by protonation of a
tertiary alcohol or alkene.

The Friedel-Crafts acylation is the introduction of an acyl
group to an aromatic compound by the mechanism of electrophilic
aromatic substitution. The initial hypothesis of the reaction mech-
anism suggested a complex between the aromatic substrate and
aluminum chloride as the reactive intermediate, which next reacts
with the acylation reagent [4]. Now, it is generally accepted that
Friedel-Crafts reactions proceed by a classical aromatic electrophilic
substitution mechanism in which the catalyst activates the alkyl-
ation or herein the acylation agent thereby inducing and/or
increasing its electrophilicity [3, 4] (Scheme 2).

However, interaction of the Lewis acid catalyst with the aro-
matic substrate should not be ignored, especially when the sub-
strate already contains an acyl group (Scheme 3).

From the viewpoint of atom economy, a promising acylating
agent is a combination of an alkyl halide and CO, which is

Scheme 1 Mechanism of the Friedel-Crafts alkylation

156 Grigoriy Sereda



presumably first converted to an acyl halide. This cyclization reac-
tion is often accompanied by carbocation rearrangements [3]
(Scheme 4).

After initial product formation, a tight complex forms between
the acylated product and the Lewis acid catalyst (aluminum

Scheme 3 Interaction of AlCl3 with the product of acylation

Scheme 2 Mechanism of the Friedel-Crafts acylation

Scheme 4 Aromatic cycloacylation by an alkyl halide and CO
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chloride is most commonly used), which deactivates the Lewis acid
and thus often requires its presence in stoichiometric amounts. This
distinguishes the role of aluminum chloride in acylation reactions,
wherein the Lewis acid is required in stoichiometric amounts from
purely alkylation reactions where theoretically only a catalytic quan-
tity is required. Second, the product/aluminum chloride complex
becomes inert toward further acylation of cage-like aromatic struc-
tures such as triptycene even in the presence of excess of an acylat-
ing agent [5]. As reported by Sereda and Skvarchenko in 1994,
introduction of the next acetyl group into the triptycene system is
possible only when the complex of the intermediate diacetyltripty-
cene with aluminum chloride 1 is broken up by HCl formed in the
reaction mixture (Scheme 5) [5]. The released ketone 2 then
becomes susceptible to further acetylation.

The presence in the molecule of triptycene of two acetyl groups
enhances the deactivating effect of complexation to such an extent
that in order to introduce the third acetyl group into the molecule,
the ketone-AlCl3 complex must be broken up by excess of HCl
introduced from an external source [5]. Alternatively, multiple
acylations of triptycene can be achieved by using
1,1-dichlorodimethyl ether as an alkylating agent [6] (Scheme 6).

Although mechanistically this is an alkylation reaction, the
overall transformation is in practice an acylation as hydrolysis of
the initially formed alkylation product readily produces the car-
bonyl group. The major drawbacks in many classical Friedel-Crafts
acylations are the necessity to use aluminum chloride (or a similar
Lewis Acid) in stoichiometric excess leading to the generation of
large quantities of waste as well as complicating purification. Within
addition, the evolution of noxious HCl in the majority of cases
makes the search for cleaner and more sustainable routes especially
important for the Friedel-Crafts acylation [7].

Friedel-Crafts reactions are usually understood in terms of the
electrophilic attack on an aromatic substrate. However, elevated

Scheme 5 Activation of complex 1 by HCl

158 Grigoriy Sereda



nucleophilicity of some heterocyclic substrates combined with the
inherent electrophilicity of the β-position in α,β-unsaturated car-
bonyl compounds makes the line between electrophilic aromatic
substitution and nucleophilic Michael addition in these cases some-
what blurred. Thus, introduction of the γ-carbonyl group to phe-
nols, pyrroles, and indoles are examples of the “Michael-type
Friedel-Crafts” reaction [8] (Scheme 7).

While leading to a significantly different synthetic outcome, the
hydroxyalkylation of aromatic compounds with carbonyl com-
pounds and similar processes are often also referred to as Friedel-
Crafts reactions. The most practical of these for the pharmaceutical
industry are acyliminium Friedel-Crafts reaction [9] and those
using epoxides as alkylating agents [10]. It is also worthwhile to
note that Friedel-Crafts reactions are often used as steps in a more
complex sequence of reactions, such as tandem cyclopropane/ring
opening/Friedel-Crafts [11] (Scheme 8) or organocatalytic cascade
reactions [12] (Scheme 9). In the tandem cyclopropane ring
opening/Friedel-Crafts alkylation, the cyclopropane ring hyper-
conjugated with an ester group opens and subsequently acts as an

Scheme 6 Overall acylation triptycene by an alkylating agent

Scheme 7 Michael-type Friedel-Crafts reaction
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electrophile adding to the N-substituted indole fragment of the
molecule (Scheme 8).

2 Significance of Friedel-Crafts Reactions for Drug Discovery

The wide diversity of available reagents, substrates, catalysts, and
pathways of Friedel-Crafts reactions open many opportunities for
the development of atom efficient and environmentally friendly
processes to access structurally complex molecules for the chemical
industry in general and drug discovery in particular.

Friedel-Crafts reactions are often the method of choice to
elaborate the carbon skeleton of a variety of aromatic compounds.
Therefore, these reactions have routinely been used for the indus-
trial production of many aromatic pharmaceuticals such as the
analgesics aspirin (the acetylation or carboxylation of phenol) and
acetaminophen (again the acetylation of phenol) (Scheme 10), the
anticoagulants 4-hydroxycoumarin and warfarin (again the acetyla-
tion of a phenol) (Scheme 11), and a series of antioxidant flavo-
noids (acylation of phenol) [4]. The acylation of a pyrrole moiety by
a range of acid chlorides is a key step in the synthesis of the anti-
parasitic indanomycin, the antibiotic calcimycin, and the analgesic
zomax (Scheme 12) [13].

Due to the high reactivity of pyrrole toward electrophilic sub-
stitution, this transformation can be catalyzed by reusable ZnO
(at least 3 times without a significant drop in the yield) under
solvent-free conditions [13]. A similar ZnO-catalyzed Benzoylation
of indoles performed in an ionic liquid stereoselectively proceeds to
the 3-position [14] and thus opens access to a variety of compounds

Scheme 8 Tandem Friedel-Crafts reaction—cyclopropane ring opening

Scheme 9 Organocatalytic cascade reaction in the presence of a chiral organocatalyst and an acid
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whose anti-cancer activity is comparable with that of colchicine and
similar alkaloids [15] (Scheme 13).

Hydroxymethylation of aromatic compounds with aldehydes
or ketones leads to the benzyl alcohols, which in turn can act as an
alkylating agent for another equivalent of the aromatic substrate
(Scheme 14). Such a “double Friedel-Crafts reaction” was

Scheme 10 Synthesis of selected pharmaceuticals using a Friedel-Crafts reaction step—1

Scheme 11 Synthesis of selected pharmaceuticals using a Friedel-Crafts reaction step—2
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successfully employed to alkylate two equivalents of 2-substituted
furan with an aldehyde in the presence of 10 mol% of molecular
iodine [16]. The resulting bis(heteroaryl)alkanes have been found
to significantly inhibit nitric oxide (NO) production in a

Scheme 12 Synthesis of selected pharmaceuticals using a Friedel-Crafts reaction step—3

Scheme 13 Synthesis of indole derivatives bioisosteric to colchicine
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macrophage model and are therefore promising leads for new
non-steroidal anti-inflammatory agents [16].

Interestingly, photoacylation of quinones with aldehydes,
which is mechanistically very different from electrophilic aromatic
substitution, is still referred to as a “photo-Friedel-Crafts reaction”
[17]. The reaction involves hydrogen transfer from the aldehyde
group to the excited state of quinone followed by the free radical
acylation step. An intramolecular version of this reaction, which
involved decarbonylation followed by carbene addition, was
employed to develop a new approach to the total synthesis of the
natural anticancer compound and antibiotic, epoxykinamycin
FL-120B (Scheme 15) [17]. Somewhat surprisingly herein, the
intermediate ketene does not act as an acylating agent but rather
expels carbon monoxide (CO) and produces a carbene.

In 2011, Benites, Rios, Diaz, and Valderrama reported the
heteroacylation of 1,4-quinones with aldehydes derived from
furan, thiophene, pyrrole, and pyridine induced by solar light

Scheme 14 Tandem hydroxyalkylation—alkylation

Scheme 15 Mechanism of the decarbonylative “Photo-Friedel-Crafts reaction”
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[18]. This type of acylation has proven to be useful for constructing
polycyclic structures with antiproliferative activity [19] and later for
a wider variety of biologically active compounds such as pyrano-
naphthoquinone antibiotics (Scheme 16) [20, 21].

A new type of aminoalkylating Friedel-Crafts reagents (acylimi-
niums) were introduced in 2008 by Chung et al. (Scheme 17) [9].
Typically generated in situ, the acyliminium reagent reacts with an
activated aromatic system, starting a synthetic sequence to produce
the advanced antibiotic PTK0796, which belongs to the class of
aminomethylcyclines [9] (Scheme 18). This study from Merck eval-
uates a series of acyliminium precursors in terms of their reactivity,
the resulting product profile from the reaction as well as the
subsequent ease of removal of the protecting group from the final
desired compound.

In 2013, a more classical Friedel-Crafts reaction—intramolec-
ular alkylation using an allylic bromide—was employed to form the
substituted 3-benzazepine motif essential for the synthesis of a
series of natural products including a number of dopamine agonists
(Scheme 19) [22]. In this study, a range of Lewis acids were

Scheme 16 The use of the photoacylation of quinones in the synthesis of
pyranonaphthoquinone antibiotics

Scheme 17 Aminoalkylation by acyliminium reagents
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evaluated for their ability to mediate this transformation with Bi
(OTf)3 shown to be optimal.

In another example, which we have previously seen (Scheme 9),
the C¼C bond of a substituted ortho-hydroxycinnamaldehyde alky-
lates an N-substituted indole, with aldehyde group then forming a
cyclic hemiacetal with the phenolic group. This alkylation-
cyclization cascade reaction gives access to a wide variety of sub-
stituted indoles known for their high-affinity binding to a number
of receptors and, therefore, important in drug discovery [12].

3 Minimizing Quantity of the Catalyst or Co-reactant

In 2000, Anastas and coworkers proposed the 12 Principles of
Green Chemistry listed in Appendix 1 [23]. The major effort to
evolve the Friedel-Crafts acylation to a “green” industrial process is
focused on the replacement of the Lewis acid co-reactant usually
used in a stoichiometric excess, with a true catalyst. As previously
mentioned in contrast to the catalytic Friedel-Crafts alkylation, the
classical implementation of its acylation counterpart requires a
stoichiometric amount of AlCl3, due to the formation of an inactive
complex of the Lewis acid with the ketone product. Therefore,

Scheme 18 Merck’s acyliminium-based approach to the antibiotic PTK0796

Scheme 19 Bi(OTf)3-mediated synthesis of 3-benazazepines
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AlCl3 often referred to as a catalyst actually plays the role of a
co-reactant. The first example of electrophilic acylation was
reported in 1876 by Crucareviz and Merz, who isolated benzophe-
none from the unsuccessful coupling of benzoyl chloride using Zn
with benzene as the solvent [1]. One year later, Friedel and Crafts
attributed the catalytic effect to ZnCl2 formed in situ from Zn
[2]. The weaker binding affinity to ketones of ZnCl2 compared to
AlCl3 has now opened the gateway to the wide range of catalysts
available for aromatic acylation. Zn, In, and Fe used in amounts
ranging from 20% to 100% with respect of the acyl chloride have all
been reported to catalyze acylation of activated and deactivated
benzenes under microwave irradiation [4]. Catalytic amounts of
HClO4, AlH(SO4)2, or molecular I2 promote the reaction of acid
chlorides or anhydrides with activated aromatic substrates
[4]. Molecular I2 is also able to promote the alkylation of furan
derivatives using aldehydes [16]. While switching from stoichio-
metric AlCl3 to catalytic amounts of an alternative substance defi-
nitely contributes to both the reduction of waste and hazards
involved with the chemical synthesis (Green Chemistry Principles
1, 2, 3, and 9), most of the listed reactions also proceed at room
temperature, which is critical for energy efficient processes (Princi-
ple 6). The benefits of catalytic acylation have been further refined
by using numerous inorganic and organic heterogeneous composi-
tions as catalysts, thus further simplifying isolation of the desired
products and enabling the processes to be run in a continuous flow
manner [24].

As an example of this, Zeolites are natural microporous alumi-
noosilicates comprised of SiO4

� and AlO4
� tetrahedra, which are

capable of accommodating a wide variety of cations. Due to the
lower valence of Al compared to Si, AlO4

� tetrahedra impart the
negative charge to the inorganic covalent framework. This negative
charge can be balanced by protons thus providing Brønsted acidic
catalytic sites. Their density can be tuned by the Al/Si ratio in the
material, while their distribution is determined by the zeolite’s
morphology [25]. A range of available controlled processes for
the synthesis of mesoporous materials such as MCM-41 (Mobile
Composition of Matter-41) and their doping with other metals
have led to the development of a wide variety of tunable catalysts
for Friedel-Crafts reactions. Thus, the BEA (Beta-Polymorph A)
zeolite activates both acid chlorides and anhydrides toward the
acylation of toluene [4]. However, better atom economy (Green
Chemistry Principle 2) and fewer synthetic steps (Green Chemistry
Principle 8) are achieved when a carboxylic acid acts as the acylating
agent as the whole organic component of the carboxylic acid ends
up in the reaction product, while only half of an anhydride is
incorporated. In addition, a derivatization step is removed from
the overall synthetic sequence. Excellent results have been reported
by Chiche and coworkers, when a Ce-doped zeolite (CeY) was used
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to catalyze the acylation of toluene by acetic acid [26]. Alternatively,
methanesulfonic acid was employed for broader reaction scope in
the acylation of aromatic substrates with carboxylic acids under
solvent-free conditions [27].

Clays: are layered silicates with a negatively charged framework
consisting of various arrays of tetrahedral and octahedral layers.
While clay-catalyzed acylation of most aromatic compounds by
acyl chlorides requires elevated temperatures (up to 300 �C), acyla-
tion of activated aromatics (benzo-crown ethers, pyrroles, furans,
and thiophenes) with anhydrides and acyl chlorides proceeds under
80 �C without unwanted acid-catalyzed degradation of the sub-
strate [4]. Especially efficient are Sn-doped clays due to the ability
of Sn2+ to abstract Cl� from an acyl chloride and generate a reactive
acylium cation [4].

Graphite: In 1997, Kodomari and coworkers have reported that
commercial graphite catalyzes the acylation of moderately activated
aromatic compounds with both acyl chlorides and acyl bromides
upon refluxing in either 1,2-dichloroethane or benzene [28]. In
2004, the use of the graphite catalyst was expanded to the alkyl-
ation of toluene and p-xylene by benzyl and alkyl halides [29]. Inter-
estingly, graphite-catalyzed alkylation proceeded very smoothly for
a primary alkylating agent and a phenyl ester substrate, which
would typically rearrange in the presence of traditional strong
Lewis acids [30]. Scheme 20 shows the graphite-catalyzed alkyl-
ation of a primary bromoalkyl-substituted benzene to the para-
position by an ester-functionalized benzyl chloride.

In order to promote “green” synthetic methods in the chemical
education, alkylation and acylation on graphite have been intro-
duced both to the laboratory chemistry curriculum [31] and to a
workshop for undergraduate students [32].

Naflon: is a perfluorinated polymer, which is considered as a
“superacid” (pKa ~ �5 to �9) due to the presence of sulfonic
acid groups. Catalysis by Naflon provides practical results for the
benzoylation of toluene with benzoyl chloride. However, acylation
by alkanoyl chlorides is problematic due to the formation of ketone
degradation products [4]. Much better results have been achieved
by using Teflon-silica composites where either nanoparticles of

Scheme 20 Chemoselective alkylation on commercial graphite
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Naflon were embedded into a silica matrix, or perfluoroalkylsulfo-
nic acid chains were anchored to the surface of silica. These com-
posite catalysts require milder conditions to effect the reaction,
produce much less unwanted degradation products, and are able
to activate acyl chlorides, anhydrides, and carboxylic acids [4].

Light-driven Friedel-Crafts reactions: The ultimate result of mini-
mizing catalyst amount is obviously to use no catalyst at all, and this
can be achieved if the necessary energy is supplied to the reaction
mixture by light. For example, the Photo-Fries rearrangement, in
which a phenyl ester acts as an intramolecular source of the acylat-
ing agent, can be carried out at room temperature upon irradiation
at 254 nm [4]. The overall outcome of the reaction is aromatic
acylation, which is characteristic for a Friedel-Crafts type of reac-
tion. An even further shift toward an eco-friendly acylation is
demonstrated by using solar light as the source of energy, which is
keeping up with the sixth Principle of Green Chemistry (Design for
energy efficiency). Exposure to sunlight initiated the alkylation of
quinones by aromatic [20] and heteroaromatic [18] aldehydes,
leading to a series of anti-proliferative diaryl ketones [19]. The
attempted intramolecular version of this reaction was unexpectedly
accompanied by decarbonylation, which led to a previously dis-
cussed new method for the synthesis of the natural anticancer
antibiotic Epoxykinamycin FL-120B in the presence of solar light
(Scheme 15) [17].

Besides promoting photochemical reactions, solar light can be
also used simply for heating. Thus, the classical acylation of aro-
matic compounds with acyl chlorides in the presence of AlCl3 has
been carried out at elevated temperatures created by solar light
concentrated at the reactor by parabolic mirrors, which generated
temperatures over 300 �C [33].

4 Reducing Hazardous Effects of the Process

The widespread use of acyl chlorides for Friedel-Crafts acylation
and alkyl chlorides for the corresponding alkylation, brings up the
issue of dealing with the noxious HCl by-product and disposal of
the corrosive AlCl3. Options for alternative acylating agents such as
carboxylic acids and their anhydrides have been recently expanded
to phenylamides with an electron-withdrawing substituent on the
aromatic ring. In the presence of triflic acid, these amides have been
shown to acylate benzene almost quantitatively within 3 h [34]. In
a similar manner, N-nitroisocyanate acylates two molecules of ben-
zene, producing benzophenone in 90% yield. The alkylation equiv-
alent of this reaction can be significantly improved when alcohols or
ethers can be used for the key alkylation. Thus, Sc(OTf)3 catalyzes
alkylation of aromatic compounds by secondary benzylic alcohols,
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and FeCl3 enables alkylation by secondary benzylic ethers [35]. A
very interesting alkylation occurs upon activation of
1,3-propaneacetals promoted by Sc(OTf)3 (Scheme 21), with
Rueping and co-workers [35] suggesting the involvement of a
hydride shift in this process.

Using these alternative acylating and alkylated reagents enables
the reaction to be run under less hazardous conditions through
utilizing safer reagents and also prevents the generation of acidic
waste (Principles 3 and 5 of Green Chemistry: less hazardous
chemical synthesis and using safer solvents and auxiliaries).

For a given reaction, there are three major ways to reduce the
inherent toxicity of the overall catalytic process: (1) use of
non-toxic catalysts, (2) immobilization of catalysts to a solid sup-
port thus decreasing their volatility and tendency to form aerosols,
and (3) utilization of a non-toxic or non-hazardous solvent, or no
solvent at all. Thus, the alpha-acylation of pyrrole was catalyzed by
non-toxic, reusable ZnO as was mentioned above [13]. In addition,
this reaction was performed without any solvent, which is consis-
tent with Principle 5 of Green Chemistry (using safer solvents or
auxiliaries, or no solvent at all). However, one should consider that
solvents act as a heat sink, which limits their safe use to reactions
with the appropriate heat effects. Another solvent-free reaction
catalyzed by low-toxic graphene oxide was reported for the beta-
alkylation of indole by epoxides [10]. Non-toxic commercial
graphite catalyzes both Friedel-Crafts acylation [28] and alkylation
[28–32] reactions. It was found that catalytic activity of commercial
graphite toward alkylation is accounted for by the presence of Fe in
the material [30]. A material prepared by growing magnetite nano-
particles on carboxy-functionalized graphite has demonstrated
excellent catalytic activity for the alkylation of aromatic compounds
by various organic halides [36]. This “hybrid catalyst” is an example
of a catalyst immobilized on a solid support. These types of materi-
als are more dispersed, reactive, and hinder release of the catalyst to
the environment, which is critical both to enable recycling thus
easing isolation of products and for less hazardous chemical synthe-
sis (Principle 3 of Green Chemistry). Graphite-supported tosic acid
is able to catalyze acylation of substituted benzenes by carboxylic
acids at 90 �C [4]. Another strong acid, triflic acid, supported by
poly(4-vinylpyridine), was employed to catalyze Friedel-Crafts

Scheme 21 Redox-alkylation using acetals
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acylation and hydroxymethylation followed by alkylation
(Scheme 22) [37].

Acylation of anisole by a carboxylic acid (benzoic acid) can also
be catalyzed by a weaker (tungstophosphoric) acid supported by a
mesoporous MCM-41 material [38]. However, the reaction was
complicated by demethylation that led to the minor product phe-
nylbenzoate. In 2014, Zhang and coworkers have covalently
attached polyammonium chains to polyacrylonitrile fibers
[39]. This environmentally benign material catalyzed the conver-
sion of phenols to coumarins, which features a hydroxymethylation
step using acetoacetic ester and the hydroxymethylation of indoles
by aldehydes (Scheme 23) [39].

A variety of zeolite-supported Lewis acids have been explored
for Friedel-Crafts reactions [4] with the most utilized zeolites being
BEA, Y, ZSM-5, MOR, and MCM-41. An interesting feature of

Scheme 22 Hydroxylation followed by alkylation catalyzed by solid-supported triflic acid

Scheme 23 One-pot solid-support catalyzed synthesis of coumarins from phenols and hydroxymethylation of
indoles
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zeolites is both their ability to catalyze acylation by acids rather than
their anhydrides or halides and their utility for application for
continuous flow processes in fixed bed reactors [4]. As previously
demonstrated herein, 12 metal salts deposited on 4 Å molecular
sieves were tested to catalyze an intramolecular aromatic allylation
featuring an in situ isomerization of the key reactive center (see
Scheme 19) [22] with an almost quantitative yield being obtained
using 20 mol% of Bi(OTf)3 [22].

In 2010, a group of French chemists demonstrated the use of
supercritical CO2 as a suitable solvent for the acylation of benzo-
furans using acyl chlorides in the presence of various catalysts
[7]. This technique has eliminated concerns about toxicity or flam-
mability typically associated with organic solvents. Two years later,
the ionic liquid [BMM][PF6] (1-butyl-2,3-dimethylimidazolium
hexafluorophosphate) was utilized as a solvent for the acylation of
indoles with acyl chlorides [14]. Due to their very low vapor
pressures, ionic liquids do not emanate any toxic fumes to the
environment, which is in keeping with the third Principle of
Green Chemistry. As an additional advantage, they can often be
easily recycled and re-used without any adverse effects on the
efficiency of the process. The Michael-type alkylation of indoles
allows for the use of a water-compatible organocatalyst D-cam-
phor-10-sulfonic acid, described by Chimni [40]. In addition to
other aspects of a clean technology, conducting the reaction in
water reduces the probability of a chemical accident involving
release of toxic gases or liquids to the environment (Principle
12 of Green Chemistry). In addition, the methanesulfonic acid-
catalyzed acylation of phenols by carboxylic acids themselves can be
carried out under solvent-free conditions [41] (Scheme 24), with
interestingly acylation occurring primarily at the ortho-position.

5 Application of Friedel-Crafts Reactions to the Synthesis of “Green” Products

Though the role of the Friedel-Crafts reaction in “green” technol-
ogy has so far been the focus of this chapter, with a variety of
examples of environmentally friendly reaction conditions, it should
not be overlooked that a reaction that can be used as a platform for
the synthesis of biodegradable, non-toxic, or otherwise “green”
products also contributes to “green” technology even if in its direct
application in these processes, it is not “green” itself. An example of
this is the AlCl3-catalyzed acylation of the renewable feedstock

Scheme 24 Solvent-free ortho-acylation of phenols
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cinnamic acid by maleic anhydride, which efficiently leads to a
pivotal intermediate for the production of a “green” epoxy resin
(Scheme 25) [42].

6 Increasing Selectivity of Alkylation and Acylation

The benefits of selectivity for a “green” organic reaction often
overweigh all the previous factors that we have discussed, simply
because increasing the yield of the target compound directly
improves the atom economy (Principle 2 of Green Chemistry)
and greatly reduces both the toxic exhausts and energy costs in
the process of isolation and purification, especially with regard to
column chromatography. Thus, in the presence of a chiral catalyst
and an acidic co-catalyst, Michael-type alkylation of indoles by
ortho-hydroxycinnamic aldehydes followed by cyclization produces,
in a variety of solvents, chiral coumarins with modest to high
enantiomeric excess (Scheme 26) [12]. Depending on the acid
(trifluoroacetic acid, dichloroacetic acid, trichloroacetic acid), sol-
vent (dichloromethane, acetonitrile, toluene, THF, ethyl acetate,
1,4-dioxane), and reaction time, the yields ranged from 35% to 91%

Scheme 25 Synthesis of a “green” epoxy-resin precursor via Friedel-Crafts acylation

Scheme 26 Chiral Michael-type alkylation of indoles
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and er from 51:49 to 73:27. Similar results have been achieved for
substituted indoles and ortho-hydroxycinnamates [12].

This Michael-type alkylation is, perhaps, the most refined
example of enantioselective Friedel-Crafts reactions and is dis-
cussed in detail in a 2012 review [8]. A chiral alkylating agent can
also act as the source of chirality for the products of electrophilic
substitution reactions. For instance, alkylation of a variety of
indoles by chiral phenyloxiranes in the presence of graphene oxide
produces regioselectively and stereoselectively primary alcohols
with high enantiomeric excess (87–99) (Scheme 27) [10].

This high level of regioselectivity is not usually observed under
acidic conditions as significant racemization occurs due to the
intermediary of a benzyl carbocation. However, this graphene
oxide-catalyzed reaction under solvent-free conditions results in
retention to a large degree of the enantioselectivity [10], perhaps
due to the increased nucleophilicity of the poorly solvated indole.
Alkylation of a variety of heterocyclic compounds (thiophenes,
pyrroles, and benzofurans) by chiral benzyl alcohols in the presence
of a Lewis acid also proceeds with high diastereoselectivity
(Scheme 28) [35]. The diastereoselectivity is achieved as the
bulky chiral neighbor shields one side of the intermediate benzyl
carbocation thus making it more sterically hindered than the other.

Two interesting cases of selective Friedel-Crafts acylation of a
bicyclic system by acetyl chloride have been reported by Sereda and
co-workers in 2012 [43]. First, the acetyl group is preferentially

Scheme 27 Unexpected selectivity of alkylation on graphene oxide

Scheme 28 Diastereoselective alkylation of chiral benzylic alcohols
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introduced to one of the two benzene rings due to the directing
effect of the pendant ester groups coordinating with AlCl3
(Scheme 29).

In addition, the pendant anhydride group exhibits a similar
directing effect. In this case, the sterically hindered anhydride also
remains inactive as a potential acylating agent. Therefore, this
stereo- and chemo-selective reaction affords practical yields of the
target aromatic ketones (Scheme 30) [43].

While the hybrid catalyst prepared by growing magnetite nano-
particles on carboxylated graphite has shown superior activity for
many types of alkylating agents, the less active commercial graphite
allows for chemoselective alkylation of aromatic compounds in the
presence of primary alkyl and allyl bromides and para-nitrobenzyl
chloride, which remain unreactive under the same conditions [36].

The sequential acylation-alkylation of chlorobenzene by the
bifunctional reagent 3-chloropropanoyl chloride further demon-
strates chemoselectivity (Scheme 31) [4]. The bifunctional acylat-
ing-alkylating agent 3-chloropropanoyl chloride is more reactive
for Friedel-Crafts acylation, which proceeds first to the para-posi-
tion of chlorobenzene. Next, the cycloalkylation process converts
the intermediate to the cyclized final product. The observed reac-
tion product can be explained by the higher reactivity of the acylat-
ing part of the reagent directed to the para-position by the halogen
substituent. In the next step, alkylation to the meta-position with

Scheme 29 Stereoselective acetylation directed by pendant ester groups

Scheme 30 Stereoselective acetylation directed by an unreactive pendant anhydride moiety

Scheme 31 Chemoselective sequential acylation/alkylation
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respect to Cl despite being contrary to the classical expected selec-
tivity of an electrophilic aromatic substitution is driven by the
stability of the five-membered bicyclic intermediate as opposed to
its prohibitively strained six-membered counterpart.

7 Conclusion

Friedel-Crafts aromatic electrophilic substitution was one of the
earliest discovered organic reactions to be performed in the pres-
ence of a Lewis acid and is now routinely employed for the synthesis
of many pharmaceutically active compounds and approved drugs.
Originally applied to alkylation and acylation, the term “Friedel-
Crafts reaction” is now used for a wide variety of electrophilic
reactions that form a bond between a carbon and an aromatic
ring, including hydroxyalkylation, aminoalkylation, and Michael-
type reactions. A broad spectrum of possible mechanisms, electro-
philic agents, and aromatic substrates open up a range of opportu-
nities to perform these processes in a “green” fashion. First,
classical aromatic acylation by acyl chlorides involves AlCl3 as a
reactant rather than a catalyst due to its ability to form complexes
with the final ketone. The development of new non-toxic catalytic
systems with lower affinity toward the acylation product allows one
to perform the process in a truly catalytic manner, thus minimizing
waste and increasing the atom economy. In some cases, the catalyst
is active enough to replace acyl chlorides or anhydrides with the
carboxylic acid itself, which produces water as the only by-product.
The last decade has been marked by a clear trend toward exploring
solvents not producing toxic or flammable fumes (ionic liquids) and
non-toxic solvents (water) and even performing reactions under
solvent-free conditions. The reports of using solar energy for either
photochemical Friedel-Crafts reactions or for mere heating of the
reaction mixture are also on the rise. The progress of modern
organic chemistry has revealed a frequent occurrence of Friedel-
Crafts reactions as steps performed in one-pot synthetic cascade
sequences, which have been designed to allow them to perform
with high selectivity. This aspect significantly cuts the number of
necessary procedures for performing the process and isolating the
product and, therefore, reduces exponentially adverse environmen-
tal effects associated with single-step synthetic chemistry. Last but
not least is the utilization of aromatic electrophilic reactions to
produce biodegradable materials from renewable feedstocks.
While the current state of the art presented here of performing
Friedel-Craft reactions in an environmentally friendly fashion is
impressive, further improvements are still possible due to the con-
tinuous discovery of less toxic and more efficient catalytic materials,
safer solvents, and energy-efficient sources.
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Appendix 1: Twelve Principles of Green Chemistry [23]

1. Prevention (it is better to prevent waste than to clean it up)

2. Atom economy (as many atoms as possible should be included
in the final product rather than in undesired by-products)

3. Less hazardous chemical synthesis (minimizing generation of
compounds toxic to human health and the environment)

4. Designing safer chemicals (preference should be given to che-
micals with similar functions but lower toxicity)

5. Safer solvents and auxiliaries (use of auxiliary materials should
be avoided or minimized)

6. Design for energy efficiency (if possible, synthesis should be
conducted at ambient temperature and pressure)

7. Use of renewable feedstocks

8. Reduce derivatives (minimize the number of synthetic steps)

9. Catalysis (selective catalysts are superior to stoichiometric
reagents)

10. Design for degradation (chemical products should break down
into safe degradation products at the end of their function)

11. Real-time analysis for pollution prevention (formation of haz-
ardous substances should be detected as soon as possible)

12. Inherently safer chemistry for accident prevention (the possi-
bility for chemical accidents should be minimized)
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Chapter 6

Ionic Liquids: Design and Applications

Arturo Obregón-Zúñiga and Eusebio Juaristi

Abstract

In this chapter, which is divided in two parts, several aspects concerning ionic liquids are discussed. Part one
contains a brief history of the development of ionic liquids, their main physical properties, the most
convenient ways to manipulate them, the most salient synthetic strategies for the preparation of ionic
liquids, and several aspects related with their toxicity and biodegradability. Part two covers current
applications of ionic liquids, mainly in catalysis (asymmetric and supported catalysis), including their use
as solvents on different “green” applications, their use as electrolytes, and their pharmaceutical applications
in drug production, as well as the potential of ionic liquids as drug candidates.

Key words Ionic liquid, Imidazolium ionic liquid, Low-melting salt, Green solvent, Protic ionic
liquid, Recoverable catalyst, Asymmetric organocatalysis, Chiral ionic liquid

1 Introduction and Design of Ionic Liquids

Ionic liquids (ILs) are defined as ionic compounds that present a
melting point (mp) below 100 �C. This physical property differ-
entiates ILs and ionic salts, such as sodium chloride, with
mp ¼ 801 �C. Owing to this property, ILs are also known by the
name of “molten salts,” and they are a special type of compounds
usually constituted by an organic cation (the most common are
imidazolium, pyridinium, ammonium and phosphonium cation)
and an anion (most commonly a halogen such as chloride, bromide,
or iodide, or larger inorganic anions such as AlCl4

�, BF4
�, PF6

�, or
even organic anions like carboxylic acids or sulfonic acids). Figure 1
shows the most common ions found in ILs.

The first IL was synthesized 100 years ago, in 1914, by Paul
Walden [1]. This IL, ethylammonium nitrate (mp ¼ 12–14 �C), is
therefore a room temperature ionic liquid (RTIL), which means an
ionic liquid with mp below 25 �C. However, and despite this
discovery, it was not until 1982 that the first applications of ILs
were reported by Wilkes et al. [2]. Wilkes’s group synthesized
1-ethyl-3-methylimidazolium tetrachloroaluminate ([EMIM]

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_6,© Springer Science+Business Media, LLC, part of Springer Nature 2022
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AlCl4) by the reaction between 1-ethyl-3-methylimidazolium chlo-
ride and AlCl3. This IL is a liquid at room temperature and was
initially used as a battery electrolyte, but later was tested in the
Friedel-Crafts reaction proving to be both an excellent catalyst and
solvent [3]. Although several tetrachloroaluminate ILs were
synthesized, they had the drawback of being air and moisture
sensitive, which limited their use. Several years later, in 1992,
Zaworotko and Wilkes took the task to develop water stable imi-
dazolium ionic liquids, with the strategy to switch the tetrachlor-
oaluminate ion for tetrafluoroborate, hexafluorophosphate, nitrate,
sulfate, and acetate ions [4]. Zaworotko and Wilkes accomplished
their goal and opened a new application field for ILs as non-volatile
organic solvents. This discovery further established imidazolium
ILs as the most widely used ILs. More recently, in 2001, Visser
et al. described rational modifications of ILs leading to more spe-
cific applications [5]. These researchers synthesized several imida-
zolium ILs with urea and thiourea groups as side chains in order to
extract and remove Hg2+ and Cd2+ from aqueous solutions. This
publication marked the beginning of task-specific ionic liquids
(TSILs) and also established another name to ionic ILs as “designer
solvents,” owing to their capacity of being modified, both in the
cation and anion, to achieve a desired application. Some authors
also call TSILs “iLiquids,” drawing an analogy between ILs and
their applications with an iPhone and its apps [6].

The history of the development of ILs can be characterized as
suggested by Rogers et al. [7] in three generations: the first gener-
ation is readily associated with tetrachloroaluminate ILs, whose
development was mostly based on their physical properties. The
second generation includes Zaworotko’s air and water stable ILs,
whose development was based on both their physical and chemical
properties. Finally, the third generation comprises TSILs. This
generation also includes ILs with biological activity, which can be
used as active pharmacological ingredients (APIs) (see Subheading
2.4.2). In Fig. 2, a representative molecule from each generation is
shown.
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Fig. 1 Common ions found in ionic liquids
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As it can be appreciated from this introduction, the possibilities
to create ILs are limitless, and indeed with many new ILs waiting to
be discovered, one can only wonder at the novel applications that
these might enable.

1.1 Physical

Properties of Ionic

Liquids

As previously stated, the structure of ILs can be tuned by varying
the nature of their cation and/or anion. These modifications of
course bring changes in their physical properties making each IL
unique. In particular, some of their physical properties make them
attractive as “green solvents,” owing to their high thermal stability,
large liquid range, negligible vapor pressure, and the possibility that
they can be reused. In this regard, their solubility in polar solvents
facilitates the separation of products from the crude reaction media.

1.1.1 Melting Point It was already mentioned in the introduction that mp is an impor-
tant physical property that is useful to distinguish an IL from an
ionic salt. In particular, any ionic compound (salt) needs to present
a mp below 100 �C to be classified as an IL. Furthermore, when
one refers to ionic “liquids,” it is expected to have a liquid com-
pound to work with. In this case, when we think of ILs we really
have in mind RTILs. With this in mind, lowering the mp of the
ionic substance is desirable in most cases.

The influence of the cation on the melting behavior is most
relevant. It has been found that in order to get a low-melting salt, a
large cation with low symmetry, weak intermolecular interactions,
and a good charge distribution is required [8]. For example, the
sterically large tetraethylammonium cation ([N2222]

+) gives rise to
ionic compounds with much lower mp when compared with the
smaller and spherical sodium cation (Table 1, entries 1 and 2). By
the same token, if one compares the ammonium cations [N5555]

+

and [N8444]
+, both containing 20 carbons, the latter one will afford

ILs with lower mp due to its lower symmetry (Table 1, entries 3 and
4). Regarding the distribution of charge, heterocyclic cations
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N N
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N
+
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N
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N
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Fig. 2 Development of ILs
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usually present a better charge distribution than aliphatic cations
due to electron delocalization and/or aromaticity. For instance,
imidazolium cation [EMIM]+ produces ILs with lower mp relative
to bigger aliphatic ammonium ions like [N5555]

+ (Table 1, entries
3 and 5). Finally, considering weak intermolecular interactions,
when one increases the N-alkyl chain length of an imidazolium
cation, a decrease in mp is observed, owing to increased cation
dissymmetry. Nevertheless, this is only true up to a certain limit
because of the increased participation of van der Waals intermolec-
ular interactions for longer chain lengths, which may lead to an
increase in the mp. This effect can be observed when comparing
imidazolium cations [C8MIM]+ and [C10MIM]+ in Table 1, entries
6 and 7.

On the other hand, in order to obtain RTILs, the use of large
anions with low coordination ability (large polarizability) is recom-
mended. For example, perfluorinated anions, like tetrafluorobo-
rate, are an attractive option to prepare RTILs due to their size
and low coordination properties. Table 2 provides the mp values of
EMIM salts with different anions.

1.1.2 Liquid Range

and Thermal Stability

The liquid range of a substance is defined by two limits: the lower
limit corresponds to its mp and the upper limit corresponds to its
boiling point. In the case of ILs, the upper limit usually corresponds
to the decomposition temperature, as their ionic nature renders
them non-volatile compounds. In the previous section, the struc-
tural features required to obtain a low mp IL were discussed. This
section will focus on some characteristics of the ions present in the
IL, which lead to higher decomposition temperatures thus
providing ILs with wider liquid ranges.

From a mechanistic perspective, the most accepted decomposi-
tion pathways of ILs are the E2 and SN2 reactions [14, 15]. Both
these degradation mechanisms depend on the particular structure

Table 1
Melting points of selected IL bromide salts

Entry Cation Melting point (�C) Ref.

1 Na 755 [9]

2 N2222 284 [10]

3 N5555 101 [10]

4 N84444 67 [10]

5 EMIM 81 [10]

6 C8MIM 2 [11]

7 C10MIM 10 [11]
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of the anion; thus the thermal stabilities of ILs are mainly dictated
by the nature of the anion. If the anion is basic, the SN2 mechanism
will predominate. On the other hand, when the anion is
non-coordinative, the E2 mechanism becomes the main decompo-
sition route [16]. In Scheme 1, an example of each decomposition
mechanism is displayed.

From an alternative viewpoint, the thermal stability of an IL is
inversely proportional to its anion’s coordinating ability, because an
anion with low coordinating property is neither basic nor nucleo-
philic, which are both required characteristics for the two decom-
position mechanisms. Therefore, the thermal stability of analogous
ILs would increase in the order Cl� < [BF4]

� ~ [PF6]
� < [NTf2]

�.
For example, [EMIM]BF4 has a mp ¼ 6 �C and a decomposition
temperature of 300 �C [12], while [EMIM]NTf2 has a mp of
�3 �C and a decomposition point at 400 �C, thus showing a liquid
range 100 �C wider than the former [13]. For comparison pur-
poses, water has a liquid range of 100 �C (0–100 �C), whereas the
ILs mentioned previously have a liquid range of 300 �C and
400 �C, respectively. This high thermal stability is one of the
characteristics that make ILs excellent candidates as green solvents.

Table 2
Melting points of selected EMIM ILs

Entry Anion Melting point (�C) Ref.

1 C1 87 [2]

2 NO3 38 [4]

3 BF4 6 [12]

4 CF3SO3 �9 [13]

5 CF3CO2 �14 [13]

B

N

N

X
H
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N

+ + XHC

–
+

R – N

R – N

R – N

R – N

N
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–

Scheme 1 Plausible thermal decomposition mechanisms
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1.1.3 Density Density, as well as melting point, is a physical property which is
affected by both the cation and the anion.

For the case of the anions, the density of ILs displays a trend
that is directly proportional to the anion’s mass: the heavier the
anion, the denser the ionic liquid. As an example, see the density
trends according to anion mass in the following series: [CH3SO3]

�

� [BF4]
� < [CF3CO2]

� < [CF3SO3]
� < [C3F7CO2]

�

< [(CF3SO2)2N]� [17].
By contrast, cations show the opposite trend relative to anions

with the density of an IL decreasing as the cation size increases. For
example, as depicted in Fig. 3, the density value exhibits essentially
a linear tendency when different triflate imidazolium ILs are com-
pared. As can be seen, density value decreases when the N-alkyl
chain length increases [17].

1.1.4 Viscosity In contrast to density, viscosity is a property drastically affected by
several external factors like temperature and the potential presence
of contaminants. Therefore, it is very important to have access to
ILs with high purity when determining their viscosity. Because of
this difficulty, less data is available to establish reliable trends for this
property.

Despite these analytical problems, it has been observed that
viscosity is related to the strength of anion–cation interactions, such
as hydrogen bonding and van der Waals forces [13]. In the case of
the anion, size is not important and does not influence viscosity as
can be seen in the following anionic series:
[(CF3SO2)2N]�� [BF4]

�� [CF3CO2]
�� [CF3SO3]

�< [(C2H5S-
O2)2N]�<[C3F7CO2]

�<[CH3CO2]
��[CH3SO3]

�<[C4F9SO3]
�

[17]. For instance, although the anion [(CF3SO2)2N]� presents a
larger size, and also has a more extensive network of van der Waals
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interactions relative to [CH3CO2]
�, the former affords ILs with

lower viscosities as a consequence of its inability to form effective
hydrogen bonds with the cation because of substantial negative
charge distribution through resonance effects.

In contrast, for the cation, size is an important factor to be
considered, especially because of the potential van de Waals inter-
actions. For example due to this, imidazolium cations present
higher viscosities as the length of their N-alkyl chain is
increased [17].

The exact physical properties of any new IL must be deter-
mined experimentally, though alternatively approximate prediction
of some physical properties such as viscosity may be feasible. In
particular, Slattery et al. developed equations that correlate molec-
ular volume (Vm), which is the sum of the ionic volumes of the
cation and the anion (Fig. 4, Eq. 1) and viscosity (Fig. 4, Eq. 2)
[18]. This equation shows that the viscosity of the ILs increases
exponentially with increasing Vm. However, investigating a specific
series of ILs indicates that the change in viscosity is largely inde-
pendent of the molecular structure of the cation, with the correla-
tions being strongly anion dependent. Application of these
equations in general showed an excellent correlation between the
calculated and experimental viscosity values. Finally, a similar rela-
tionship between Vm and conductivity, which is another important
physical property for electrochemical applications (see Subheading
2.2), was also observed (Fig. 4, Eq. 3).

1.2 Synthesis

of Ionic Liquids

In this section, several synthetic methodologies for the preparation
of ILs will be presented. There are two main strategies: one option
is to create the cationic core by a quaternization reaction (Subhead-
ing 1.2.1) and the second option consists of replacement of the
anionic segment in the IL via an exchange reaction (Subheading
1.2.2). In addition, it is important to mention in this section the
multicomponent Radziszewski reaction, which is a unique method
to obtain homosubstituted 1,3-dialkylimidazolium ILs (Subhead-
ing 1.2.3).

equation 1

equation 2

equation 3

d = empirical constant (nm–3)

b = empirical constant (nm–3), Vm = molecular volume (nm3)

Where: σ = conductivity (mS cm–1), c = pre-exponential factor (mS cm–1)

Where: η = viscosity (cP), a = pre-exponential factor (cP)

Vm = Vion(A+) + Vion(X–)

η = aebVm

σ = ce–dVm

Fig. 4 Equations that correlate Vm with viscosity and conductivity
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1.2.1 Quaternization

Reactions

In these reactions, the construction of the IL takes place from a
molecule containing the heteroatom—more commonly nitrogen
or phosphorus—that will become the cation. This is combined with
a second suitable reagent, which is usually an acid (protonating
agent) or an alkyl halide (alkylating agent), that becomes the anion.

Quaternization reactions are the most common synthetic
methods for the production of ILs and can be divided into two
further categories: protonation (Subheading 1.2.1.1) and alkyl-
ation reactions (Subheading 1.2.1.2).

Protonation Reactions These reactions have the advantage that they produce ILs with
different anions by simply mixing an aliphatic or aromatic acid
with an aliphatic or aromatic amine. The reactions showed in
Scheme 2 are illustrative of the ILs that can be obtained by this
method. In this context, the first reported IL, ethylammonium
nitrate, was prepared by a protonation reaction.

ILs prepared by this method are known as “protic ionic liquids”
(PILs). Their thermal stability is usually low, and their liquid range
tends to be fairly narrow. Some PILs are distillable and thus recov-
erable via distillation (see Subheading 2.1.1 for applications)
[19–21].
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Scheme 2 Examples of the preparation of ILs via protonation reactions
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Alkylation Reactions Alkylation reactions are the most common quaternization reactions
for the preparation of ILs, and these can often be extended to access
a range of diverse ILs through anion exchange.

Alkylation reactions are performed via reaction of a nucleo-
philic molecule (mainly amines, phosphines, and sulfides) with an
electrophile such as an alkyl halide or a sulfonate ester. As shown in
Scheme 3, a wide range of electrophiles can be used. The outcome
of this reaction depends on the electrophile being utilized; in
particular, substrates with better leaving groups tend to react faster
and in a more exothermic manner [22]. This trend in reactivity is in
line with anticipation based on the Hammond’s postulate, i.e.,
lower activation energies associated to more exothermic reactions
(see Scheme 4).

Alkylation reactions are also an excellent option to access TSILs
by using heterocyclic compounds as the electrophiles, enabling
different functional groups to be introduced as side chains in a
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+

+
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Scheme 3 Examples of alkylation reactions in the preparation of ILs
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single reaction. Scheme 5 presents examples where different het-
erocycles (oxiranes, lactones, and sultones) are used in order to get
TSILs.

1.2.2 Anion Exchange

Reactions

Unlike quaternization reactions, which usually require amines as
starting materials, anion exchange utilizes an organic salt (often a
halide) as the starting material to afford the desired ILs. This
reaction is commonly employed to synthesize RTILs and/or
hydrophobic ILs, for instance by exchanging a halide for a per-
fluorinated anion.

In a similar manner to quaternization reactions, there are two
types of anion exchange reactions: reactions with Lewis acids (Sub-
heading 1.2.2.1) and anion metathesis reactions (Subheading
1.2.2.2).

Reactions with Lewis Acids This reaction has been used to synthesize the first generation of ILs
(see Introduction). The methodology consists of the reaction of a
halide IL with a Lewis acid under an inert atmosphere due to
moisture sensitivity of both the Lewis acids and the products
(Scheme 6).

Anion Metathesis

Reactions

Anion metathesis has been used to synthesize second generation of
ILs (see Introduction). Illustrative examples are provided in
Scheme 7.

1.2.3 Multicomponent

Radziszewski Reaction

The so-called Radziszewski reaction is a synthetic method initially
developed to obtain substituted imidazoles, which involves a mul-
ticomponent reaction between ammonia and amines, a dicarbonyl
compound, and an aldehyde (Scheme 8). Like most multicompo-
nent reactions, the Radziszewski reaction presents high atom econ-
omy with water being formed as the only by-product.
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Scheme 5 Examples of TSILs synthesized by an alkylation reaction
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Very recently, the Radziszewski reaction has been modified to
obtain homosubstituted 1,3-dialkylimidazolium salts in high yields
and good purity. In this case, ammonia is substituted by two
equivalents of an amine, which become the N-alkyl chains, with
the addition of an acid necessary both to catalyze the reaction and
to provide the counter ion in the IL.

Among recent examples of this methodology, Zimmermann
et al. examined various parameters that influence the modified
Radziszewski reaction in continuous-flow synthesis using a micro-
reactor setup. Several water soluble imidazolium ILs were prepared
in this fashion, with good to excellent yields and high purity
(>95%) being obtained (Scheme 9) [23].

Employing this multicomponent reaction, Esposito and
co-workers developed a green process to obtain ILs from renewable
starting materials [24, 25]. Initially, they synthesized zwitterionic
imidazolium derivatives of amino acids and dicarbonyl compounds
that can both be produced through bioprocesses. Subsequently, the
zwitterionic imidazolium compounds were decarboxylated in the
presence of acetic acid in a continuous flow process in order to get
imidazolium ILs in moderate to excellent yield (Scheme 10).
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1.3 Environmental

Aspects of Ionic

Liquids

Ionic liquids are frequently classified as green solvents and consid-
ered non-toxic. Indeed, ILs present negligible vapor pressure and
thus are not volatile. Nevertheless following their use, highly stable
ILs may be present in water or soil. Therefore, with the increasing
use of ILs on industrial processes, their presence in the environment
will accumulate and persist, and as a consequence, studies about
their impact on the environment must be carried out.

1.3.1 Design of Ionic

Liquids with Low Toxicity

Recently, Sosnowska et al. analyzed the toxicity of 375 ILs, contain-
ing six different cations and 64 different anions, in various living
organisms and found that the nature of the cation (size and degree
of branching) has a higher effect on the toxicity of an IL than the
anion’s structure [26]. Nevertheless, the use of anions such as
saccharinate or acesulfamate has also been found to reduce the
toxicity of some ILs [27].

In the case of imidazolium cations, a study conducted by
Romero and co-workers concluded that the toxicity of this ion
increases with chain length [28]. There is a limit however, with
the upper limit lying between 14 and 16 carbon atoms [29, 30].
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A similar pattern is observed in pyridinium cations, with their
toxicity increasing with chain length [31, 32]. Furthermore, it has
been observed that the introduction of methyl groups in the aro-
matic ring, mainly at positions 3 and 5, increases the toxicity of ILs
containing the pyridinium ion [33].

In the case of alicyclic cations (morpholinium, piperidinium,
and pyrrolidinium), it has been observed that toxicity increases with
ring size (e.g., piperidinium > pyrrolidinium) [34]. Also, for iden-
tical ring sizes, it was found that aromatic rings are more toxic than
their alicyclic congeners (e.g., pyridinium > piperidinium) [35].

With regard to aliphatic ammonium cations, their toxicity, as in
the case of the cyclic cations, depends on the alkyl chain length
[36]. In this context though, the toxicity can be reduced with the
introduction of a hydroxyl group on the alkyl chain [37, 38]. A
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special ammonium cation with low toxicity is the cholinium cation
that combines a series of short alkyl chains with the presence of a
terminal hydroxyl group in one of them [39–41].

Finally, Stolte et al. studied the toxicity of aromatic cations
(imidazolium and pyridinium), alicyclic cations (morpholinium,
piperidinium and pyrrolidinium), and aliphatic ammonium cation
discussed previously [30]. It was concluded that lipophilicity is a
key factor in connection with toxicity, which explains why long alkyl
chains and aromaticity confer higher toxicity to the cations. Figure 5
summarizes these main characteristics impacting the toxicity of ILs.

1.3.2 Biodegradability

of Ionic Liquids

Biodegradability is defined as the chemical decomposition of a
substance by a microorganism in the environment and is a property
usually related to toxicity, because if a compound is very toxic
towards microorganisms, which are responsible for the compound
degradation, they will not be able to perform their function, and
the compound will persist in the environment.

Although there is very little information about the biodegrad-
ability in comparison with the toxicity of ILs, some structural
characteristics have been examined in order to design environmen-
tally friendly ILs. In principle, biodegradability depends both on
the structure of the cation and the anion. It has been observed, for
instance, that the incorporation of an ester group in the alkyl chain
of the cation increases its potential for biodegradability, probably
through initial ester hydrolysis [42]. Other functionalities exam-
ined such as ethers do not influence the biodegradability rate of the
cation [43]. Regarding alkyl chain length, ILs with long chains are
more susceptible to biodegradation [42].

On the other hand, pyridinium ILs show a higher capacity for
biodegradation compared with the imidazolium ILs [44]. How-
ever, the aliphatic cholinium cation, which also presents low toxic-
ity, is more biodegradable than both these cyclic cations [45, 46].
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In the case of the anions, it is important to note that the
fluorinated and the nitrile-containing anions ([(CF3SO2)2N]�,
[(C2F5)3PF3]

�, [N(CN)2]
�, [C(CN)3]

�, [B(CN)4]
�) are the

most persistent species. In contrast, anions derived from carboxylic
acids are highly biodegradable [47, 48]. Also, benign anions as
saccharinate and acesulfamate have proven to be highly
biodegradable [49].

As demonstrated in this section, there are key structural char-
acteristics that can help in the design of more sustainable ILs which
are both safer and easier to biodegrade in line with 2 of the
12 principles of Green Chemistry.

2 Current Applications of Ionic Liquids

2.1 Ionic Liquids

as Solvents

Of the many applications developed for ILs, perhaps the best
known is their use as sustainable solvents, the following sections
highlight two current uses of ILs as a solvent within a green
chemistry context. These are the extraction of natural polymers
with particular emphasis on lignin and keratin (Subheading 2.1.1)
and ILs used as solvents for some specific organic transformations
(Subheading 2.1.2).

2.1.1 Ionic Liquids

in the Extraction of Natural

Polymers

The dissolution and processing of natural polymers prior to their
degradation to afford useful organic molecules has become an
important research field in the area of green chemistry. Indeed,
from abundant and renewable natural sources such as wood and
bagasse, it is possible to obtain valuable fuels and synthetic precur-
sors. In particular, with advances and discoveries in this area known
as biorefinery, it is envisioned that oil dependence as an energy
source will diminish.

Since the year 2002, when Rogers et al. reported the facile
dissolution of cellulose in imidazolium ILs [50], much research
has been carried out in the field of cellulose processing and its
degradation to simple sugars using ILs as the solvent [51–53]. Fol-
lowing these advances, the next development consisted of investi-
gating lignocellulosic biomass degradation in ILs [54]. From this,
cellulose—a glucose polymer—is the major component, with hemi-
cellulose (a polysaccharide formed by hexoses and pentoses) and
lignin (an aromatic, water-insoluble polymer) also being isolated.
From these three main components, lignin has been the least
exploited from a biorenewable feedstock perspective because it
does not contain carbohydrates. Nevertheless, lignin can be used
as a source of aromatic substances, which are the most desirable for
biorefinery needs [55]. Therefore, efficient lignin separation from
the other two components is a desirable objective. In this context,
Henderson and co-workers used a low-cost PIL, pyrrolidinium
acetate ([Pyrr]Ac), to dissolve lignin selectively out of
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lignocellulosic biomass [20]. Furthermore, the PIL could be sepa-
rated from the lignin extract by vacuum distillation and thus fully
recovered and re-used. In addition, Itoh et al. have developed a
complete separation process for the three components of lignocel-
lulosic mass [56]. These researchers used the IL, N-methyl-N-
(2-methoxyethyl)-pyrrolidin-1-ium 2,6-diaminohexanoate
([P1ME][Lys]) and found that lignin is selectively soluble at
60 �C, while cellulose becomes soluble at 80 �C. With these varia-
tions in solubility at different temperatures, lignin, cellulose, and
hemicellulose could be separated from wood powder and the IL
simply recovered by washing with water and re-used. The whole
process is highly sustainable with the IL representing an example of
an optimally designed compound presenting low toxicity owing to
the anion, which is derived from an amino acid and an alicyclic
cation (see Subheading 1.3.1).

Another natural polymer of potential commercial interest is
keratin, which is a protein constituent in bird feathers, human
hair, finger nails, and wool. This biopolymer is a by-product from
poultry production and is generated in large quantities. From a
commercial perspective, keratin can be used as a source of polyam-
ide polymers; nevertheless despite this potential, the work done in
the field of keratin isolation is somewhat scarce.

MacFarlane and co-workers tested several ILs for keratin
extraction from turkey feathers. In one recent publication, they
used two imidazolium ILs, [BMIM]Cl and [AMIM]Cl, as well as
choline thioglycolate. These three ILs were able to dissolve 45% by
weight keratin when heating to 130 �C [57], and then the pure
keratin could be recovered through precipitation from the IL by
adding water, leading to a recovery of up to 51% of the initial mass.
In recent work, MacFarlane and co-workers used the PIL, N,N-
dimethylethanolammonium formate ([DMEA][HCOO]), which
dissolved 150 mg of keratin per gram of IL at 100 �C [19]. This
development allows for the recovery of the IL (up to 99%), follow-
ing keratin precipitation from methanol, by simple distillation to
122 �C.

These findings indicate that the field of biopolymer extraction
via ILs is open to many potentially very valuable applications. For
example, chitin may become a source of energy in the not too
distant future, and as such investigations into its isolation through
selective extraction into ILs are highly valuable.

2.1.2 Ionic Liquids

as Reaction Media

The use of ILs as solvent for organic transformations is a rapidly
growing field, and as such this section discusses only a few recent
examples with a focus on their sustainable nature.

Galy et al. developed a green methodology for peptide synthe-
sis employing an ionic liquid, 1,10-carbonylbis(3-ethylimidazo-
lium) triflate (CBEIT), as a substitute for the toxic
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1,10-carbonyldiimidazole [58]. Once the coupling of the amino
acids is completed, the only by-products of the reaction are CO2

and ethylimidazolium triflate ([H-EIM]TfO), a PIL that works as
the reaction solvent and can also be separated and reused. Further-
more, a waste-free protocol was developed (Scheme 11) through
the in situ synthesis of the desired amino esters. Finally, the cou-
pling was performed by reaction of both C- and N-protected amino
acids in the presence of CBEIT and ethylimidazole to provide the
expected couplings in yields ranging from 55% to 80%.

Recently, Kumar and co-workers have synthesized carboxylic
acids from nitriles via hydrolysis using the ionic liquid [BMIM]
HSO4 as both the solvent and catalyst (Scheme 12) [59]. The
method produces nitriles with excellent purity under very mild
conditions, and the IL can be reused up to 5 times without any
significant loss in its activity.

ILs can also be used as oxidizing agents when a suitable anion is
used [60]. For example, [PMIM]IO4 was used to oxidize a variety
of sulfides to sulfones with good yields and in the absence of
organic solvent (Scheme 13).
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In the area of substitution reactions, a green protocol for the
SN2 displacement of sulfonate esters derived from primary and
secondary alcohols was developed by Liu et al. [61]. Alkyl mesylates
and tosylates were treated with [BMIM]X (X ¼ Cl, Br, I, OAc,
SCN) ILs to afford the substitution products (RX) and the
corresponding [BMIM] sulfonates. Moreover, the reaction is per-
formed without solvent and [BMIM]X can be regenerated from the
[BMIM] sulfonates by anion exchange with simple alkaline salts
(Scheme 14).

2.2 Ionic Liquids

as Electrolytes

The use of ILs as electrolytes was among the first applications of
these liquid salts. In fact, the first generation of ILs (see the Intro-
duction) was developed specifically for this purpose. Although
those ILs presented several drawbacks particularly in terms of
their moisture sensitivity, the development of second-generation
ILs enabled their efficient use as electrolytes. In the past 20 years,
several applications of ILs in electrochemical devices have been
developed including batteries, capacitors, fuel cells, biosensors,
and photovoltaic cells [62–64].

Although many ILs fulfill the required properties for efficient
application as electrolytes in electrochemical devices (reasonable
conductivity and a large electrochemical window in terms of
applied voltage), they cannot be used in liquid state due to the
present architecture of commonly used electrochemical devices.
Therefore, solid electrolytes are preferred, and this led to the emer-
gence of polymeric conducting materials (PCM), which are ILs
coupled to polymers acting as supports [65–67].

R1,R2 = Alkyl, aryl
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4-6 h, 50 °C
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Scheme 13 Oxidation of sulfides to sulfones by an oxidant IL
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2.2.1 Ion Jelly® Although IL-PCMs have replaced traditional electrolytes in a num-
ber of applications, these solid electrolytes usually involve complex
operating conditions that result in a significant increase in their cost
thus limiting their bulk scale application. In 2008, Vidinha et al.
had the idea to create gelatins with ILs instead of water simply
through the dissolution of the gelatin in the IL followed by cool-
ing, which leads to formation of the solid. Surprisingly, this new
jelly exhibited the characteristic conductivity of ILs and also the
mechanical flexibility of a polymer, so Ion jelly® as an ideal PCM
was born [68]. Gelatin is a widely available, inexpensive, and bio-
degradable protein obtained through the thermal denaturation of
collagen. This accessibility combined with the green characteristics
of ILs turns Ion jelly® into an environmentally friendly PCM.
Furthermore, it is possible to cut or mold the Ion jelly® into any
desired shape, which makes processing fairly facile. The specific Ion
jelly® properties depend on the IL used; for instance, the optimal
conducting Ion jelly® discovered at this time is the one derived
from [BMIM][N(CN)2].

In contrast, because a small amount of water is necessary for the
formation of Ion jelly®, ILs with hydrophobic fluorinated anions
(PF6

�, BF4
� and Tf2N

�) do not form Ion jelly®. Moreover, Ion
jelly® derived from ILs with long alkyl chains showed low
conductivities.

Recently, Vidinha’s group expanded on this concept with the
idea to impregnate silk-fabrics with Ion jelly® derived from
[BMIM][N(CN)2] [69]. In this way, they created Silk-Ion jelly®,
which is a thin, light-weight PCM showing excellent mechanical
stability and high room temperature conductivity
(2.9 � 10�3 S cm�1), which is very similar to the pure IL. Ther-
efore, there is no doubt that Silk-Ion jelly® will find potential
applications in electrochemical devices due to both its facile and
eco-friendly method of manufacture technique (use of only bioma-
terials and green solvents), as well as its high conductivity, mechan-
ical stability, safety (non-explosive), and thermal stability
(non-volatile). In addition, using the impregnation process, Vidin-
ha’s group applied Ion jelly® to a cellulose support to create Ion
jelly membranes [70]. These membranes were tested in separation
processes using supercritical CO2 and demonstrated permeabilities
similar to commercial reverse osmosis membranes. In addition, the
permeability to pure gases (H2, N2, O2, CO2, and CH4) was very
similar to other IL membranes. As can be appreciated, the use of
Ion jelly® is not limited to electrochemical devices, so its potential
applications will no doubt continue to expand in the upcoming
years.

2.3 Ionic Liquids

as Catalysts

Just as in the case of their use as solvents, the application of ILs as
catalysts is a field under constant expansion. Since ILs are organic
salts, many of them are considered as organocatalysts (small organic
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molecules which catalyze organic reactions in the absence of
metals). Furthermore, their recyclability establishes ILs as excellent
candidates to fulfill the principles of green chemistry. In this sec-
tion, some examples of current literature will be presented to
illustrate the multiple uses and benefits that can be obtained with
ILs as catalysts.

Very recently, Neto et al. used an iron-based IL which acts both
as catalyst and solvent for the multicomponent Biginelli reaction
[71]. The reaction product could be easily removed by filtration,
and the iron-based IL was re-used up 8 times without any loss in
efficiency (Scheme 15).

Recently, Muskawar and co-workers developed benzimidazo-
lium ILs as catalysts for the synthesis of 1-amidoalkyl naphthol
derivatives in high yields [72]. This reaction was performed under
neat conditions with low IL loading, and the IL could be reused up
to 7 times without significant loss of activity (Scheme 16).

Song et al. designed and prepared the first aza-crown ether
complex cation ILs, which were tested as catalysts in several organic
reactions with excellent results [73]. In these reactions, the ILs
exhibited cooperative catalytic activity between the anion and cat-
ion. As shown in Scheme 17, depending on the reaction being
catalyzed, certain specific anion/cation combinations proved to
be optimal.
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Most recently, Malla and co-workers developed a green,
one-pot three-component reaction for the synthesis of thiazoli-
dine/oxazolidine derivatives in high yield and purity [74]. The IL
used was the PIL, [Et3NH][HSO4], which was used neat and
reused up to 5 times without any notable deterioration in activity
(Scheme 18).

2.3.1 Ionic Liquids

as Catalysts in Asymmetric

Reactions

Enantioselectivity is an important aspect to be considered when
designing a molecule presenting centers of chirality, especially when
the objective molecule is a drug. Since the thalidomide incident
[75–77], determination of the absolute configuration and
biological effect of each stereoisomer turned a mandatory job.

In this context, 15 years ago and essentially simultaneously,
asymmetric organocatalysis with chiral ionic liquids (CILs) was
reported for the first time [78, 79]. Since then, CILs have become
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Scheme 17 Organic reactions in aza-crown ether cation complex ILs

O O
O O

O

N X

Cl COOEt
[Et3NH][HSO4]

20% mol

120 °C, 30 min
92-98%

+

R1

R3N=C=X

R1 = H or Me

R2 = Me or Ar

R3 = Ph or allyl
X = O or S

R2 R1 R2

R3

Scheme 18 Green one-pot thiazolidine/oxazolidine synthesis

Ionic Liquids: Design and Applications 199



important green catalysts in asymmetric synthesis and furthermore
have made it possible for many organic enantioselective transfor-
mations to be carried out in water.

In 2012, Shen et al. synthesized and applied a recyclable
IL-supported chiral imidazolidinone in the enantioselective
1,3-dipolar cycloaddition between nitrones and α,β-unsaturated
aldehydes to set three stereocenters in the oxazolidine product
[80]. The reaction proceeded in good yield and high enantioselec-
tivities preferentially forming the endo diastereomer (Scheme 19).
Finally, the CIL could be recovered and recycled up to 5 times
without any observable decrease in catalytic activity.

The aldol reaction has probably been the most studied reaction
in asymmetric organocatalysis, following the pioneering report by
List, Lerner, and Barbas III [79]. It is well known that the aldol
reaction is one of the main synthetic strategies for building C–C
bonds. Furthermore, this methodology can give rise to two new
stereocenters. In 2012, Zlotin et al. developed a C2-bis-prolinamide
supported on an IL as an organocatalyst for an asymmetric aldol
reaction in water [81]. This IL showed excellent results both in
yields and enantioselectivities and was recycled 15 times without
significant loss in selectivity (Scheme 20).

The Michael addition reaction has also been widely explored in
asymmetric organocatalysis. In 2013, Headley and co-workers
synthesized and tested a quaternary ammonium CIL derived from
(S)-proline, to be used in the asymmetric Michael reaction under
aqueous conditions [82]. These researchers also employed an
IL-supported benzoic acid as an additive and obtained excellent
yields and stereoselectivities across a range of substrates (Scheme
21). In addition, the catalyst was used at loadings of 5 mol%, and
the reaction media could be recycled up to 10 times without any
significant loss of enantioselectivity (Scheme 21).

More recently, Zlotin et al. have developed a primary amine
supported on anN-(carboxyalkyl)imidazolium IL for the asymmet-
ric Michael reaction between 4-hydroxy-2H-chromen-2-one and
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Scheme 19 Enantioselective 1,3-dipolar cycloadition
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1-substituted buten-3-ones [83]. The Michael products were
obtained with high yields and moderate to excellent enantioselec-
tivities (Scheme 22), with the catalyst able to be recycled up to
5 times with only minor losses in yield and enantioselectivity.

2.3.2 Ionic Liquids

as Supported Catalysts

Although ILs are very efficient in catalysis, it is normal to lose some
amount of catalyst with each reuse cycle, which translates to a
decrease in the reaction performance. With this in mind, supported
ionic liquids (SILs) were developed in order to overcome this
problem.

An interesting SIL was developed by Yin et al. supporting an
(S)-proline imidazolium IL on magnetic nanoparticles (SiO2@-
Fe2O4) in order to form an easy to recover magnetic asymmetric
catalyst [84]. This SIL was used in the asymmetric aldol reaction in
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water giving promising results with the catalyst being easily recov-
ered using a permanent magnet and reused up to 5 times without
significant loss in activity (Scheme 23).

Recently, Shinde and co-workers synthesized a polystyrene-
supported solid catalyst with one active molecule of a tert-butyl
alcohol imidazolium on the polymer. This catalyst was examined in
the aliphatic nucleophilic substitution of primary and secondary
substrates using alkali metal salts as the nucleophiles [85]. The
SIL acts as a phase transfer catalyst, enhancing the reactivity of the
alkali metal salts and making product isolation very simple by
filtration. Furthermore, the catalyst can be reused up to 5 cycles
without any decrease in reaction yield (Scheme 24).

Finally, Sharma et al. developed a novel silica-supported sul-
phonic acid catalyst which was coated with [BMIM]PF6 [86]. This
SIL was used in the one-pot synthesis of 1,4-dihydropyridines,
affording the desired products with excellent yields in short reac-
tion times (Scheme 25). Moreover, the reaction was performed
without solvent, and the catalyst was recycled up to 7 times with
only a negligible decrease in yield.
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As it can be appreciated, ILs have evolved up to a point where
they are closely associated to the fields of organocatalysis and
asymmetric synthesis and by definition green chemistry and con-
tinue to find applications in numerous different organic reactions
and transformations.

2.4 Pharmaceutical

Applications of Ionic

Liquids

The use of ILs in pharmaceutical applications is at an early stage that
originates with the use of these molecules as green solvents for
synthetic processes. Later, it was found that ILs can also be
employed as active pharmaceutical ingredients (APIs). In this final
section, current applications of ILs in the pharmaceutical industry
will be presented.

2.4.1 Ionic Liquids

in Drug Production

As it was already mentioned, in the pharmaceutical field the use of
ILs as reaction solvent during drug production is quite attractive,
owing to their green properties. Furthermore (see Subheading
2.3), reactions carried out in IL media are usually faster and can
give products with higher purities and which are more easily
isolated. An example is the synthesis of pravadoline, a
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non-steroidal anti-inflammatory drug in [BMIM]PF6 [87]. The
product was obtained in an overall yield of 94% over two steps
with the IL easily recovered and reused (Scheme 26).

In this context, Kumar andMalhotra compared the outcome of
the reactions involved in the synthesis of nucleoside anti-viral
drugs, comparing ILs (imidazolium ILs) with other polar solvents
(pyridine, acetonitrile, TFA, and DMA) [88]. ILs turned out to be
better solvents (in particular [BMIM]TFA) in terms of both their
solubility characteristics and reaction rate.

In the year 2011, Bica et al. used a reactive dissolution with a
sulfonic IL to isolate from star anise seeds, and to react, a shikimic
acid derivative in the synthesis of the anti-influenza drug Tamiflu™
[89] (Scheme 27).

ILs can be used in the preparation of pharmaceutical formula-
tions or as drug carriers. In this context, Goto et al. prepared a
microemulsion system consisting of oil and an imidazolium IL,
which was effective to both dissolve drugs that are poorly soluble
in water, and be used as a drug carrier [90]. In another report,
Mahkam and co-workers developed a pH-responsive controlled
drug release system for insulin by modifying silica nanoparticles
with an imidazolium IL (Fig. 6) [91]. This system works in the
following manner: as a consequence of the positive charges sur-
rounding the silica nanoparticles, anionic molecules can be effi-
ciently adsorbed inside of the nanochannels with minimal release
under acidic pH conditions. At neutral or slightly basic

N
H

Cl

N

O

HCl KOH
N

Cl

O

O

N

N

O

N

O

[BMIM]PF6

99%

[BMIM]PF6

95%

+

Scheme 26 Green synthesis of Pravadoline in [BMIM]PF6

HO

HO3S
1 equiv.

EtO O

O
O

OH

EtO O

O

H3PO4

NH2
NHAc

TamifluTM

N
N

HSO4

+
–

EtOH/3-pentanone 1:1
24 h, 80 °C

HO OH
OH

Shikimic Acid
from Star Anise Seeds

O

Scheme 27 Reactive dissolution of shikimic acid in sulfonic acid IL
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physiological pH, because of the deprotonation of surface silanol
groups, the strong electrostatic repulsion opens the nanochannels
and increases the release rate of the adsorbed drug molecules.

2.4.2 Ionic Liquids

as Potential Drug

Candidates

With the emergence of third-generation ILs, their biological prop-
erties were evaluated in addition to their chemical and physical
properties (see the Introduction). API-ILs have higher solubility
in water relative both to the neutral API and the ionic form of API.
Because of this increased solubility, it is expected that API-ILs will
also exhibit higher bioavailability. Finally, an important advantage
when using an API-IL instead of a neutral API drug is the elimina-
tion of the possibility of polymorphism, which is an undesirable
property that can cause a solid to crystallize in different crystalline
forms and hence modify the pharmacological profile of the
drug [92].

In 2007, Rogers et al. synthesized three API-ILs: lidocaine
docusate, ranitidine docusate, and didecyldimethylammonium ibu-
profen, which exhibited improved properties relative to the original
drugs [7]. For example, lidocaine docusate (LD) is a hydrophobic
RTIL which, when compared to lidocaine hydrochloride, exhibits
better solubility, increased thermal stability, and a significant
enhancement in efficacy as a topical analgesic due to increased
adsorption.

Although not a drug, the IL 1-methyl-3-[3,4-bis(dodecyloxy)-
benzyl]-4H-imidazolium chloride is biologically relevant as it can
act as a vector for siRNA transfection, thus enabling the introduc-
tion of RNA into a living cell [93]. This IL showed high transfec-
tion efficacy with more than 80% inhibition of the targeted gene.
With these results, these type of IL can become the new generation
of transfection reagents for RNA interference.

Petrovski et al. synthesized ampicillin ILs containing various
cations and evaluated their physical and thermal properties
[94]. Cholinium ampicillin was the most interesting example of
the ILs prepared because it presented a lowmelting point, very high
water solubility, as well as good biocompatibility and low toxicity.

In 2013, Feder-Kubis and Tomczuk developed ILs (ammo-
nium, imidazolium, alkoxymethylimidazolium, and pyridinium)
and chlorides incorporating a menthol group and tested their anti-
microbial activity against different microorganisms [95]. It was
concluded that the ILs with the higher potency and broad spectrum
activity were the ammonium ILs, followed by the imidazoliums and
the alkoxymethylimidazoliums, with the least active being the pyr-
idinium ILs (Fig. 7).
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Fig. 6 IL functionalized silica nanoparticles for drug delivery
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In conclusion, ILs are versatile, sustainable compounds that
can be applied in many fields. The present text emphasizes some
current applications, with a focus on green chemistry.
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Chapter 7

Designing Efficient Cascade Reactions in Drug Discovery

Chenguang Yu, He Huang, Chunquan Sheng, and Wei Wang

Abstract

This chapter focuses on the exploration and application of cascade reactions in the total synthesis of both
biologically active natural products and their analogues and synthetic substances for drug discovery. The
high synthetic efficiency of such processes enables the facile and rapid construction of bioactive molecules
and furthermore streamlines the study of structure-activity relationships to accelerate the identification of
potential drug-like compounds for further biological evaluation. In addition, the power of cascade strate-
gies is also demonstrated in the pilot plant-scale synthesis of highly valued, structurally complex drugs and
drug candidates.

Key words Cascade reaction, Organocatalysis, Transition metal catalysis, Drug discovery and devel-
opment, Pilot plant-scale synthesis, Structure-activity relationships

1 Introduction

The development of efficient synthetic technologies for the cost-
effective preparation of bioactive natural products, therapeutic
agents, and drug candidates continues to be of considerable signif-
icance. The use of cascade reactions involving multiple-bond-form-
ing events occurring in a single vessel can lead to a dramatic increase
in the overall synthetic efficiency for a process. In addition, cascade
reactions by their nature embody high efficiency particularly in
terms of atom, time, energy, and labor economy, which meets the
requirement of a green and sustainable synthesis. Due to their
inherent unrivaled merits, a number of powerful cascade reactions
have been developed for numerous syntheses including both natu-
ral products and synthetic substances with complex architectures
[1–3], as well as the increased implementation of this powerful
strategy in the field of drug discovery, development, and produc-
tion [4]. Therefore, this chapter chiefly focuses on the exploration
of cascade reactions for the construction of natural products and
their analogues and bioactive synthetic compounds for drug dis-
covery with examples of synthesis of therapeutics on pilot plant
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scale also included. It is important to note that, in order to be
concise, this isn’t a comprehensive review, and as such only selected
examples are highlighted to illustrate the recent advances and
developments of cascade reactions in drug discovery and develop-
ment. Interesting readers may refer to a number of excellent
reviews and books for more detail and an overview on the general
developments of cascade reactions [3, 5–14].

2 Cascade Reactions for the Synthesis of Natural Products/Analogues

Natural products have proven and continue to be a validated source
for drug development with a number of currently clinically used
therapeutics originally arising from their analogues and derivatives
[15–20]. However, in many cases, the low natural abundance of the
natural product limits its biological evaluation, and furthermore
many derivatives cannot be accessed from nature. Thus, the pro-
duction of sufficient quantities of a compound for both biological
studies and drug discovery relies on synthesis. These natural pro-
ducts often have highly complex structures featuring multiple func-
tionalities and/or stereogenic centers, therefore presenting
significant synthetic challenges leading to their successful total
synthesis requiring numerous steps and significant resources. To
improve upon synthetic efficiency, chemists have designed and
implemented elegant cascade reactions into these syntheses
[1, 21], with several successful studies related to drug discovery
and development discussed herein.

The cortistatins were originally isolated by Kobayashi from the
marine sponge Corticium simplex in 2006 and showed selective
antiproliferative properties against human umbilical vein endothe-
lial cells (HUVECs) [22], with cortistatins A and J being the most
potent members of the series (IC50 ¼ 1.8 nM and 8.0 nM against
HUVECs, respectively), displaying a selectivity index of greater
than 3000- and 300–1100-fold over normal human dermal fibro-
blasts (NHDF) and other tumor cell lines (KB3–1, K562, and
Neuro2A). The cortistatin family shares a complex pentacyclic
core structure, the construction of which presents the most critical
and challenging aspect of a total synthesis. In 2008, Nicolaou and
co-workers successfully accomplished the synthesis of cortistatins A
(4) and J (5) [23], with their approach featuring a powerful base-
promoted oxa-Michael addition/Aldol/dehydration cascade reac-
tion to facially construct the two bridged rings of core 3 (Scheme
1). In this process, potassium carbonate triggers the initial intramo-
lecular oxa-Michael addition of the hydroxyl group of 2 to the
α,β-unsaturated cyclohexanone to form a transient enolate, which
undergoes an Aldol condensation with the aldehyde followed by a
dehydration to afford the desired core, 3. Cortistatins A 4 and J
5 were obtained from 3 after a number of synthetic
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transformations. Importantly, the versatile cascade reaction enabled
the synthesis of numerous analogues among which 8 and 9, both
lacking the dimethylamino and hydroxyl groups in the A ring,
showed similar antiproliferative activities to these natural products
[21], thus providing important information for the design of struc-
turally simplified cortistatin analogues for drug discovery.

Calcitriol, hormone 1α,25-dihydroxyvitamin D3, is the active
form of vitamin D3 and is involved in many biological activities,
such as cell proliferation, immune response, and bond mineraliza-
tion [24–27], which make it a valuable target for drug discovery.
Such compounds can be potentially used for the treatment of
hyperproliferative diseases and immune disorders, though clinical
studies on the parent compound show that it exhibits side effects
including significant hypercalcemia and increased bone resorption.
Accordingly, a great deal of effort has been devoted to finding
analogues with improved specificity such as the work of Mouriño
and co-workers, whom designed and synthesized 1α,25-dihydrox-
yvitamin D3 15 and the analogues 13a–c (Scheme 2) [28]. Their
synthetic route features a novel palladium-catalyzed carbocycliza-
tion/Negishi cross-coupling cascade reaction as the key step for the
construction of the triene core system. Herein, the chiral interme-
diate 11, prepared from (R)-carvone 10, underwent a Pd(PPh3)4-
promoted intramolecular cyclization between the vinyl triflate and
the alkyne to give the palladated alkene complex 14, which
subsequently reacted with the zinc complex 12b via a Negishi

Scheme 1 K2CO3-promoted oxa-Michael addition/Aldol/dehydration cascade reaction as the key step in the
total synthesis of cortistatins A and J
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cross-coupling reaction to produce the desired products 13a–
c. Using the same approach, Rochel and co-workers prepared the
analogues 16a and 16b [29], and it was shown that while 16a
showed super-agonistic and cellular antiproliferation/pro-
differentiation properties but with similar calcemic side effects to
calcitriol 15, 16b exhibited a similar bioactivity profile but without
the side effects.

An alternative report to similar analogues avoided using the
unstable in situ-derived zinc complex 12b by employing the stable
vinyl boronic esters 18a–c to assemble the core structure (Scheme
3) [30]. This led to the preparation of three new analogues (20a–c)
featuring two different side chains at C-12 and C-17 prepared in
15%, 6%, and 3% overall yields, respectively, through a related Pd
(0)-catalyzed cyclization/Suzuki cross-coupling cascade process.
Compounds 20a–c were assayed against human colon and breast
cancer cell lines and in mice and were demonstrated to have similar
pro-differentiating, antiproliferative, and transcriptional actions to
calcitriol in the in vitro studies. Critically, they exhibited markedly
lower calcemic effects than calcitriol in vivo, thus making 20a–c
promising lead molecules for further development.

Scheme 2 Total synthesis of 1α,25-dihydroxyvitamin D3 analogues through a palladium-promoted cyclization/
Negishi cross-coupling cascade reaction
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Actinophyllic 24 acid, a biologically active indole alkaloid,
which possesses an indole core featuring six rings with five contigu-
ous chiral centers, was isolated in 2005 by Carroll and co-workers
from the leaves of Alstonia actinophylla [31]. Despite the complex-
ity of the structure presenting a synthetic challenge, Martin and
co-workers devised an elegant ten-step method for the total syn-
thesis of (�)-actinophyllic acid from readily available chemicals
(Scheme 4) [32]. The synthesis features a facial assembly of the
key hexacyclic intermediate 23 through a powerful Lewis acid-
promoted cascade reaction of an N-stabilized carbocation with a
π-nucleophile. In this one pot protocol, the carbocation 25
generated by the treatment of indolyl acetate 21 with TMSOTf is
immediately trapped by the cyclic enamidodiene 22 to produce the
N-acyliminium ion 26, which undergoes intramolecular Mannich-
like reaction to give 27 with high diastereoselectivity due to the
inherent geometric constraints of the system. Desilylation with
TBAF in the same pot provides access to the key intermediate 27
in an impressive 92% yield. The synthetically derived actinophyllic
acid 24 and various analogues of 27 were evaluated for their ability
to inhibit the human breast cancer Hs578t cell line, and from these
studies it was determined that while 28 was the most potent
(IC50 ¼ 8 nM), actinophyllic acid 24 itself was totally inactive.
Further studies also demonstrated that 28 exhibited anticancer
activity against human lymphoma (U937), human lung cancer
(A549), and human glioblastoma cell lines (U87) with IC50 values
ranging between 5 and 8μM. This study provides an example

Scheme 3 Synthesis of 1α,25-dihydroxyvitamin D3 analogues through a palladium-promoted cyclization-
Suzuki cross-coupling cascade reaction
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wherein a simplified natural product analogue has been identified
through synthesis with more potent biological activities than the
parent from which it is derived.

Aculeatins, isolated from rhizome of Amomun aculeatm, have
been used as a folk medicine to treat both fever and malaria in
Papua New Guinea [33, 34]. This class of compounds feature three
successive spirocyclic rings, and in 2002, Wong and co-workers
developed an efficient PIFA-mediated dithiane deprotection/phe-
nolic oxidative dearomatization cascade process to construct this
spirocyclic core to give both (�)-aculeatine A (31) and (�)-aculea-
tine B (32) in 44% and 15% yield, respectively (Scheme 5)
[35]. Based on this synthetic strategy, additional analogues (�)-
33a–e, (�)-34, (�)-35, and (�)-36were synthesized, and through
the design of a specific precursor, 37, the access to more compli-
cated compounds containing five spirocyclic rings (�)-38a–c and
(�)-40a–c was also enabled [36]. Compounds (�)-38b and (�)-
40b showed potent antiparasitic activities against two widespread
Apicomplexa with IC50’s of 81 nM and 92 nM, respectively, against
the P. falciparum 3D7 strain, while displaying low toxicities toward
the mammalian cells (TI > 100 for P. falciparum), thus making
them promising molecules for the treatment of parasitic infections.

Neovibsanins A and B, isolated from the leaves of Viburnum
awabuki by Fukuyama in 1996, exhibit potent neurotrophic activ-
ity and very low cytotoxicity [37, 38]. This family of natural pro-
ducts features fused tricyclic rings including six chiral centers and
three chiral quaternary centers, and therefore how to assemble this
core with the correct configuration is the crux of the synthetic
challenge. Williams et al. successfully developed an expedient
approach for the preparation of (�)-4,5-bis-epi-neovibsanins A
(45) and B (46) in only 12 steps (Scheme 6) [39], developing a
one-pot acid-promoted 5-step cascade reaction to assemble the

Scheme 4 Total synthesis of (�)-actinophyllic acid involving a Lewis acid-promoted cascade reaction of an
N-stabilized carbocation with a π-nucleophile
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tricyclic core to afford the key intermediates 43 and 44 in 73% yield
and with a 5:1 ratio of diasteromers. The desilylation of 42
occurred under acidic conditions to initiate the cascade process,
which involved an intramolecular oxo-Michael addition to produce
48, which spontaneously underwent lactone ring-opening to yield
49, thus generating a new hydroxyl functionality, which was able to
attack the ketone to generate hemiacetal 50 that was then con-
verted to ketals 43 and 44 under the strongly acidic reaction
conditions. Compounds 43 and 44 were converted to (�)-4,5-
bis-epi-neovibsanin A (45) and B (46) in two steps with both
compounds being demonstrated to strongly potentiate neurite out-
growth in NGF-stimulated PC12 cells.

Isolated from the heartwood of Chamaecyparis obtuse var. fro-
mosana, (+)-chamaecypanone C (57) shows potent cytotoxicity
against several human cancer cells [40]. Taking inspiration from

Scheme 5 Total synthesis of aculeatins A, B, and their analogues by dithiane deprotection/phenolic oxidative
dearomatization cascade reaction
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the biosynthetic pathway [41], a dehydrogenation/retro-Diels-
Alder/Diels-Alder cascade sequence was designed to form the
tricyclic core (Scheme 7a) [42]. Initially the Diels-Alder reaction
between the diaryl cyclopentadiene generated in situ from 52 and
chiral cyclohexa-2-4-diene 55 (also generated in situ) was
attempted but proved to be unsuccessful. Switching to using cyclo-
pentadienone as the dienophile led to initial problems obtaining
pure material although the compound did form. Fortunately, in
situ formation of cyclopentadienone from cyclopentenone 53
using DDQ as oxidizing reagent enabled the Diels-Alder reaction
with the chiral diene 55 formed in situ to proceed to give the
desired product 56 in 61% yield, which could be demethylated
under standard conditions to afford (�)-chamaecypanone C (57).
To access the naturally occurring enantiomer, (+)-
chamaecypanone C, the same route was utilized though starting
with the enantiomer of 55. Biological studies demonstrated the
importance of the chiral center with (+)-chamaecypanone C being
shown to inhibit tumor cell growth by an average of 71%, while its
enantiomer had no observed inhibitory effects. Guided by this
chemistry, though replacing DDQwith Rh/C as the dehydrogena-
tion reagent, the same cascade reaction was employed for the
synthesis of a series of (+)-chamaecypanone C analogues (Scheme
7b) [43], with one compound (+)-61 found to have higher activity
as both a microtubule inhibitor and cytotoxic agent than the parent
itself (IC50 1.5μM vs. 2.2μM against tubulin assembly). Structure-

Scheme 6 Total synthesis of 4,5-bis-epi-neovibsanin A and B involving an acid-catalyzed five-step cascade
reaction
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activity relationship studies demonstrated that the 4-p-hydroxyphe-
nyl group is crucial for interactions with tubulin, and a smaller
C-11-substitution improved the bioactivity (methyl group is more
potent than isopropyl group, while t-Bu group leads to a loss of
activity), thus providing guidance for the further design of more
potent analogues.

(+)-Ricciocapin A, a furanquiterpene lactone, was isolated from
an axenic culture of the European liverwort Ricciocarpos natans
[44] and shows high molluscicidal activity against the water snail
Biomphalaria glabrata, a vector of schistosomiasis [45, 46]. In
2009, List and co-workers devised an efficient one-pot, three-
step, organocatalytic reductive Michael/Tishchenko cascade,
affording not only both enantiomers of ricciocarpin A 68 and 69
but also the analogues 70–73 (Scheme 8) [47]. In this one-pot
operation, a previously reported asymmetric reductive Michael cas-
cade reaction developed by the same group was used to synthesize
the precursor cis-66 in the presence of the chiral secondary amine

Scheme 7 (a, b) Total synthesis of (�)- and (+)-chamaecypanone C and their analogues using a dehydroge-
nation/retro-Diels-Alder/Diels-Alder cascade reaction
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catalyst 63 [48]. After 72 h, Sm(Oi-Pr)3 was added to the reaction
mixture to promote an epimerization to provide trans-67, of which
the configuration was critical in order for the subsequent Tish-
chenko reaction to yield the desired lactone 65. Due to the good
substrate tolerance of this protocol, the synthesis of a number of
analogues could be easily achieved enabling the evaluation of sev-
eral structure-activity relationship trends of the ricciocarpin family,
which lead to the finding that 71 is more potent than the parent in
terms of molluscicidal activity against B. glabrata.

Scheme 8 Total synthesis of (+)-ricciocarpin A and analogues through a one-pot, three-step, organocatalytic
reductive Michael/Tishchenko reaction cascade
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3 Cascade Reactions for the Synthesis of Bioactive Small Molecules

In a complimentary manner to natural products and their deriva-
tives, synthetic small molecules are rich sources for the discovery
and development of therapeutic agents. Both scaffold diversity and
complexity have been widely regarded as the main characteristics
for the creation of collections of high-quality compound libraries
[49–53]. Compounds with a range of molecular shapes and high
percentages of sp3-character, critical for broad biological activity,
are primarily dependent on the diversity and nature of the central
scaffold. However, the assembly of skeletally different complex
drug-like small-molecule architectures and the rapid identification
of useful lead compounds represent the most challenging aspects of
diversity-oriented (DOS) and combinatorial library synthesis [49–
53]. Cascade reactions with the capacity to enable the facile con-
struction of complex natural product-like molecular frameworks
may offer a solution and thus facilitate the drug discovery process.

Heterocyclic furo-[2,3-c]-quinolones 76 are a medicinally
important class of compounds displaying a broad spectrum of
bioactivities (Scheme 9) [54], and a palladium-catalyzed Sonoga-
shira coupling/intramolecular 5-endo-dig cyclization cascade reac-
tion has been developed to enable their synthesis [54]. Subsequent
transformations were utilized to convert 76 into furo-[2,3-c]-quin-
olone-4-amines 77, while a similar strategy was employed for the
synthesis of furo-[3,2-c]-quinolone-4-amines 80–82 using differ-
ent substrates. On profiling these series of compounds, several of
them were recognized to possess a pure TLR8-agonistic activity
profile with 79, with an n-butyl substituent, displaying maximal
potency (EC50 ¼ 1.6μM).

An analogous catalytic system has been applied for the con-
struction of 1H-pyrrolo-[3,2-c]-pyridines by changing the nucleo-
phile from the OH group to a tosyl-protected amine (Scheme 10)
[55]. Utilizing structure-based design within this series, 86 was
found to be a highly potent inhibitor of MPS1 that is aberrantly
overexpressed inmany human cancer cells (P-MPS1 IC50¼ 0.04μM
and HCT116 GI50 ¼ 0.16μM) while also exhibiting a good oral
pharmacokinetic profile in mouse and rat as well as the ability to
inhibit MPS1 in vivo after oral administration.

Pierre and co-workers have developed a palladium-mediated
Suzuki cross-coupling/intramolecular amide formation cascade,
with the resultant amides 89 being further transformed to target
molecules such as 90 (Scheme 11) [56]. The inhibitory ability of
this series of compounds was evaluated against CK2, which is a
prime cancer drug target due to its roles of being either deregulated
or overexpressed in numerous cancer-promoting pro-survival and
anti-apoptotic pathways. From these studies, compound 91 was
found to be both a potent and selective inhibitor and was evaluated
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in the clinic. A molecular binding study indicated that the strong
interaction of 91 with the ATP-binding pocket of the kinase came
from a combination of a series of hydrophobic interactions, an ionic
bridge with Lys68, and hydrogen bonding with the hinge region,

Scheme 9 Synthesis of furo[2,3-c]quinolone-4-amines and furo[3,2-c]quinolone-4-amines by a palladium-
catalyzed Sonogashira cross-coupling/cyclization cascade process

Scheme 10 Synthesis of 1H-pyrrolo-[3,2-c]-pyridines involving a palladium-catalyzed Sonogashira cross-
coupling/cyclization cascade reaction

Scheme 11 Palladium-catalyzed Suzuki cross-coupling/intramolecular amide formation cascade reaction
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with these findings providing insightful guidance for the design and
optimization of new small-molecule CK2 inhibitors.

Gold complexes, which are well established as π-Lewis acids,
have been successfully exploited in a number of cascade reactions
[57], and Wang and co-workers have employed Ph3PAuNTf as the
catalyst in an intramolecular cyclization/nucleophilic addition cas-
cade between the alkyne and pendent amide functionalities to afford
tricyclic indolines as exemplified by 94, 95, and 96 (Scheme 12)
[58]. The simple ring opening of the tricyclic indolines delivered,
respectively,97,98, and99, with this powerfulmethod allowing for
the rapid access to 120 polycyclic indolines with 26 distinct skele-
tons and a variety of functional groups. These compounds were
screened for their ability as resistance-modifying agents in combina-
tion with antibiotics to overcome the challenging issue of drug
resistance with compound 100 found to selectively potentiate the
activity of β-lactam antibiotics in multidrug-resistant methicillin-
resistant Staphylococcus aureus (MRSA) but not in methicillin-
sensitive S. aureus. It was also shown to resensitize several MRSA
strains to the β-lactam antibiotic amoxicillin/clavulanic acid as well
as the first-generation cephalosporin cefazolin. Further structure-
activity relationship studies based on 100 led to the discovery of a
more potent but less mammalian toxic analogue 101 [59].

Tropanes are known to possess high binding affinity for both
the dopamine and serotonin transporter sites and are hence viewed
as promising lead compounds for the development of therapeutics
for the treatment of cocaine addiction [60–62]. Although much
effort has been devoted to the synthesis of numerous tropane
derivatives, a significant limitation exists in that many of the tradi-
tional synthetic methods rely on either the use of (�)-cocaine or
tropinone as essential starting materials for structural modification
[63], thus hampering attempts to create novel scaffolds beyond
these materials. In 1991, Davies and co-workers devised a
rhodium-catalyzed cyclopropanation/Cope rearrangement cascade
as the key step for the facial access to various previously inaccessible
tropane derivatives as exemplified 106 (Scheme 13) [64]. Rho-
dium-initiated cyclopropanation of pyrroles 102 with the vinylcar-
benoids 103 produced the highly strained 105, which undergoes a
spontaneous Cope rearrangement to provide the bridged bicyclics
104. Subsequently, the authors developed an asymmetric cascade
version utilizing a chiral rhodium catalyst though only obtained
moderate enantioselectivities [65]. Using this strategy, a number of
novel tropane analogues were efficiently synthesized and subjected
to biological evaluation, leading to the finding that a ketone func-
tionality at the C-2 position instead of an ester could dramatically
enhance the metabolic stability. Notably 107 from this series has
been widely used as a probe to study the neurobiology of cocaine
reinforcement and as a potential pharmacotherapeutic agent for the
treatment of cocaine addiction [66–68]. In addition, compound
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Scheme 12 Synthesis of tricyclic indolines through a gold-catalyzed cyclization/nucleophilic addition cascade
reaction

Scheme 13 Synthesis of tropane analogues through a rhodium-catalyzed cyclopropanation/Cope rearrange-
ment cascade reaction
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108 is the first potent tropane, which shows high selectivity for the
SERT [69–71], while 109 exhibits the best potency among tro-
panes so far (IC50 ¼ 0.12 nM at DAT) and has an extremely long
duration of action in vivo [68, 72].

With an explosive development in the number of applications
over the past decade, organocatalysis has become an important tool
complementary to both organometallic and enzymatic catalysis in
synthesis. Furthermore, the mild reaction conditions and excellent
stereocontrol afforded by an organocatalyst has enabled a number
of unprecedented cascade reactions to be developed [7–13, 73,
74]. In addition, the combinations of two different organocatalysts
[75–77] or an organocatalyst and a metal catalyst [78–83] repre-
sents a powerful approach for the promotion of new cascade reac-
tions to produce chiral complex molecules. In order to evaluate a
novel series of molecules for biological properties, Wang and
co-workers developed a novel aminocatalytic asymmetric
Michael/Michael/Aldol cascade reaction between cinnamalde-
hydes (110) and thiazolidinediones (111) or rhodanines (112),
producing medicinally relevant spirothiazolidinediones 113 or
spirorhodanines 114, respectively (Scheme 14a) [84]. In contrast,
under similar reaction conditions, a Michael/cyclization cascade
reaction between isorhodanines (115) and cinnamaldehydes
(110) proceeded to yield fused thiopyranoids 116 (Scheme 14b).
The further synthetic elaboration of this series of scaffolds was
carried out to rapidly create a number of diverse complex structures
such as 119, 123, and 124, which were evaluated in both antifun-
gal and antitumor bioassays. Herein, compounds 118, 123, and
124 exhibited potent antifungal activities against Candida albicans
and Cryptococcus neoformans, while 117, 118, and 119 showed
strong inhibitory activity against human breast cancer cells.

Diverse chiral pyranocoumarins 129 and 2-amino-4H-chro-
menes 130 were synthesized using the chiral thiourea-tertiary
amine bifunctional catalyst 128 through an enantioselective
Michael/cyclization/tautomerization cascade reaction of 125
with either 4-hydroxycoumarins 126 or cyclohexane-1,3-dione
127 (Scheme 15) [85]. Preliminary biological screening indicated
that these novel heterocyclic compounds exhibited some promising
antibacterial activity.

An unprecedented 1-pot 12-step cascade reaction involving
nine different reactions mediated by two organocatalysts was
reported for the synthesis of complex indoloquinolizines 146
(Scheme 16) [86]. Initially, triphenylphosphine catalyzes a
two-step cascade reaction between an electron deficient alkyne
133 and a chromone 134 to produce a tricyclic benzopyrone
136, which then undergoes a cascade reaction mediated by the
second organocatalyst camphorsulfonic acid with the tryptamine
137, involving a conjugate N-addition, conjugate O-addition,
imine formation/isomerization, chromone ring opening, nucleo-
philic aromatic addition, aza-Claisen rearrangement, Pictet-
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Scheme 14 (a–c) Synthesis of chiral spirothiazolidinediones, spirorhodanines, and fused thiopyranoids
through chiral secondary amine-catalyzed asymmetric cascade reactions



Spengler cyclization, and a retro-Michael addition. Notably, the
construction of the complex indoloquinolizines 146 only takes
10–30 min and proceeds in 20–88% yield. The prepared com-
pounds were probed for the possible modulation of cell division
with R-147 and R-148 found to be the most potent by simulta-
neously targeting both NMP and Crm1, which are associated with
cancer development.

4 Cascade Reactions for the Pilot Plant Synthesis of Drugs

The high efficiency of cascade reactions makes them attractive for
the large-scale production of drugs as they offer a means to poten-
tially significantly reduce cost, the amount of chemical waste, and
the hazards associated with the process. Surprisingly though, rela-
tively few cascade reactions have been exploited on scale possibly
due to the difficulties in tracking the numerous intermediates in
such a process, or the potential for various by-products to be
formed from the truncated steps in the cascade.

Galanthamine, an Amaryllidaceae alkaloid, has entered the
European market and been approved by the FDA for the treatment
of Alzheimer’s disease [87, 88], though, as a result of only limited
availability from the natural source, the development of a practical
and efficient synthetic strategy is critical to meet the large demand
for clinical use. Jordis and co-workers developed an efficient nine-
step route for the large-scale synthesis of galanthamine in 12.4%

Scheme 15 Synthesis of chiral pyranocoumarins and 2-amino-4H-chromenes through a thiourea-tertiary
amine bifunctional catalyst-promoted asymmetric Michael/cyclization/tautomerization cascade reactions
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overall yield (Scheme 17) [89], with the key step in the process
involving an oxidative phenol coupling/oxo-Michael addition cas-
cade reaction mediated by K3[Fe(CN)3] and K2CO3. The protocol
enabled the construction of the core 151 with the formation of
four fused rings in one pot and has been scaled up to 12 kg with
reproducible yields (40–42%) and is the basis for industrial
galanthamine production.

Ascomycin (153), isolated from Streptomyces hygroscopicus fer-
mentation cultures, possesses strong immunosuppressant proper-
ties [90–92], and its derivative 154 has been proposed for both the
topical and oral treatments of allergic contact dermatitis, psoriasis,

Scheme 16 Synthesis of indoloquinolizines through a dual organocatalytic 12-step cascade reaction
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and atopic dermatitis [93]. Koch and co-workers demonstrated
that semisynthetic 154 can be obtained in 53% overall yield and
with a final purity of >98% through a base-promoted rearrange-
ment/epimerization cascade reaction of ascomycin 153 (Scheme
18) [94], and furthermore this protocol can be scaled up to multi-
kilogram to provide material for biological studies.

5 Conclusion

As described in this chapter, cascade reactions serve as highly pow-
erful tools for the rapid assembly of complex natural products, their
analogues, biologically interesting synthetic substances, and even
drugs and drug candidates on pilot plant scale. Furthermore, they
enable the production of bioactive compounds with novel natural
product-like complex structures, which would otherwise be diffi-
cult to access by traditional stepwise processes. Therefore, employ-
ing these synthetic strategies can significantly facilitate drug
discovery, development, and production with the benefits of poten-
tially reducing waste, cost, energy, time, and labor. It should be
stressed that although a number of highly efficient cascade reactions
have been developed, their application in the drug discovery setting

Scheme 17 Pilot plant synthesis of (�)-galanthamine through an oxidative phenol coupling/oxo-Michael
addition cascade reaction

Scheme 18 Synthesis of ascomycin analogue SDZ ASD 7321 through rearrangement-epimerization cascade
reaction
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is still in its infancy. However, it is clear that the value and signifi-
cance of cascade reactions as applied to the synthesis of pharmaceu-
ticals will rise exponentially as new processes are developed.
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Chapter 8

Multicomponent Synthesis: Cohesive Integration of Green
Chemistry Principles

Razvan Cioc, Eelco Ruijter, and Romano V. A. Orru

Abstract

The application of multicomponent reactions (MCRs) in the generation of compound libraries has long
been recognized as a key strategy for the development of lead matter in drug discovery. Given the numerous
advantages that these processes possess not only from the ability to generate large numbers of diverse
compounds but also from a sustainability perspective, it is somewhat surprising that MCRs have not
enjoyed such a widespread application in downstream development and the later scale-up of pharmaceutical
candidates. The current chapter provides an overview of the most common MCRs with a critical focus on
their perceived benefits as a sustainable technology. In addition, an overview of the combination of MCRs
with other “green” technologies such as both biocatalysis and flow chemistry is also provided.

Key words Multicomponent reactions, Biocatalysis, Asymmetric synthesis, Flow chemistry, Drug
discovery, Green chemistry, Selectivity, Mechanisms, Strecker, Hantzsch, Biginelli, Mannich, Passerini,
Ugi, Petasis, Isocyanide

1 Introduction

Multicomponent reactions (MCRs) [1] feature the combination of
three or more reagents in a single operation to selectively form a
product that retains the majority of the atoms of the starting
materials. Rather than high-order collisions, MCRs are mechanisti-
cally (and sometimes also operationally) sequences of sub-reactions
occurring successively. For this reason we consider that the simul-
taneous addition of all inputs is not essential, and therefore the
definition of multicomponent processes should be regarded in a
broader sense, including sequential one-pot transformations and
tandem/domino/cascade reactions.

Multicomponent chemistry dates back to the early days of
organic synthesis, with the discovery of reactions such as the
Strecker 3CR [2], the Hantzsch 4CR [3], and the Biginelli 3CR
[4] only shortly following Wöhler’s synthesis of urea [5]. However,
with the exception of some pivotal moments (e.g., the discovery of

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_8,© Springer Science+Business Media, LLC, part of Springer Nature 2022

237

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1579-9_8&domain=pdf
https://doi.org/10.1007/978-1-0716-1579-9_8#DOI


the Ugi 4CR in the 1960s), it is only since the mid-1990s, in the
age of combinatorial chemistry and diversity-oriented synthesis,
that multicomponent reactions have seen a truly major expansion
in development and application. The list of multicomponent name
reactions contains numerous recent entries, and it can only be
anticipated to grow further in the future (Table 1).

The single most important area of application of multicompo-
nent reactions is drug discovery and design. With the use of MCRs,
large compound libraries can be constructed from simple building
blocks in short sequences or even in a single step. Furthermore,
multicomponent synthesis can be readily automated resulting in
important resource savings. Given the convergent and selective
nature of the chemical transformations involved, the purity of the
end products is typically high. All these arguments promote multi-
component reactions as efficient tools for the highly productive
synthesis of collections of compounds to be utilized for high-
throughput screening against various biological targets, structure-
activity relationship studies, and lead optimization.

In view of their diversity and variability, multicomponent reac-
tions have the unmatched ability to cover vast domains of chemical
space. For instance, the medicinally relevant space of nitrogen
heterocycles can be systematically explored according to the ring
size (azetidinones via the Staudinger reaction, pyrroles and pyri-
dines via the Hantzsch reaction) and the number of N-atoms and
unsaturation (imidazolines according to the Orru reaction, imida-
zoles by the van Leusen 3CR, dihydropyrimidinones via the Bigi-
nelli 3CR), as shown in Scheme 1. Furthermore, numerous MCRs
come in different variants. The classical Ugi 4CR involves alde-
hydes, amines, isocyanides, and carboxylic acids. However, the
latter can be substituted by other acidic components, such as
water, carbonic acid, thiocarboxylic acids, phenols, HN3, H2S,
HNCO,HNCS, etc., leading to an entire range of primary scaffolds
(α-acylaminocarboxamides, carbamates, α-aminoamides, tetra-
zoles, hydantoins, etc.). Moreover, this diversity can be expanded
much further according to several general strategies, such as the use
of bifunctional inputs, secondary reactions, union of MCRs, etc.
Finally, the exploitation of the different variation points in the input
materials dramatically condenses the synthetic effort to assemble
compound libraries of the desired dimension (Fig. 1).

Importantly, the large chemical space that multicomponent
products span has considerable relevance for medicinal applica-
tions. For instance, cyclic systems occupy a privileged position in
multicomponent chemistry; from non-flat scaffolds to planar aro-
matics, including various polycyclic systems (fused, spiro, bridged),
heterocycles, macrocycles, etc., all are well represented in the MCR
space. Another distinguishing feature is the dense functionalization
of MCR-derived molecules: typically an important number of func-
tional groups (originating from the primary scaffold and from the
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é

1
9
9
8

0
.9
0

H
2
O

(G
B
B
)P
as
se
ri
n
i-
D
ö
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generally broad functional group tolerance of the multicomponent
condensation) decorate the hydrocarbon framework. This facili-
tates the embedding of the desired physicochemical properties in
the products to suit the requirements for most medicinal chemistry
applications. Equally noteworthy is that multicomponent chemis-
try can rapidly supply completely novel scaffolds to bioactivity
screening projects [6], or extensively functionalize bioactive mole-
cules, including natural product-based leads [7, 8]. Furthermore,
once validated in natural product synthesis, the convergent multi-
component approach features unrivaled productivity in generating
libraries of analogues with improved bioactivity [9–14]. A compre-
hensive review highlighting the power of MCRs in drug discovery
was published by Dömling in 2012 [6], and various aspects of this
topic have also been discussed in other reports [15–19].

Moving from the drug discovery phase to the production stage,
the pharmaceutical industry can profit considerably from the imple-
mentation of multicomponent approaches in API synthesis. In the
sustainability of chemical processes, MCRs play a particularly
important part as they generally score high in most areas of green
chemistry [20]. The successful application of multicomponent
reactions in the manufacturing of pharmaceuticals is highlighted
in Scheme 2, with examples ranging from simple small molecules to
relatively complex structures.

Importantly, together with their intrinsic green character, mul-
ticomponent reactions are compatible with other environmentally
friendly technologies (flow chemistry, biocatalysis, green solvents,
etc.). The cohesive integration of these concepts in process chemis-
try represents a unique opportunity to adapt the industrial

Scheme 1 Exploring the space of N-containing heterocycles with MCRs

Fig. 1 Diversity generation with multicomponent reactions
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production of pharmaceuticals to the economic, societal, and regu-
latory demands of the twenty-first century and take a major step
toward a truly sustainable synthesis.

This chapter reviews the possibilities of applying multicompo-
nent reactions in drug design and production with a strong empha-
sis given to the sustainable dimension of this chemistry (see Fig. 2).

2 Atom Economy and Waste Prevention

Atom economy is perhaps the greatest virtue of multicomponent
reactions from the sustainability point of view: the majority of the
landmark MCRs exhibit high atom economy (at least 80%,
Table 1). This important ecological benefit is the consequence of
complex reaction mechanisms consisting primarily of addition
and/or condensation steps, which incorporate in the product
most of the atoms of the starting materials, except for typically a
small molecule like water. Indeed, imine formation followed by the

Scheme 2 Multicomponent reactions for the synthesis of APIs

Fig. 2 Multicomponent reactions in the pharmaceutical industry
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addition of a nucleophile (cyanide, enols, isocyanide, boronic acid,
alkyne, etc.) represents the most common reaction manifold
encountered in multicomponent chemistry (Strecker, Mannich,
Biginelli, Ugi, Petasis, A3 reaction, respectively). Nevertheless, the
diversity of scaffolds that are accessible via MCR condensations is
remarkable, as shown in Table 1.

Despite this general mechanistic resemblance, the optimal reac-
tion conditions for these processes are quite particular. This usually
enables a good control over the desired reaction pathway, and
consequently the selectivity of MCRs is high. For example, the
addition of boronic acids to imines is efficient in ethanol, whereas
the addition of alkynes requires a nonpolar solvent (e.g., toluene)
and transition-metal catalysis (most typically copper salts). Simi-
larly, when performing the Ugi 4CR, the Passerini product,
corresponding to a condensation of only three of the four inputs
(aldehyde, amine, isocyanide, and carboxylic acid), is not formed.
The Passerini reaction is very sluggish in the polar protic solvents
typically used in Ugi-type chemistry and as such cannot compete
with isocyanide addition to the rapidly forming imine under these
conditions. The judicious choice of reaction parameters can there-
fore lead to high degrees of chemoselectivity in MCRs. An interest-
ing manipulation of the reaction outcome by tuning conditions is
shown in Scheme 3, where the selective formation of imidazolines
or oxazoles from the same starting inputs can be promoted by the
use of suitable additives [21]. Silver acetate is an efficient catalyst for
the three component imidazoline synthesis, whereas triethylammo-
nium hydrochloride is used in equimolar amounts as a Brønsted
acid imine activator. The stoichiometry of the inputs is also impor-
tant for the efficiency and selectivity of the reaction: the 8:9:10
ratio is 1:2:1.5 for the imidazoline synthesis and 1:1:1 for the
oxazole synthesis.

The good selectivity of multicomponent processes can in many
cases be attributed to thermodynamic factors. Often these reactions
are performed under equilibrium conditions, and a certain product
is substantially favored over other outputs in view of its lower
energetic content, cyclic and/or aromatic nature etc. In this

Scheme 3 Tuning the course of MCR with additives
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respect, the century-old Hantzsch reaction is noteworthy as
numerous reaction pathways can be imagined between the three
inputs required, but the stability of the highly conjugated dihydro-
pyridine product dictates the outcome. Similarly, the formation of
two new σ-bonds involving the formally divalent carbon atom of
isocyanides represents a powerful driving force that has been exten-
sively exploited in the synthesis [22–24].

When it comes to drug discovery applications, these
isocyanide-based MCRs are important tools since they allow the
rapid generation of large libraries of compounds to be tested for
bioactivity. Isocyanide chemistry is remarkably versatile, and the
chemical space that it can cover is considerable. Most importantly,
this chemistry is compatible with various atom-economical follow-
up reactions that can be effected in the same pot to further increase
the chemical diversity. Great focus has been given to this strategy in
recent years, and Scheme 4 comprises a selected set of scaffolds that
result from post-multicomponent condensation functionalization
[25–32].

Therefore, isocyanide-based MCRs have unquestionable value
in green synthesis. However, the isocyanide generation in an
eco-friendly way remains an important issue to be addressed. The
typical strategies to access isocyanides (dehydration of formamides
[33], Hoffmann procedure [34]), albeit generally efficient, do not
go hand-in-hand with the principles of green chemistry. These
reactions have poor atom economy, use hazardous reagents and
problematic solvents, generate waste, etc. Finding a green solution
to isocyanide preparation requires intensive creative efforts, as the
isocyanide functionality is commonly generated via substitution or

Scheme 4 Secondary isocyanide-based MCR scaffolds
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elimination rather than addition, which is by definition contrary to
a green approach. An unrefined alternative would be the so-called
isocyanide-free multicomponent reactions, in which the isocyanide
is prepared in situ and used directly in the synthetic application
[35, 36]. Another recent conceptual advance in this direction
involves the synthesis of isocyanides from readily available tertiary
alcohols and TMSCN under Lewis acid catalysis [37]. These
approaches have important limitations (e.g., “isocyanide-free”
MCRs employ KAg(CN)2, generating silver waste) but serve as a
testimony to the engagement of the scientific community to deliver
a sustainable solution to isocyanide synthesis.

Having discussed the atom-economical nature of multicompo-
nent reactions, it is just as important to note that the multicompo-
nent approach brings benefits also in the form of step economy.
MCRs produce high levels of complexity in a single step, often
without the need of protection-deprotection stages, which can
lead to a substantial shortening of a reaction sequence. Particularly
in the area of peptidomimetics synthesis, MCRs can be highly
productive [38]. For instance, the novel Ugi-type 5C-4CR reaction
discovered by Dömling [39] generates a dipeptide fragment in a
single step from α-amino acids, secondary amines, aldehydes or
ketones, and isocyanides (Scheme 5). Conventionally, this struc-
tural motif is assembled from protected building blocks using
stoichiometric amounts of activating agents and bases, in a multi-
step highly wasteful process. Since this protocol is general, its
advantages (in terms of both productivity and sustainability) in
combinatorial synthesis and applications in lead-optimization are
evident. Operationally, this reaction is extremely simple. The equi-
molar mixture of the four components is stirred at room tempera-
ture in a methanol-water solution for 1–3 days.

Furthermore, step economy of MCRs can have an even larger
impact in generic drug production. By the strategic use of a biocat-
alytic desymmetrization and two multicomponent reactions, the
synthesis of the anti-hepatitis C drug Telaprevir could be achieved
in only 11 steps compared to 24 as reported previously [40] in 45%
overall yield and advanced purity [41]. The highlight is a diaster-
eoselective Ugi-Joullié 3CR (dr 6.4:1) between imine 23, isocya-
nide 24, and carboxylic acid 28 (used in 1.4:1.4:1 ratio) performed

Scheme 5 Novel five-center four-component MCR discovered by Dömling
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in dichloromethane (0.34 M) at room temperature over 3 days
(from a sustainability perspective, dichloromethane is viewed as an
undesirable solvent, though there is no discussion herein of
whether the multicomponent reaction would work in an alternative
solvent. However Ichikawa et al. have demonstrated that not only
can this 3CR be performed in a variety of solvents but that the
choice of solvent plays a pivotal role in the mechanistic pathway**).
Upon basic hydrolysis of the acetate and oxidation of the resulting
alcohol group with Dess-Martin periodinane, Telaprevir 29 was
obtained in a 61% yield as single diastereoisomer after chro-
matographic purification (prior to chromatography, Telaprevir is
obtained as a 83:13:4 mixture of diastereomers, with one minor
diastereomer derived from the incomplete stereoinduction of the
Ugi-type 3CR and the other from the minor enantiomer of imine)
(Scheme 6).

To conclude, multicomponent reactions are ideal tools to effect
the synthesis of diverse complex molecules with limited generation
of waste, both in combinatorial chemistry applications and on
process scale.

3 Green Solvents

Solvents are perhaps the most active area of research in green
chemistry, since they make up not only by far the majority of the
waste [42, 43] but are also a significant component of the hazards
and energy intensity of a process. In multicomponent chemistry, as
shown in the previous section, solvents may markedly influence the

Scheme 6 Multicomponent synthesis of Telaprevir
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course, rate, and selectivity of a reaction. The multicomponent
product is the result of a complex sequence of mechanistic events
with potentially contradicting solvent requirements, which often
makes the solvent choice far from trivial. For instance, for imine-
based MCRs, often preformation of the imine in a different solvent
(typically with the use of a drying agent, such as Na2SO4, MgSO4,
molecular sieves) has a beneficial effect on the productivity of the
reaction. For thermodynamically controlled MCRs where the pre-
cipitation of the product out of the solution phase is the driving
force, solubility issues are also critical. For these reasons solvent
screening is most often included in MCR development. Even the
robust Ugi reaction, which in the vast majority of cases proceeds
well in methanol, is found in certain applications to perform better
in alternative solvents [44] with trifluoroethanol having being
reported to offer improvements [45, 46]. Despite a good general
understanding of solvent requirements for most MCRs, in some
cases the reaction is very substrate-specific. The Petasis reaction, for
instance, is applied in a broad spectrum of solvents such as CH2Cl2
[47], EtOH [48], dioxane [49], DMF [50], etc., depending on the
specific structures of the substrates. From the sustainability per-
spective, in general a good compatibility of multicomponent chem-
istry with environmentally benign solvents is either observed or can
be reached. While the use of less desirable solvents like dichloro-
methane is acceptable on lab-scale, in industry a green compromise
solution can be determined in most cases, since MCRs are quite
versatile with respect to solvent requirements.

Moreover, it is typical for MCRs to be run in concentrated
solutions (1 M), keeping the consumption of solvents as reaction
media at a minimum. This statement remains valid for the down-
stream processing and purification: since the multicomponent pro-
ducts have a high molecular weight and are typically crystalline,
they can be recovered by precipitation and purified via recrystalliza-
tion, thus avoiding extractive and/or chromatographic workups.

The application of MCRs in eco-friendly solvents has received a
great deal of interest in the last decade. A comprehensive review on
this topic was published in 2012 [51]. The surveyed list of novel
MCRs or improved variants running in water, ionic liquids, poly-
ethylene glycol polymers (PEGs), scCO2, bio-derived solvents, and
neat systems is impressive. Furthermore, multicomponent chemis-
try is well represented in another 2012 review summarizing the
progress of organic synthesis in water [52]. The general compati-
bility of MCRs with ionic liquids [53] and solvent-free conditions
[54] has also been discussed in detail in a number of recent reviews.
This interest devoted to multicomponent reactions in green chem-
istry surveys shows the privileged position that this chemistry
occupies in the repertoire of sustainable synthetic tools.
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The majority of most established MCRs have been successfully
applied in the various categories of recognized sustainable solvents,
and only a few additions are still required to complete the matrix of
multicomponent chemistries in water, ionic liquids, PEGs,
bio-based solvents, or solvent-free systems (Table 2). However,
despite this growing interest in combining MCRs with eco-friendly
solvents, it should be underlined that in typical synthetic applica-
tions, the use of conventional solvents still remains the more popu-
lar option.

4 Energy Efficiency

Multicomponent reactions are characteristically energy-efficient
with the majority of processes being performed at ambient tem-
peratures and pressures, often with the aid of catalysis. Extreme
reaction temperatures are required only in specific cases, such as
either cryogenic temperatures for organocatalytic enantioselective
MCRs, or temperatures above 100 �C for metal-initiated cascades.
Microwave irradiation is often found to be beneficial for multicom-
ponent chemistry [86, 87], and in recent years attention has been
devoted to developing protocols that employ alternative sources of
energy, which are preferable to thermal heating from a sustainability
point of view [88, 89], such as ultrasound irradiation [90–96] and
mechanical energy [97, 98]. Moreover, the demonstrated compat-
ibility of multicomponent chemistry with continuous operation in
microreactors opens new avenues for the optimization of reactions
from a process intensification standpoint [99].

Table 2
Multicomponent reactions in green solvents

Reaction Water Ionic liquids PEGs Bio-derived Neat

Strecker Ref. 55 Ref. 56 Ref. 57 Ref. 58

Hantzsch Ref. 59 Ref. 60 Ref. 61 Ref. 62

Biginelli Ref. 63 Ref. 64 Ref. 65 Ref. 66 Ref. 67

Mannich Ref. 68 Ref. 69 Ref. 70

Passerini Ref. 71 Ref. 72 Ref. 72 Ref. 73

Ugi Ref. 71 Ref. 74 Ref. 75 Ref. 76

Petasis Ref. 77 Ref. 78 Ref. 79

GBB Ref. 80 Ref. 81

A3 coupling Ref. 82 Ref. 83 Ref. 84 Ref. 85
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5 Asymmetric Synthesis

Asymmetric synthesis represents a major focus area in multicompo-
nent chemistry [100–103]. From a sustainability perspective, asym-
metric synthesis is clearly preferable over the wasteful and often
difficult separation of diastereoisomers or enantiomers, while in
drug discovery, facile access to the various pure stereoisomers is
highly desirable to expedite the bioactivity profiling of drug candi-
dates. Together with these important practical benefits, the quest
for asymmetry in multicomponent chemistry also finds inspiration
in the intrinsic challenge of controlling selectivity in complex reac-
tion sequences with often a limited initial mechanistic understand-
ing of the overall process and/or the pivotal steps involved.

Thus, highly efficient diastereoselective variants of MCRs are
still relatively rare in asymmetric synthesis, though a number of
examples have been reported. An impressive case is the work of
van der Eycken et al., who showed that the use of 2-
0-formylbiphenyl-2-carboxylic acid 30 in an Ugi 3CR affords the
dibenzo[c,e]azepinone products as single diastereoisomers
(Scheme 7) [104]. Higher dilution than usual for Ugi chemistry
was required in this system for the selective formation of the seven-
membered ring over competing intermolecular condensations.
Remarkably, this methodology proved very general, and a fairly
large library of derivatives, of which several showed antiproliferative
activity against tumor cell lines, were prepared with good overall
yields.

A comparably high control in diastereoselectivity was demon-
strated also for the Petasis 3CR reaction involving sulfinamides
[105]. Intensive optimization efforts showed that InBr3 was the
best catalyst for this reaction that upon cleavage of the tert-butyl
sulfinamide yields synthetically valuable β,γ-unsaturated amino-
acids as the products (Scheme 8).

Amine-based chiral auxiliaries have also found successful appli-
cation in the diastereoselective Povarov-type condensation of
O-pivaloylated β-D-galactosylimines with cyclic enol ethers and
alcohols (Scheme 9) [106]. Excellent yields ranging from 73% to

Scheme 7 Diastereoselective Ugi 3CR reaction
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90% and diastereoselectivies up to 99% were reported. The config-
uration of the product results from an octahedral coordination
complex of Sc3+, which is a typical catalyst for the Povarov reaction,
with the imine and enol ether substrates.

Among the most challenging reactions in asymmetric MCRs is
the Strecker 3CR, owing largely to the fact that the nucleophile
attacking the imine is one of the smallest possible, the cyanide
anion. Given this, diastereoselectivity levels when employing chiral
inputs were found to bemodest with the notable exception of bulky
prolinol-derived amines for which the product is isolated as single
stereoisomer (Scheme 10) [55]. With the use of water as solvent,
ambient conditions and a relatively safe cyanide source (acetone
cyanohydrin), this protocol conforms to many of the principles of
green chemistry.

Transition metal-catalyzed cascade reactions represent an
important part of multicomponent chemistry [101], and often
exquisite levels of stereocontrol can be achieved together with the

Scheme 8 Diastereoselective Petasis reaction

Scheme 9 Diastereoselective Povarov-type reaction

Scheme 10 Diastereoselective Strecker reaction
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ability to develop a high degree of molecular complexity in a single
step. To highlight one example, Scheme 11 shows the RhII-cata-
lyzed intramolecular three-component cascade Michael-aldol-type
reaction developed by Hu [107]. Interestingly, a delayed proton
transfer is observed in this innovative sequence that generates
highly functionalized 1-indanol derivatives containing multiple
stereocenters with excellent diastereoselectivity.

Much more interesting (and challenging) than diastereoselec-
tive approaches are catalytic enantioselective multicomponent pro-
cesses. Efforts devoted to this area of MCR research have been
rewarded with outstanding achievements in the last few years
[100], and this chemistry is still rapidly expanding. Most well-
known MCRs nowadays have a catalytic asymmetric variant, and
numerous other synthetic methodologies have been developed
recently for the efficient assembly of complex chiral molecules
from simple building blocks via multicomponent condensations
[108–119].

2014 was a particularly fruitful year for asymmetric multicom-
ponent synthesis with the first reports of the catalytic enantioselec-
tive Orru reaction between ketimines and isocyanoacetates being
disclosed by two groups using closely related strategies. The group
of Dixon employed a silver salt cinchona-derived aminophosphine
(53) binary catalytic system (Scheme 12) [120], whereas Nakamura
et al. utilized copper catalysis, with again a cinchona alkaloid-based
ligand, though with a pyridine nitrogen as donor instead of the
phosphine (52) [121]. Both groups used the diphenylphosphinoyl
substituent as the activating group on the imine, but remarkably
despite apparently similar protocols, the diastereoselectivity of the
addition is opposite: the silver-catalyzed process gives anti-selectiv-
ity, whereas with Nakamura’s copper catalyst, the major product is
syn. Both methods have general scope with ee’s up to 99% for the
valuable imidazoline products. Even though this reaction is not a
MCR per se since the phosphinoyl-imines are not prepared in the
same pot as the isocyanoacetate addition, these results have a sig-
nificant degree of relevance to multicomponent chemistry.

A green procedure for the catalytic enantioselective A3 cou-
pling of aldehydes, amines, and alkynes in water was also reported
in 2014 [82]. This protocol employs a bis(imidazoline)-CuI catalyst

Scheme 11 Diastereoselective Rh-initiated cascade
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having a hydrophobic substituent and sodium dodecyl sulfate
(SDS) as a surfactant. The enantioselectivity of this process is
generally very high (Scheme 13), though the requirement to use
p-anisidine 56 constitutes a synthetic limitation.

Finally, the development of a catalytic asymmetric variant of the
Ugi 4CR represents the holy grail in asymmetric multicomponent
chemistry. Despite intensive efforts and promising results in the
development of enantioselective Ugi-type reactions [122–124], the
race for the first asymmetric variant of the most versatile of MCRs
continues. The group of Wulff made an important step forward by
developing a highly efficient enantioselective Ugi 3CR in which
water plays the role of the acid component [125]. A laborious
systematic catalyst screening process concluded with the selection
of a boroxinate species as the optimal promotor for the asymmetric
multicomponent coupling (Scheme 14). Extending this concept to
the long-sought parent four-component condensation remains a
future endeavor.

Together with chiral Lewis complexes, organocatalysts also find
broad application in enantioselective MCRs. For the pharma indus-
try, this union has great practical value since the green virtues of

Scheme 12 Catalytic enantioselective Orru reaction

Scheme 13 Catalytic enantioselective A3 reaction
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organocatalysis are widely accepted [126], and furthermore con-
tamination of APIs (active pharmaceutical ingredient) with metal
traces can be avoided. Numerous multicomponent syntheses pro-
moted by various classes of organocatalysts have been reported, and
this field is still expanding. For instance, the Biginelli 3CR reaction
has received considerable attention, and several organocatalytic
enantioselective variants have been disclosed in the last decade.
The latest entry to the list was made by Zheng who tackled the
notoriously low activity of previous catalytic systems by resorting to
bisphosphorylimide catalysis [127]. Thus, double axially chiral
bisphosphorylimides were shown to be highly effective in promot-
ing the enantioselective Biginelli reaction in an acceptable time
frame. Another application of Brønsted acid catalysis in the multi-
component synthesis of medicinally important scaffolds was
reported by Shi [110]. Using aldehydes, 1,2-phenylenediamines,
and cyclohexane-1,3-diones, structurally diverse dibenzo[1,4]dia-
zepines were obtained in high yields and with good enantioselec-
tivities using a chiral phosphoric acid catalyst. The formation of
these complex products follows a sequence of events very charac-
teristic to multicomponent chemistry, namely, condensation of
carbonyls and amines, tautomerization, and nucleophilic addition
to the activated imines (Scheme 15).

Similarly, another interesting multicomponent cascade leading
to complex chiral molecules via simple elementary steps was devel-
oped by Constantieux et al. [109] This process is based on a
sequence involving imine formation, Michael addition to an
enone, iminium ion generation, and subsequent trapping via a
Pictet-Spengler-type cyclization, under prolinol catalysis. This reac-
tion is exquisitely selective for the desired tricyclic product and

Scheme 14 Catalytic enantioselective Ugi 3CR
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further demonstrates the power of the multicomponent approach
in assembling complex molecules from simple building blocks in an
atom economical manner (Scheme 16).

As demonstrated by the previous example, the versatility of the
100% atom-efficient Michael addition is often exploited in multi-
component cascades. Two other interesting studies conducted in
the group of Enders involve the use of nitro-olefins as Michael
acceptors and a bifunctional quinine-based squaramide organoca-
talyst, leading to highly functionalized tetrahydropyrans [128] or
tetrahydropyridines [129] with multiple contiguous stereocenters
(Scheme 17).

To conclude, asymmetric multicomponent synthesis has
reached a high level of sophistication and is now a well-established
methodology for the preparation of complex chiral molecules. The
further optimization of these protocols toward potentially more
sustainable reaction conditions represents a challenge for the
future. Indeed, with notable exceptions, most catalytic enantiose-
lective MCRs require cryogenic temperatures, undesirable solvents,
and high catalyst loadings, which severely limits their practical
application and the transition from academia to industry.

Scheme 15 Shi’s Dibenzo[1,4]diazepine synthesis

Scheme 16 Multicomponent synthesis of enantioenriched pyrrolopiperazines
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6 Biocatalysis

Biocatalysis has emerged as one of the cornerstones for sustainable
synthesis [130]. Enzymes operate under mild process conditions
and circumvent the necessity of protecting groups due to their
excellent chemo- and stereoselectivity. In addition, enzymes are
often able to perform transformations that are not possible with
conventional reagents and catalysts [131–133], enabling synthetic
chemists to redesign entire synthetic routes. In an earlier section,
the multicomponent route toward the antiviral drug Telaprevir was
discussed [41]. The engineering of the MAO-N enzyme to effi-
ciently produce the novel chiral imine building blocks as starting
materials allowed a completely different synthetic strategy (the
Ugi-Joullié reaction) to be developed resulting in a significant
productivity gain. This example highlights the powerful combina-
tion of biocatalysis and multicomponent chemistry toward the
sustainable production of pharmaceuticals, and similar approaches
are anticipated in the years to come. Since both biocatalysts and
multicomponent reactions are advanced attractive tools for green
synthesis, their concomitant application in the manufacturing pro-
cesses of chiral products is highly desirable [134].

If it appears logical to build molecular diversity on a chiral
substrate prepared enzymatically, theoretically planning to reverse
the order of these operations is more challenging, due to the
intrinsic incompatibility between the structural characteristics of
MCR products (large molecules heavily decorated with functional
groups) and the limited substrate tolerance of biocatalysts. Never-
theless, this strategy proved successful in a number of studies
involving the biocatalytic kinetic resolution of racemic mixtures of
multicomponent products, particularly dihydropyrimidinones
obtained via the Biginelli 3CR [135]. Another interesting example
is given by Reinart-Okugbeni et al. who used a lipase-catalyzed
kinetic resolution of 3-azabicyclo[3.2.0]heptane derivatives assem-
bled via a multicomponent condensation to deliver enantioen-
riched products (Scheme 18) [136].

Scheme 17 Enantioselective MCRs catalyzed by a bifunctional quinine squaramide system
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Furthermore biocatalysts play an important direct role in mul-
ticomponent chemistry as numerous MCRs were shown to be
amenable to enzymatic catalysis. Lipases appear to be the most
versatile enzymes as numerous reported MCR applications employ
this class of biocatalysts. In addition, proteases are also well repre-
sented through trypsin-mediated reactions. In all cases, enzyme
promiscuity and not native function is the explanation proposed
for their catalytic action. For Mannich- [137, 138], Biginelli-
[139, 140], or Hantzsch-type [141] processes, this is perhaps not
surprising, as the chemistry involved is well established to be
effected by the catalytic machinery of enzymes: hydrolysis, amino-
lysis, imine formation, nucleophilic addition, dehydration, cycliza-
tion, etc. Knoevenagel intermediates are also often encountered in
biocatalyzed multicomponent reactions [142–145]. A cyclization
step is included in many of these reactions, and this may be the
thermodynamic driving force, shifting the sequence of mechanistic
events toward the end product [146–148]. Although all the pro-
ducts of these reported condensation processes are chiral, the
reactions proceed unfortunately without enantioselectivity
(Scheme 19).

Finally, a distinct study investigating the biocatalysis of the Ugi
reaction has emerged with promising results [149]. A diverse series
of dipeptides has been synthesized under lipase catalysis in good to
excellent yields though again, as with the other enzyme-promoted
MCRs, no asymmetric induction was observed (Scheme 20).

Scheme 18 Multicomponent condensation—biocatalytic resolution sequence
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Scheme 19 Enzyme promiscuity in multicomponent chemistry

Multicomponent Synthesis: Cohesive Integration of Green Chemistry Principles 257



7 Flow Chemistry

Flow chemistry has emerged as a key technology for green process
development [150, 151], with advantages of adopting to operate a
chemical reaction under such a paradigm including time minimiza-
tion, ease of scale-up, simplified heat transfer, and reduced costs.
More importantly for the sustainable dimension of the process,
flow chemistry adds value in terms of waste minimization, safer
operation, energy efficiency, compatibility with real-time process
analysis, etc., and as such this technology intrinsically features many
of the 12 green chemistry principles. Since the union of flow
chemistry with MCRs supplements this list with characteristics
like atom-economy, benign solvents, and reduced use of deriva-
tives, it is evident that the flow operation of multicomponent
processes represents a quasi-complete solution for sustainable syn-
thesis. The successful combination ofMCRs and flow chemistry has
been demonstrated over several examples in recent years
[152, 153]. More importantly, multicomponent reactions have
been identified as one of the key issues of modern flow chemistry
[154], and an expansion of this research area is anticipated for the
near future.

The various advantages of flow operation over batch processes
have been highlighted for a great number of multicomponent
reactions: Strecker [155], Hantzsch dihydropyridine [156] and
pyrrole [157] synthesis, Biginelli [158], Mannich [159], Passerini
and Ugi [160], Petasis [161], Groebke-Blackburn-Bienaymé
[162], and A3-reaction [163]. For instance, Seeberger et al. showed
that with a flow system, both the reaction time and catalyst loading
can be dramatically reduced for the Mannich condensation
between cyclohexanone and a glyoxylate-derived imine, affording
a product with high yield and good optical purity (Scheme 21).

A breakthrough in the field of MCRs in flow was accomplished
by the group of Kim who designed a microfluidic system to perform
isocyanide chemistry incorporating integrated generation and puri-
fication of these key substrates [160]. The continuous four-step
in-line process consists of formamide dehydration, extraction, puri-
fication, and then direct employment in a multicomponent con-
densation. In this way, several difficulties in the practical application
of isocyanides in synthesis are circumvented, such as the distressing
odor, the instability of some derivatives, slow reaction rates, and

Scheme 20 Enzyme-catalyzed Ugi reaction
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poor chemoselectivity. Both the classical Ugi and Passerini reac-
tions have been successfully applied in this system, as well as the
more challenging palladium-catalyzed isocyanide insertion reac-
tions (Scheme 22) [164].

8 Conclusions

Multicomponent reactions represent an essential strategy to per-
form sustainable organic synthesis for pharmaceutical applications.
Whether it is the discovery of new drug candidates or the industrial
production of generic drugs, MCRs represent a technology that
provide distinct advantages: high-throughput, ease of automation,
large chemical space coverage, mild reaction conditions, opera-
tional simplicity, and broad applicability. When it comes to the
generation of compound libraries, MCRs are superior to any
other class of reactions as they can supply a plethora of scaffolds
with large numbers of derivatives in a concise and efficient manner.
Considerable effort has been invested in the development of multi-
component chemistry in recent years, particularly in challenging
areas like scaffold diversification (explosion of post-MCR functio-
nalization leading to novel pharmacophores) and stereocontrol
(catalytic enantioselective MCR variants). On the other hand,
MCRs remain relatively underexploited in process chemistry possi-
bly due to limited detailed understanding of the mechanistic path-
ways involved in many cases. Despite certain benefits, particularly
on the sustainability side, the uptake of this technology from

Scheme 21 Organocatalytic Mannich reaction in flow

Scheme 22 MCR with in situ generation of isocyanides in microfluidic systems
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academic laboratories in this industrial setting is relatively limited.
Retrosynthetically, MCR-based disconnections are less obvious due
to the complexity of the transformations, and medicinal chemists
are generally less familiar with this class of reactions. However,
given the rapidly growing importance of MCRs in applied synthetic
chemistry and the increasing awareness of their green virtues, this
picture is very likely to change in the future. Multicomponent
reactions are perfectly compatible with other green technologies
(biocatalysis, flow chemistry, asymmetric synthesis, eco-friendly
solvents) and consequently provide the means to cohesively inte-
grate all 12 green chemistry principles in the large-scale preparation
of fine chemicals. Multicomponent chemistry plays a leading role in
the pharmaceutical industry in the drug discovery phase, and the
years to come will tell if they will deservedly grow in importance in
generic drug production as well.
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86. Hügel H (2009) Microwave multicomponent
synthesis. Molecules 14(12):4936–4972

87. Kruithof A, Ruijter E, Orru RVA (2012)
Microwave-assisted multicomponent

Multicomponent Synthesis: Cohesive Integration of Green Chemistry Principles 263



reactions in the synthesis of heterocycles in
microwaves in organic synthesis. Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, pp
1099–1171

88. Moseley JD, Kappe CO (2011) A critical
assessment of the greenness and energy effi-
ciency of microwave-assisted organic synthe-
sis. Green Chem 13(4):794–806

89. Gawande MB, Bonifacio VDB, Luque R,
Branco PS, Varma RS (2014) Solvent-free
and catalysts-free chemistry: a benign pathway
to sustainability. ChemSusChem 7(1):24–44

90. Banitaba SH, Safari J, Khalili SD (2013)
Ultrasound promoted one-pot synthesis of
2-amino-4,8-dihydropyrano[3,2-b]pyran-3-
carbonitrile scaffolds in aqueous media: a
complementary ‘green chemistry’ tool to
organic synthesis. Ultrason Sonochem 20
(1):401–407

91. Chandralekha E, Thangamani A, Valliappan R
(2013) Ultrasound-promoted regioselective
and stereoselective synthesis of novel spiroin-
danedionepyrrolizidines by multicomponent
1,3-dipolar cycloaddition of azomethine
ylides. Res Chem Intermed 39(3):961–972

92. Dandia A, Gupta SL, Parewa V (2014) An
efficient ultrasound-assisted one-pot chemo-
selective synthesis of pyrazolo[3,4-b] pyri-
dine-5-carbonitriles in aqueous medium
using NaCl as a catalyst. RSC Adv 4
(14):6908–6915

93. Yu SJ, Zhu C, Bian Q, Cui C, Du XJ, Li ZM,
Zhao WG (2014) Novel ultrasound-
promoted parallel synthesis of trifluoroatro-
lactamide library via a one-pot Passerini/
hydrolysis reaction sequence and their fungi-
cidal activities. ACS Comb Sci 16(1):17–23

94. Pagadala R, Maddila S, Jonnalagadda SB
(2014) Ultrasonic-mediated catalyst-free
rapid protocol for the multicomponent syn-
thesis of dihydroquinoline derivatives in aque-
ous media. Green Chem Lett Rev 7
(2):131–136

95. Siddekha A, Azzam SHS, Pasha MA (2014)
Ultrasound-assisted, one-pot, four-
component synthesis of 1,4,6,8-
tetrahydroquinolines in aqueous medium.
Synth Commun 44(3):424–432

96. Nagalapalli R, Jaggavarapu SR, Jalli VP,
Kamalakaran AS, Gaddamanugu G (2013)
Ultrasound promoted green and facile
one-pot multicomponent synthesis of
3,4-dihydropyrano[c]chromene derivatives. J
Chem 2013:593803

97. Brahmachari G, Das S (2014) L-Proline cata-
lyzed multicomponent one-pot synthesis of
gem-diheteroarylmethane derivatives using
facile grinding operation under solvent-free

conditions at room temperature. RSC Adv 4
(15):7380–7388

98. Maleki A, Javanshir S, Naimabadi M (2014)
Facile synthesis of imidazo[1,2-a]pyridines via
a one-pot three-component reaction under
solvent-free mechanochemical ball-milling
conditions. RSC Adv 4(57):30229–30232

99. Cukalovic A, Monbaliu J-CMR, Stevens CV
(2010) Microreactor technology as an effi-
cient tool for multicomponent reactions, vol
23. Springer, Berlin

100. de Graaff C, Ruijter E, Orru RVA (2012)
Recent developments in asymmetric multi-
component reactions. Chem Soc Rev 41
(10):3969–4009

101. Clavier H, Pellissier H (2012) Recent devel-
opments in enantioselective metal-catalyzed
Domino reactions. Adv Synth Catal 354
(18):3347–3403

102. Pellissier H (2012) Stereocontrolled Domino
reactions. Chem Rev 113(1):442–524

103. Pellissier H (2013) Recent developments in
enantioselective multicatalysed tandem reac-
tions. Tetrahedron 69(35):7171–7210

104. Mehta VP, Modha SG, Ruijter E, Van
Hecke K, Van Meervelt L, Pannecouque C,
Balzarini J, Orru RVA, Van der Eycken E
(2011) A microwave-assisted diastereoselec-
tive multicomponent reaction to access
dibenzo[c,e]azepinones: synthesis and
biological evaluation. J Org Chem 76
(8):2828–2839

105. Li Y, Xu M-H (2012) Lewis acid promoted
highly diastereoselective petasis Borono-
Mannich reaction: efficient synthesis of opti-
cally active β,γ-unsaturated α-amino acids.
Org Lett 14(8):2062–2065

106. Wang G, Li B, Lou Q, Li Z, Meng X (2013)
Diastereoselective povarov-like reaction
involving O-pivaloylated D-galactosylimine.
Adv Synth Catal 355(2–3):303–307

107. Jiang J, Guan X, Liu S, Ren B, Ma X, Guo X,
Lv F, Wu X, Hu W (2013) Highly diastereo-
selective multicomponent cascade reactions:
efficient synthesis of functionalized
1-indanols. Angew Chem 125(5):1579–1582

108. Meng FK, Haeffner F, Hoveyda AH (2014)
Diastereo- and enantioselective reactions of
bis(pinacolato)diboron, 1,3-enynes, and alde-
hydes catalyzed by an easily accessible bispho-
sphine–Cu complex. J Am Chem Soc 136
(32):11304–11307

109. Du H, Rodriguez J, Bugaut X, Constantieux
T (2014) Organocatalytic enantioselective
multicomponent synthesis of pyrrolopipera-
zines. Adv Synth Catal 356(4):851–856

264 Razvan Cioc et al.



110. Wang Y, Tu MS, Shi F, Tu SJ (2014) Enan-
tioselective construction of the biologically
significant dibenzo[1,4]diazepine scaffold via
organocatalytic asymmetric three-component
reactions. Adv Synth Catal 356
(9):2009–2019

111. Calleja J, Gonzalez-Perez AB, de Lera AR,
Alvarez R, Fananas FJ, Rodriguez F (2014)
Enantioselective synthesis of hexahydrofuro
[3,2-c] quinolines through a multicatalytic
and multicomponent process. A new “aro-
matic sandwich” model for BINOL-
phosphoric acid catalyzed reactions. Chem
Sci 5(3):996–1007

112. Salahi F, Taghizadeh MJ, Arvinnezhad H,
Moemeni M, Jadidi K, Notash B (2014) An
efficient, one-pot, three-component proce-
dure for the synthesis of chiral spirooxindolo-
pyrrolizidines via catalytic highly
enantioselective 1,3-dipolar cycloaddition.
Tetrahedron Lett 55(9):1515–1518

113. McGrath KP, Hoveyda AH (2014) A multi-
component Ni-, Zr-, and Cu-catalyzed strat-
egy for enantioselective synthesis of alkenyl-
substituted quaternary carbons. Angew
Chem Int Ed 53(7):1910–1914

114. Jiang J, Ma XC, Ji CG, Guo ZQ, Shi TD, Liu
SY, Hu WH (2014) Ruthenium(II)/chiral
Brønsted acid co-catalyzed enantioselective
four-component reaction/cascade
Aza-Michael addition for efficient construc-
tion of 1,3,4-tetrasubstituted tetrahydroiso-
quinolines. Chem Eur J 20(6):1505–1509

115. Hashimoto T, Takiguchi Y, Maruoka K
(2013) Catalytic asymmetric three-
component 1,3-dipolar cycloaddition of alde-
hydes, hydrazides, and alkynes. J Am Chem
Soc 135(31):11473–11476

116. Shi F, Tan W, Zhu RY, Xing GJ, Tu SJ (2013)
Catalytic asymmetric five-component tandem
reaction: diastereo- and enantioselective syn-
thesis of densely functionalized tetrahydro-
pyridines with biological importance. Adv
Synth Catal 355(8):1605–1622

117. Qian Y, Jing CC, Liu SY, Hu WH (2013) A
highly enantioselective four-component reac-
tion for the efficient construction of chiral
β-hydroxy-α-amino acid derivatives. Chem
Commun 49(26):2700–2702

118. Gandhi S, List B (2013) Catalytic asymmetric
three-component synthesis of homoallylic
amines. Angew Chem Int Ed 52
(9):2573–2576

119. Chen ZL, Wang BL, Wang ZB, Zhu GY, Sun
JW (2013) Complex bioactive alkaloid-type
polycycles through efficient catalytic asym-
metric multicomponent Aza-Diels–Alder
reaction of indoles with oxetane as directing

group. Angew Chem Int Ed 52
(7):2027–2031

120. Ortı́n I, Dixon DJ (2014) Direct catalytic
enantio- and diastereoselective mannich reac-
tion of isocyanoacetates and ketimines.
Angew Chem Int Ed 53(13):3462–3465

121. Hayashi M, IwanagaM, Shiomi N, Nakane D,
Masuda H, Nakamura S (2014) Direct asym-
metric mannich-type reaction of
α-isocyanoacetates with ketimines using cin-
chona alkaloid/copper(II) catalysts. Angew
Chem Int Ed 53(32):8411–8415

122. Hashimoto T, Kimura H, Kawamata Y, Mar-
uoka K (2012) A catalytic asymmetric
ugi-type reaction with acyclic azomethine
imines. Angew Chem Int Ed 51
(29):7279–7281

123. Su YP, Bouma MJ, Alcaraz L, Stocks M,
Furber M, Masson G, Zhu JP (2012) Orga-
nocatalytic enantioselective one-pot four-
component Ugi-type multicomponent reac-
tion for the synthesis of epoxy-tetrahydropyr-
rolo[3,4-b]pyridin-5-ones. Chem Eur J 18
(40):12624–12627

124. Yue T, Wang MX, Wang DX, Masson G, Zhu
JP (2009) Brønsted acid catalyzed enantiose-
lective three-component reaction involving
the α addition of isocyanides to imines.
Angew Chem Int Ed 48(36):6717–6721

125. ZhaoW,Huang L, Guan Y,Wulff WD (2014)
Three-component asymmetric catalytic Ugi
reaction—concinnity from diversity by
substrate-mediated catalyst assembly. Angew
Chem Int Ed 53(13):3436–3441

126. Wende RC, Schreiner PR (2012) Evolution of
asymmetric organocatalysis: multi- and retro-
catalysis. Green Chem 14(7):1821–1849

127. An D, Fan Y-S, Gao Y, Zhu Z-Q, Zheng L-Y,
Zhang S-Q (2014) Highly enantioselective
biginelli reaction catalyzed by double axially
chiral bisphosphorylimides. Eur J Org Chem
2014(2):301–306

128. Hahn R, Raabe G, Enders D (2014) Asym-
metric synthesis of highly functionalized tet-
rahydropyrans via a one-pot organocatalytic
Michael/Henry/ketalization sequence. Org
Lett 16(14):3636–3639
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Chapter 9

Direct C–H Functionalization Approaches
to Pharmaceutically Relevant Molecules

James J. Mousseau and Antonia F. Stepan

Abstract

The development of direct C–H functionalization reactions to construct C–C and C–X bonds has garnered
considerable interest over the past 10–15 years. This is due to the prevalence of both aromatic moieties and
heteroatoms in pharmaceutical, agrochemical, material, and natural products. More traditional and estab-
lished cross-coupling approaches rely on tactically installed metal-activating groups, and as such, the
transformation of these functional groups limits conventional synthetic strategy. Through the direct
functionalization of C–H bonds, the inefficiencies of conventional methods can be mitigated, providing
an attractive tool for organic chemists, expediting the synthesis of complex molecules through new
“topologically obvious” disconnections. While an attractive concept, significant synthetic challenges are
presented by the ubiquitous, and often unreactive, nature of C–H bonds in organic molecules. Recent
advances in the field have focused on the development of new catalytic systems that are both highly reactive
and predictably selective. These recently developed C–H functionalization methods have the potential to
not only streamline synthesis but also allow access to novel heterocycles, thereby enabling late-stage
diversification of biologically active entities. As such, they can both accelerate the speed with which
structure-activity relationships are generated and the efficiency by which drug targets can be produced.
This chapter provides a brief overview of the C–H functionalization strategies and some examples of their
application to the synthesis of pharmaceutical targets.

Key words Catalysis, Direct functionalization, Heterocycles, Pharmaceuticals

1 Introduction

Over the past two decades, the field of C–H functionalization has
undergone tremendous growth. With the application of various
catalytic and structural systems, synthetic chemists now have
increased site and reactivity control toward the construction of
elaborate molecular architectures. Through the judicious choice
of reaction conditions, the field is progressing toward being able
to functionalize any targeted sp2 and sp3 C–H bond. There is now
increasing access to chemical space that was previously reliant on
the ability to pre-functionalize the bond of interest. As a result, C–
H processes are often more atom-economical, and as the
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transformations are “direct,” time and costs can be saved by avoid-
ing the need for substrate pre-functionalization. These green prac-
tices are of important interest to the pharmaceutical industry, and
combined with the fact that many methods are applicable in late-
stage diversification, continual development of this area remains
highly desirable.

An increasing toolbox of direct C–H bond functionalization
reactions has been reported in the last two decades [1–5]. Transfor-
mations include among others arylations, alkylations, alkenylations,
aminations, oxidations, halogenations, and borylations. More
recently, the emphasis of method development in C–H functiona-
lization processes has been centered on achieving bond activation
in a selective yet predictable manner. The major approaches that are
used to achieve regioselectivity in C–H functionalization make use
of a combination of both substrate- and catalyst-based control. For
example:

1. Intramolecular reactions: tethered reacting groups are
employed to limit the degree of freedom in the system.

2. Directing groups: auxiliary groups usually containing Lewis
basic heteroatoms to coordinate and bring the metal center
into close proximity with a specific C–H bond.

3. Steric properties: certain C–H bonds may be more accessible to
the catalyst than others.

4. Electronic properties: activated C–H bonds targeted, e.g.,
nucleophilic positions on electron rich heterocycles, or acidic
C–H bonds.

5. Catalyst control: catalyst systems that favor different mechan-
isms of activation, e.g., electrophilic Pd(II) systems for target-
ing “activated” nucleophilic positions, careful choice of base to
target acidic C–H bonds via a concerted-metalation deproto-
nation pathway, or highly coordinating metal catalysts suitable
for metallacycle formation in combination with directing
groups.

Herein, we will focus our discussion in two parts. In the first
part, the discussion will highlight key advances in direct arylation,
alkenylation, and alkylation processes. This section is by no means
intended to be exhaustive and will only provide the reader with a
flavor of the transformations possible. The subsequent section will
focus on the application of direct functionalization processes in the
synthesis and diversification of pharmaceutically relevant entities as
well as tool compounds. As with the first section, the work covered
in this section will not be comprehensive and serve to provide the
reader with a notion of the application of this cutting-edge chemis-
try in an industrial setting.
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2 C–H Functionalization to Access New Chemical Space for Medicinal Chemistry
and the Preparation of Bio-Active Compounds

2.1 Direct Arylation

Processes

The construction of aryl C–H bonds is a key method in organic
synthesis due to the importance of aryl and heteroaryl motifs in the
pharmaceutical industry. Cross-coupling reactions developed since
the 1970s provide powerful tools for the construction of aryl C–C
bonds and as such, have dominated the way aryl motifs have been
constructed. Despite the effectiveness of cross-coupling processes,
they suffer from several key drawbacks. Notably, they rely on the
synthesis of pseudo-electrophiles (1) and nucleophile starting mate-
rials (2), and they generate stoichiometric amounts of sometimes
toxic metal salts as reaction by-products (Scheme 1). Consequently,
these reactions are neither atom- nor time-economical and may
contribute negatively to the environment. Given these facts, more
recent focus has revolved around the development of direct aryla-
tion reactions which minimize the pre-functionalization of the
reacting starting materials (Scheme 1). Therefore, these transfor-
mations are considered “green” alternatives while simultaneously
improving the overall economy of the reaction. These qualities are
of importance to the pharmaceutical industry. In addition, direct
arylation reactions offer facile access into desirable design space,
notably the ability to readily functionalize α to heterocyclic nitro-
gen atoms.

The Fagnou group played a pivotal role in the development of
direct arylation processes. Of particular interest to the pharmaceu-
tical industry was the development of the direct arylation of pyri-
dine N-oxides with aryl bromides under palladium catalysis
(Scheme 2) [6]. A key advantage of this process over traditional
cross-coupling methods is the ability to readily access 2-aryl pyr-
idines. The N-oxide offers the advantage of preventing

Scheme 1 Comparison of traditional and direct coupling methods
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nonproductive binding between the transition metal catalyst and
the nitrogen lone pair, favoring productive π-binding interactions
with the arene ring [7]. Additionally, the N-oxide group also
helped to increase the electron density of the pyridine ring while
simultaneously increasing the Brønsted acidity of the C–H bond at
the 2-position. The high stability, wide commercial availability, and
ease of synthesis make them an attractive alternative to 2-metallo-
pyridines, which in themselves are often subject to facile proto-
demetallation. The methodology was expanded to include diazine
N-oxides as well as various azole N-oxides (Scheme 2) [8, 9]. The
synthetic utility of this method was demonstrated in the synthesis of
a sodium channel inhibitor 3, as well as a tyrosine kinase inhibitor
4 (Scheme 2).

Scheme 2 Some applications of pyridine N-oxide direct arylation
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Fagnou-like N-oxide arylations have been applied in the syn-
thesis of clinical candidates, such as GSK2137305, a glycine trans-
porter inhibitor (Scheme 3) [10]. Here the arylation was applied to
the imidazolone N-oxide 5 in good yield to afford the arylated
product 6 (64% yield), which was then readily deoxygenated to
furnish the target compound. The authors noted that the arylation
was general with regard to both the aryl bromide coupling partner
and the imidazoline N-oxide, thus opening up additional avenues
to use this chemistry in parallel medicinal chemistry applications.

An elegant example of direct arylation was applied by Itami and
co-workers in the synthesis of dragmacidin D, an alkaloid known to
exhibit the inhibition of serine-threonine protein phosphatases,
which has also been of interest in the treatment of various neuro-
logical disorders [11]. The sequence involved the regioselective
arylation of indole 7 with thiophene 8 (Scheme 4). The presence
of the TIPS protecting group was instrumental in directing the
arylation to the C4 position over the C2. Opening of the thiophene
to the methyl ketone provided indole 9 that was subjected to
oxidative C–H/C–H coupling with pyrazine N-oxide to give
adduct 10. Oxygen migration then set up a second oxidative C–
H/C–H coupling to give the bis-indole 11, which after two more
steps provided dragmacidin D.

Imidazoles and thiazoles are prevalent scaffolds in a range of
pharmaceutically active agents and natural structures. Additionally,
the varying electronic properties of the carbon centers in these
heterocycles should allow for the regioselective functionalization
of these rings. Murai recently delineated a sequence taking advan-
tage of these properties to selectively build tri-arylated imidazoles
[12]. The most nucleophile C5 carbon atom of indole 12 is selec-
tively arylated via a 1,10-phenanthroline-containing palladium cat-
alyst (Scheme 5). This catalyst system was reported to be necessary
to mitigate C2 arylation as that position is also highly reactive due
to its acidic hydrogen atom. Interestingly, Jain reported a versatile

Scheme 3 Application of N-oxide arylation en route to GSK2137305
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Scheme 4 Preparation of dragmacidin D via a multiple direct arylation sequence

Scheme 5 Various imidazole arylations
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selective C5-arylation of L-histidine 13 under Fagnou-type condi-
tions using microwave irradiation in the presence of pivalic acid to
facilitate a concerted metalation deprotonation (CMD) mechanism
[13]. Following C5 arylation Murai demonstrated that it is then
possible to selectively arylate the C2 position followed by position
C3, all with the same catalyst system. This approach represents a
highly modular means to elaborate these scaffolds.

The arylation of 4-thiazolecarboxylate 14 was applied in the
synthesis of the core of thiopeptide antibiotics (Scheme 6)
[14]. The use of a Pd(OAc)2/JohnPhos catalyst system permitted
the selective arylation of the 2-position. The judicious choice of the
ligand was key to achieve sufficient site-selectivity and avoid over-
arylation. Aryl iodides, bromides, and chlorides were viable cou-
pling partners, and the developed direct arylation reaction was used
in the first step of the synthesis of an antibiotic analogue.

While the cases described vide infra utilized the N-oxide motif
solely to activate the arene and not direct carbopalladation, Lu and
co-workers described the use of a pyridine N-oxide to direct an
oxidative arylation of the sp3 β positions of 2-amidopyridine N-
oxides (15) (Scheme 7) [15]. The scope was general with regard to
the pyridinium, amide, and the aryl coupling partners. The pyridine
N-oxide can be readily cleaved under basic conditions to liberate
the corresponding substituted alcohol 16. Preliminary mechanistic
studies have indicated the formation of a pallada-bicyclic interme-
diate, and work is reported to be underway to apply this unique
pathway to other direct functionalization reactions.

While less common, there have been a few accounts of the
direct arylation of sp3 centers. Perhaps the most common examples
of such functionalizations involve the application of amino acids or

Scheme 6 Application of direct arylation in the synthesis of antibiotics

Scheme 7 Use of pyridine N-oxide as a directing group in sp3 arylation processes
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amino acid derivatives. The Bull group described the palladium-
catalyzed oxidative arylation of the 3-position of proline 17 to give
functionalized pyrrolidine derivatives 18 (Scheme 8) [16]. The
described method converts the carboxylic moiety of the proline to
a quinolinamide directing group that stereoselectively guides aryla-
tion to the 3-position. A single enantiomer is observed, and the
reaction could be performed onmulti-gram scale. More recently Yu
in collaboration with BMS developed the β-arylation of amino acids
[17]. Key to the success of the reaction was the use of a readily
removable N-methoxylamide auxiliary 19 in addition to a
2-picoline ligand to modulate monoarylation. Diarylated products
20 can be obtained with 2,6-lutidine. The scope of these reactions
is very general with a range of aryl, heteroaryl, and intramolecular
products reported. Additionally, the method was employed to pre-
pare several biologically active compounds, including a NMDA
agonist and KAT II inhibitors (Scheme 8).

Unactivated THF and 1,4-benzodioxane systems 21 have been
readily arylated under oxidative conditions [18]. These compounds
are of interest due to their prevalence in natural products and other
biologically active compounds. As with the other oxidative aryla-
tion processes described, the scope is general and employs a quino-
line directing group (Scheme 9).

Scheme 8 Direct sp3 arylation of amino acid derivatives
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Recently Yu and co-workers with chemists from Vertex have
reported on a “triple” C–H activation process to enable the rapid
assembly of highly substituted pyrazoles (Scheme 10) [19]. Using a
pentafluorophenylamido directing group as in analog 22, the reac-
tion was determined to first pass through the direct arylation of the
methyl C–H bond followed by an oxidative C–H/C–H coupling to
yield the target products.

2.2 Direct

Alkenylation

Processes

The Mizoroki-Heck reaction is perhaps the most common means
to construct aryl-olefin bonds. However, like with the cross-
couplings mentioned vide infra, this method requires the
pre-activation of the coupling substrates and, in the case of hetero-
aryl substrates, can suffer from poor reactivity depending on the
activation of the electrophile. Curiously, relative to direct arylation
processes, the direct C–H alkenylation has received less attention,
particularly in the context of the synthesis of biologically relevant
molecules. An elegant solution to this problem was presented by Yu
and co-workers through the alkenylation of synthetically useful
phenylacetic and 3-phenylpropionic acids 23 using a palladium
catalyst in the presence of a mono-N-protected amino acid
(MPAA) ligand such as Boc-lle-OH (Scheme 11) [20, 21]. In
these cases, O2 acts as the terminal oxidant, and the selectivity of
the reaction is governed by the coordination of palladium to the
Lewis basic carboxyl group, the use of protecting groups, and the
MPAA itself. The ligand is key, accelerating the rate of the C–H

Scheme 9 An example of THF arylation

Scheme 10 Rapid synthesis of highly substituted pyrazoles via double direct arylations
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cleavage step, and thus the desired reaction. In Yu’s seminal
account, the methodology was applied in the synthesis of the
naphthoic acid component of kedarcidin (24, Scheme 11).

Phenol derivatives in concert with MPAA systems were also
demonstrated to be viable substrates for the alkenylation of arenes.
Gevorgyan reported the use of silanols as a “traceless” directing
group (25) for their o-alkenylation in the presence of (+)-menthyl
(O2C)-Leu-OH [22]. A range of substrates were viable, including
estrone (Scheme 12), demonstrating the applicability of this meth-
odology in late-stage diversification. Later work by Lan demon-
strated that other Lewis basic groups could be applied [23]. Using
similar conditions to Yu, with Boc-Val-OH as an MPAA to acceler-
ate the reaction, it was demonstrated that 2-pyridylmethyl esters
(26) could be used to direct the olefination of arenes. This direct-
ing group may be readily removed to reveal the corresponding
phenol (Scheme 12).

Yu and co-workers have been able to demonstrate the use of
directing groups to selectively arylate the remote meta position of
aryl bonds [24]. Using a directing group bearing a Lewis basic
nitrile at the terminal position to coordinate palladium, in combi-
nation with an N-acetyl glycine as an MPAA ligand accelerator, the
authors were able to demonstrate the selective meta arylation of

Scheme 11 Application of MPAAs in the direct alkenylation of arenes

Scheme 12 Various MPAA accelerated direct alkenylation reactions
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tetrahydroquinolines (27), 2-phenylpyrrolidine, 2-phenylpiperi-
dines, and other aniline-based substrates. The key to the meta-
selective arylation lies in the directing group (Scheme 13). When
a methylene or dimethyl linker was incorporated, ortho-arylation
was observed, as expected should the carbonyl oxygen atom direct
the palladium C–H insertion. The meta-selective C–H arylation
arose when a fluorine was incorporated into the methylene chain
(28). In these substrates, it has been postulated that palladium
favors coordination with the nitrile.

Direct alkenylation has been applied in the synthesis of 2-qui-
nolones. Liu and co-workers described a process that proceeds
through a C–H activation/C–C bond formation/cyclization cas-
cade reaction [25]. The acetate directing group is generated in situ
from the reaction of the aniline starting material 29 and acetic
anhydride. The reaction requires tosic acid as an additive to pro-
mote cyclization as well as to remove the directing group (30) and
utilized Na2S2O8 as an oxidant to regenerate the active PdII cata-
lyst. The scope was shown to be general, and the method was
applied in the formal synthesis tipifarnib (Scheme 14).

Heterocycles are also suitable substrates for direct alkenylation
processes. A recent example by Shi demonstrated the viability of the
alkenylation of thiazole derivatives (31) that could act as the core of
PPAR agonists (32) [26]. The functionalization occurs exclusively
α to the sulfur atom giving the target products in moderate to very
good yields (Scheme 15).

The 3-position of pyridine has been successfully alkenylated
through a RhIII-catalyzed oxidative process [27]. This process is
limited to 2-amino pyridines that bear a pivalate protecting group
that also functions as a directing moiety (33). Traditional Heck
acceptors appear to be optimal, and the reaction is viable in pyr-
azoles and indoles, suggesting the versatility of the reaction. The
method was demonstrated to be scalable and was applied in the
multigram synthesis of napthyridones en route to the synthesis of
an anti-malarial reagent 34 (Scheme 16).

Scheme 13 Yu’s site selective MPAA promoted direct alkenylation
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2.3 Direct Alkylation

Processes

While direct arylation and alkenylation reactions are well prece-
dented in the literature, direct alkylation processes remain scarce,
and in many cases, rely on activated sp3 centers. Pyridine N-oxides
are the most common substrates for direct alkylation processes with
one account describing the alkylation of 2-picoline N-oxides with
2o alkyl bromides in the presence of Pd(OAc)2dppf and Cs2CO3

[28]. The scope is general with regard to the alkyl bromide, afford-
ing the targeted products in moderate to good yields (Scheme 17).
A near 1:1 kinetic isotope effect (KIE) in addition to observed
reaction stereochemistry led to the authors to postulate a hybrid
organometallic radical mechanism.

Scheme 14 Tandem alkenylation/cyclization sequence en route to tipifarnib

Scheme 15 Shi’s alkenylation of thiazole derivatives

Scheme 16 Rh-catalyzed pyridine alkenylation en route to the anti-malarial agent 34
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Wang and co-workers found a protocol to expand the scope
beyond 2-substitutedN-oxides, usingN-iminopyridinium ylides in
a copper-catalyzed process with N-tosylhydrazones (Scheme 18)
[29]. A density functional (DFT) computational study suggests
that the reaction proceeds through Cu-catalyzed decomposition
of the N-tosylhydrazone 35 to the carbene that then undergoes
directed migratory insertion into the pyridinium ylide 36.

Cramer and co-workers disclosed an elegant intramolecular
methine arylation to synthesize spiroindolines in high yield
(Scheme 19) [30]. The interest in this structural motif was due its
presence in natural products as well as both HIV transcriptase
inhibitors and PLK4 antagonists. Under Fagnou-like conditions,
2-bromoanilines with an N-tethered cyclopropane undergo
methine arylation at the cyclopropane in good to excellent yields.
The reaction presumably occurs due to the acidity of the cyclopro-
pyl C–H bond engendered by its increased s character. Interest-
ingly, in cases of 2,6-dibromo substrates, one-pot C–H arylation/
Suzuki coupling is possible, enabling the rapid synthesis of a range
of highly functionalized spiroindoline products 37 (Scheme 19).

Isoindolinones have been prepared though a copper-catalyzed
oxidative coupling of aromatic C–H bonds with malonates. Yu
described using an amide-oxazoline directing group 38 in the
presence of Cu(OAc)2, Li2CO3, and Ag2CO3 [31]. The reaction
is general with regard to the arene, even tolerating aryl iodides and
bromides, leaving a versatile scaffold for future elaboration

Scheme 17 Direct alkylation of pyridine N-oxides with alkyl bromides

Scheme 18 Direct alkylation of N-iminopyridinium ylides with N-tosylhydrazones
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(Scheme 20). Control experiments suggest that the reaction pro-
ceeds first through the arylation of the malonate, followed by
arylation of the N–H of the amide.

Yu and workers have described a covalent template strategy for
the remote meta-alkylation of rings [32]. Using norbornene 39 as
the mediator, the team effected alkylations through a Catellani-type
process in high yield (Scheme 21) [33]. Any competing ortho-
alkylation was mitigated through the application of pyridine-type
ligands in order to enable 1,2-migratory insertion. A range of
benzyl, alkyl, and acetate halides were viable coupling partners; in
addition aryl iodides could be utilized to achieve meta-arylation.

2.4 Overview It is possible to see that a wide range of methodologies for the
direct C–H functionalization processes have been discovered, many
of which cannot be reviewed in the context of this chapter. In
addition, there are C–H borylations, carboxylations, halogena-
tions, aminations, orygenation, and others that exist, which are
beyond the scope of this chapter. The next section will describe
the application of several of the methods described herein in the
synthesis of pharmaceutically relevant compounds.

3 Applications of C–H Functionalization to Functionalize Pharmacologically
Relevant Entities

As highlighted in the first section of this chapter, advances in
transition metal-catalyzed C–H bond functionalization reactions
are occurring at a rapid pace and are driven by the desire for atom
efficient and green processes. Applied to target-orientated

Scheme 19 Synthesis of spiroindolines via direct alkylation

Scheme 20 Cu-catalyzed oxidative alkylation to yield isoinolinones
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syntheses, these methods offer routes with alternative disconnec-
tion strategies, a possibly improved overall yield and atom effi-
ciency. An additional powerful potential application of C–H
functionalization chemistry is found in the late-stage diversification
of drug molecules and natural products. Late-stage diversification
strategies were first utilized more than 20 years ago to structurally
modify steroids through reactions catalyzed by oxidative enzymes
[34]. However, the recent advancements in transition metal (TM)-
catalyzed chemistry add a substantial amount of additional trans-
formations to the medicinal chemist’s diversification toolbox.

Many drug molecules lend themselves to the late-stage diversi-
fication using TM, since Lewis basic functionalities are an integral
part of their pharmacophore, and as such can function as the
directing groups (DG) in a TM-mediated ortho-C–H functionaliza-
tion process. Examples of drug molecules containing such Lewis
basic groups are shown in Fig. 1 and include fentanyl (40, amide as
a potential DG), eszopiclone (41, lactam as a potential DG), and
valsartan (42, acid as a potential DG). Specifically, an analysis of the
brand-name drugs has shown that 60% of the 2008 top selling drug
molecules contain the Lewis basic DGs required for TM-mediated
C–H functionalization [35]. As discussed in the previous section,
Yu applied the use of weak coordination to direct C–H functiona-
lization, a concept that has expanded the range of functional groups
suitable for this type of chemistry. A collaboration between the Yu
group and Pfizer aimed at further expanding this methodology to
highly prevalent groups in medicinal chemistry recognized that
sulfonamides are present in many drug molecules with commercial
examples being the antimigraine drug sumatriptan (43), the anti-
bacterial sulfamethoxazole (44), and the diuretic azosemide (45)
(Scheme 22). In order to apply C–H functionalization technologies
to these drug scaffolds, it was necessary to establish a protocol that

Scheme 21 Meta-selective direct alkylation
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relied on the use of sulfonamides as Lewis basic directing groups,
which, despite the pioneering Rh-catalyzed alkoxysulfonamide-
directed nitrene insertion reactions reported by DuBois [36],
have not been shown to direct the palladation of C–H bonds.
Gratifyingly, the early results demonstrated that the ortho-olefina-
tion of benzylsulfonamides was feasible if the N-sulfonamide is
sufficiently acidic; in addition, MPAAs such as Ac-Leu-OH enhance
the reactivity toward ortho-functionalization and increase the over-
all yield, with mainly di-olefinated product formed in 89% yield
(Scheme 22) [37]. The utilization of mono-N-protected amino
acids (MPAA) as reaction accelerating ligands had been previously
established by Yu and again was outlined in the previous section of
this chapter [20, 21].

Fig. 1 Examples of drug molecules with Lewis basic functionalities as potential directing groups for the
TM-mediated C–H functionalization

Scheme 22 (a) Examples of sulfonamide-containing drug molecules and (b) C–H functionalization molecules
on benzylsulfonamides

284 James J. Mousseau and Antonia F. Stepan



This reaction could be expanded to the corresponding ben-
zene-sulfonamides and allowed the formation of a broad range of
carbon-carbon and carbon-heteroatom bonds. Application of this
new set of reactions to the celecoxib analog 46, readily available
from the Pfizer sample bank, then led to six distinct products with
exclusive site-selectivity in the presence of multiple reactive C–H
bonds, demonstrating the suitability of this sulfonamide-based
protocol to diversify a privileged skeleton in a manner that was
previously inaccessible (Scheme 23). Of note is the relative ease of
protecting group removal, which is reliant on the use of aqueous
trifluoroacetic acid to give the unsubstituted sulfonamide deriva-
tives in high yield.

Yu with Pfizer also developed a similar late-stage diversification
strategy for α-phenoxyacetic acids, the common pharmacophore in
the fibrate class of lipid-lowering agents [38]. Although C–H acti-
vation processes through the formation of 5- and 6-membered
palladacycles have been developed into robust protocols applicable
to a range of systems (see sulfonamide chemistry vide infra), C–H
diversification processes reliant on 7-membered, or larger, transi-
tion states is rare. As seen in Scheme 24, the mono-N-protected
amino acids Ac-Gly-OH and Boc-Val-OH were used to access both
47 and 48 from 49 and 50, respectively, and were key to facilitating
the desired regioselective functionalizations. Notably, the weakly
coordinating nitrile group leads to the formation of an intermediate
11-membered palladacycle and overrides the intrinsic preference of
the substrate for reactivity in the ortho- and para-position.

Similar late-stage diversification strategies were also applied to
the elaboration of biologically active pyridazinones, a motif widely
used in medicinal chemistry with examples ranging from PFKB3
inhibitors, COX-2 inhibitors, to m-38 MAP kinase inhibitors
(Fig. 2).

In 2015, Zhang reported the development of seven ortho-C–H
functionalization transformations (arylation to 51, carboxylation
to 52, olefination to 53, thiolation, acetoxylation to 54, halogena-
tion to 55) facilitated by the pyridazinone pharmacophore element
as a directing group (Scheme 25) [39]. Five of the diversification
reactions are shown in Scheme 25 and highlight the robustness of
the protocol as reflected by the consistently high product yields
(>60% for all reactions). The intermediates obtained from these
diversification reactions were then treated with NaSH in DMF at
room temperature to give the dimeric pyridazinones that were
reported as inhibitory analogs of bacterial cysteine protease-
transpeptidase sortase (SrTA) [40].

Late-stage diversification can not only be effected through
directed ortho-C–H functionalization using transition metals but
also through a mechanism that relies on the stabilization of a
reactive nitrenoid and/or carbenoid species. Although much of
the early methodology relied on forging the desired bonds in an
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Scheme 24 Late-stage diversification of analogs of clofibrate, a member of the fibrate class of lipid-lowering
agents

Fig. 2 Examples of drug molecules containing the pyridazinone motif

Scheme 23 Late-stage diversification of a celecoxib analog through a TM-mediated, sulfonamide-directed
C–H functionalization reaction
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intramolecular fashion, catalyst development and mechanistic stud-
ies have led to the development of an intermolecular C–H variant
that relies on aryloxysulfonamides as the nitrogen source
[41]. Romo applied this methodology to the late-stage diversifica-
tion of natural products with alkyne-containing sulfonamides.
These products were subsequently used as cellular probes for mech-
anism-of-action studies (Scheme 26) [42]. For example, the
marine-derived anticancer diterpene eupalmerin acetate (EuPA,
56) was selectively functionalized at the allylic position with an
alkyne-containing sulfonamide to give EuPAyne 57. EuPAyne
was used in gel proteomic profiling of HL-60 cell lines, which led
to the identification of several cellular targets that had previously
been unknown.

Rhodium-stabilized donor/acceptor carbenoids were used by
Davies in collaboration with scientists at Novartis for the late-stage
functionalization of alkaloid natural products and pharmaceuticals
characterized by the presence of a tertiary amine [43]. Using bru-
cine as a model system, a di-rhodium catalyst screen revealed three
reaction systems that functionalized three distinct sites on the
complex natural product (Scheme 27). When using Rh2(Oct)4,
the Stevens rearrangement to give compound 58 was the predomi-
nant pathway, whereas Rh2(TPA)4 led to C–H insertion into the
methylene group next to the nucleophilic amine and formed prod-
uct 59 in 50% yield as a single diastereomer. Unexpectedly, the
bulky catalyst Rh2(BTPCP)4 yielded compound 60 through inser-
tion into the most sterically encumbered tertiary C–H bond

Scheme 25 Pyridazinone-directed C–H functionalizations toward inhibitors of cysteine protease-
transpeptidase sortase (SrTA)
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adjacent to the nitrogen though 20% catalyst loading was necessary
to effect sufficient conversion (39% yield, a single diastereomer is
formed).

Using similar catalyst systems, the Davies group demonstrated
site-specific C–H insertion consistently at the N-methyl function-
ality of various drug molecules (Scheme 28). For example, C–H
insertion was affected in >50% yield in the case of sercloremine 61,
noscapine 62, and dextromethorphan 63 despite the presence of
other potentially reactive sites including a number of benzylic
positions. The highly chemoselective and regioselective nature of
this process suggests potential applications in drug discovery and
could include the design of chemical probes for target identification
of complex natural products.

Late-stage oxidation methodologies applied to drug molecules
are an important aspect of medicinal chemistry as it allows access to
possible metabolites for further biopharmaceutical

Scheme 26 Romo’s late-stage C–H functionalization of the natural product EuPA

Scheme 27 A carbenoid-based late-stage diversification of the natural product brucine

288 James J. Mousseau and Antonia F. Stepan



characterization. These oxidation strategies can also lead to analogs
with improved lipophilicity characteristics, since highly lipophilic
compounds are often characterized by a suboptimal absorption,
distribution, metabolism, and excretion (ADME) profile [44] and
suffer from high target promiscuity [45]. An example of a metabo-
lite becoming a lead compound with improved properties is shown
in Fig. 3: the observed alcohol, the most likely oxidative metabolite
of the parent compound, maintained the original compound affin-
ity for aldosterone synthase (CYP11B2), while considerably
improving its metabolic stability in human liver microsomes. The
reduced added polarity is also reflected in a higher aqueous solubil-
ity (500 μM at pH 6.8) relative to earlier leads within this series
[44, 46].

Late-stage oxidation can be achieved through a variety of
methods, including biocatalysis with rCYP enzymes and microbial
preparations, electrochemistry, as well as biomimetic catalysis
[47]. Microbial biocatalysis is often utilized for preparative scale
synthesis of drug metabolites for the profiling of their biopharma-
ceutical and toxicity profile. Recent advances in biomimetic C–H
oxidation chemistry provides an alternative way of accessing the

Scheme 28 Selective carbenoid insertion at the N-methyl functionality of various drug molecules

Fig. 3 CYP11B2 potency, microsomal stability, and solubility of selected aldo-
sterone synthase inhibitors
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desired metabolites and often provides the desired hydroxylated
scaffolds in a shorter reaction time and in a higher yield relative to
the biocatalytic method. An example is the electrophilic iron-based
catalyst Fe(PDP) developed by the White group, which selectively
oxidizes tertiary aliphatic C–H bonds using hydrogen peroxide as
the oxidant (Scheme 29). This biomimetic non-heme system leads
to the selective oxidation of C-10 in (+)-artemisinin (64) in 54%
yield after twice recycling the starting material with a 30-min
reaction time per setup. For comparison, using the microbial cul-
ture Cunninghamella echinulata, the same hydroxylated analog 65
is obtained in a similar yield (47%), however, after a substantially
longer reaction time (4 days), and a lower throughput relative to Fe
(PDP) [Fe(PDP): 0.033 M vs. C. echinulate: 0.0035 M] [48–
50]. The White group also developed a modified Fe(PDP) catalyst,
referred to as Fe(CF3-PDP), that facilitates catalyst controlled oxi-
dation of orthogonal sp3-hybridised carbons and yields the
corresponding C-10 and C-9 oxidized (+)-artemisinin analogs 65
and 66 in 52% combined yield [48].

Other systems for the late-stage oxidation of aliphatics have
also been studied and include Crabtree’s Cp* iridium precatalyst,
which uses NaIO4 as the oxidant. When applied to (+)-artemisinin,
this catalytic system did not yield any oxidative products with only
89% of the starting material being recovered [51]. However, in the
cases of (�)-ambroxide (67) and (+)-sclareolide (68), both the
White and Crabtree systems yielded a similar set of oxidative ana-
logs, with the Cp* Ir/NaIO4 system giving access to the 2- and
3-oxo-sclareolide analogs in 17% and 5% yield, respectively
(Scheme 30).

A limitation of the above oxidation catalysts is that electron-
rich aromatics and amines, which are widely present in drug mole-
cules, are not tolerated. In 2013, Touré at Novartis reported a
ligand-free copper/molecular oxygen (air) catalyst system that

Scheme 29 Oxidation of (+)-artemisinin with White’s electrophilic non-heme iron catalysts and C. echinulata
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oxidizes sp3-hybridized carbons in drug molecules containing these
common pharmacophoric elements [52]. The oxidation of imati-
nib 69, thenalidine 70, and levofloxacin 71 indicates the chemo-
selective nature of this process, with oxidation occurring either at
benzylic positions or next to tertiary amines, positions which are
commonly CYP oxidation sites (Scheme 31). The authors of this
study demonstrate that this functionalization process is viable on
scale by subjecting 1 g of imatinib to the oxidative conditions. The
four products 72, 73, 74, and 75 were isolated in a combined yield
of 39%, thus providing sufficient material for further evaluation of
the compounds in vivo. As indicated by the clean conversion of
thenalidine to 76 and 77, electron-rich heterocycles such as thio-
phenes are tolerated under these conditions. Levofloxacin was
oxidized to the corresponding aldehyde 78 under the reaction
conditions.

The development of late-stage C–H functionalization methods
to introduce fluorine is of importance to drug discovery due to
their potential applications to PET (positron emission tomogra-
phy) imaging. Several isotopes are suitable for PET imaging, e.g.,
11C, 13N, 15O, and 64Cu; however, 18F is the most commonly used
“radiotag” due to its relatively short half-life (110 min), which
allows dosing and studying of 18F-labelled drug molecules in
humans without any concerns for residual radioactivity in either
human subjects or patients. Historically, PET imaging with 18F has
been limited by chemistry, since the attractive short half-life of 18F
puts stringent requirements on the available time of the reaction
that is being used to prepare the imaging agent as this needs to be

Scheme 30 Comparison of the product profile from the White and Crabtree catalysts using (�)-ambroxide (67)
and (+)-sclareolide (68) as model systems
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prepared very efficiently prior to each single use. Additional
requirements is the feasibility of efficient product purification to
ensure that the radiofluorinated analog can be isolated in pure form
from a mixture of starting material, by-products, and reagents, as
well as overall operational simplicity [53]. An example of a C–H
fluorination reaction that fits these reaction criteria is that devel-
oped by Hooker and Groves which uses a Mn(salen)OTs complex
as a fluorine transfer catalyst to radiolabel benzylic positions in a
broad range of pharmaceuticals (Scheme 32). Using no-carrier-
added [18F]fluoride, labeling is achieved within a short reaction
time of 10 min with sufficient radiochemical yields (20–72%, ten
examples with pharmaceutical agents) being obtained. Importantly,
a laborious dry-down prior to the reaction is not required, since the
Mn(salen)OTs catalyst can elute [18F]fluoride from an anion
exchange cartridge with 90% recovery of the radiolabel. As shown
in Scheme 32, this methodology enables late-stage 18F radio label-
ling of TFA-rasagiline (79), nabumetone (80), celecoxib (81), and
papaverine (82), thus indicating reaction compatibility with a range
of heterocycles and functional groups including amides, ketones,
and alkynes. Since no pre-functionalization is needed, these novel
C–H functionalization methods are changing the landscape of
molecules viable for PET imaging studies and will likely increase
the throughput of evaluating a range of PET ligands [54].

4 Conclusions and Outlook

Direct functionalization strategies have offered the unique oppor-
tunity to take advantage of the ubiquity of C–H bonds en route to
the preparation of small and, in some cases, complex molecules.
Although only a small subset of developed reactions was described

Scheme 31 Oxidation of imatinib, thenalidine, and levofloxacin with Touré copper-based catalyst
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herein, the examples highlighted showcase how C–H functionali-
zation reactions can be utilized to accelerate exploration of
structure-activity relationships and are therefore of high value for
medicinal chemistry applications. C–H functionalization reactions
are often more efficient than more traditional transformations,
typically utilize catalysis, and employ less toxic reagents, thus offer-
ing a “greener” solution to the construction of bioactive
compounds.

As seen in the examples presented in this overview, the utiliza-
tion of a directed C–H functionalization strategy can be particularly
powerful when the directing group is part of the molecules intrinsic
pharmacophore, or it exploits a functional group that also acts as a
handle for further synthetic manipulation. The potential to diver-
sify at a late stage, in order to generate a set of structurally related
analogues, enables rapid evaluation of structure-activity relation-
ships. In combination with improved purification techniques,
incomplete regioselectivity can be extremely advantageous for the
generation of several close-in analogs from a single reaction. The
greater hurdle for wider uptake of C–H functionalization
approaches comes from the highly specific nature of many pub-
lished methods to particular substrates. In many cases, translation
of reaction conditions to an “analogous” substrate (e.g., an alter-
native heterocycle or bioisostere) with subtle steric or electronic
differences can require extensive re-optimization to enable a related
C–H manipulation. Similarly, while C–H functionalization of late-
stage intermediates can generate diverse and valuable SAR, efficient
re-synthesis and scale-up, where higher yielding reactions and
greater selectivity are desired, can be difficult to achieve in a short
timescale. Encouragingly, an ever advancing understanding of
mechanism, reactivity, and substrate scope offers significant poten-
tial to improve this.

Scheme 32 Groves and Hooker’s late-stage fluorination for PET ligand design
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To summarize, the recent rapid advancement of direct C–H
functionalization technologies means it is becoming increasingly
possible to propose a “direct” and topologically obvious disconnec-
tion toward specific targets, as well as selectively functionalize or
diversify late-stage intermediates to rapidly probe SAR and phar-
macophores. There are also an ever increasing number of cutting-
edge methods reported that have not yet been demonstrated in
complex scenarios that will no doubt find utility in the future.
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Chapter 10

C–H Activation with Photoredox Catalysis

Joel W. Beatty and Corey R. J. Stephenson

Abstract

In recent years, the chemical community has become increasingly interested in novel modes of reactivity for
the production of biologically relevant compounds. While C–H bonds have traditionally been considered
inert, methods for activation of C–H bonds with transition metals have become an effective means to
selectively functionalize organic substrates based upon careful reaction design. Recently, the use of visible
light photoredox catalysis has been shown to be effective in C–H activation in its own right, providing
access to a complementary set of reactions to those exhibited by other metal complexes. Here, we
summarize some of the key advancements in the use of photoredox catalysis for the C–H activation of
organic substrates.

Key words Photoredox catalysis, C–H activation, Visible light, Amine oxidation, Photochemistry,
Green chemistry, Solar energy, Electron transfer

1 Introduction

The selective modification of organic substrates is an ongoing
pursuit in modern synthetic chemistry. Analyses of a myriad of
molecular traits, such as pKa, coordination sites, electrophilicity
and nucleophilicity, electron density, and steric interactions have
contributed to orthogonal strategies for complex molecule produc-
tion. Visible light photocatalysis has been shown in recent years to
be extremely effective in mediating radical organic transformations
with high efficiency and selectivity [1]. While many investigations
have focused on the utilization of polypyridyl metal complexes
(Fig. 1) [2–17], a number of reports have detailed the competence
of organic dyes as metal-free alternatives [18–21]. Chief among the
advantages which these photocatalytic reactions present is a distinct
reactivity profile when compared to polar chemical methods, as well
as significant environmental benefits over traditional radical chem-
istry [22]. While most unactivated C–H bonds are viewed as rela-
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tively inert to polar chemical methods due to their high pKa, radical
reactivity is guided by bond dissociation energies (BDE), which
allows for an altered hierarchy of selectivity.

Typically, polypyridyl metal complexes such as Ru(bpy)3Cl2, Ir
(ppy)2(dtbbpy)PF6, and Ir(ppy)3, among others, are used to pro-
mote visible light-mediated redox reactions, but a number of exam-
ples have been published demonstrating the competence of metal-
free catalysts in these reactions as well (Fig. 1). Upon irradiation
with light, these visible light catalysts can absorb a photon to reach
an electronically excited singlet state (Fig. 2). In this resulting
excited state (denoted with an asterisk), the molecular orbital pic-
ture is such that the complex can act as either a reductant or an
oxidant, depending upon the reaction conditions. As such, photo-
redox catalysis offers significant versatility in the design of reaction
manifolds, and this versatility allows net reductive, redox neutral, or
net oxidative reactivity.

There are two general mechanistic categories into which the
following examples of radical sp3 C–H activation fall [8, 23]. First,
and most general, is the activation of a C–H bond through the
single-electron oxidation of an adjacent functional group. Second,
and less common, consists of direct C–H abstraction from the
substrate of interest via a radical propagation mechanism. While

Fig. 1 Prototypical photoredox catalysts
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there are numerous examples of C–H functionalization of sp2-
hybridized centers (e.g., radical-mediated functionalization of an
arene), these mechanisms are distinct in that the key mechanistic
step is not the C–H bond cleavage itself but a prior C–C bond
formation. While the semantics of these distinctions could be dis-
cussed at length, examples included in this chapter will consist
exclusively of sp3-hybridized C–H functionalization.

2 α-Amine C–H Activation

The majority of examples of C3
sp –H activation with visible light

photoredox catalysis consist of α-amine oxidation, either under
aerobic conditions or in the presence of a stoichiometric terminal
oxidant. Single electron amine oxidation by the photocatalyst
results in the formation of an N-centered radical cation (Fig. 3),
which can undergo multiple reaction pathways depending upon the
conditions employed. Deprotonation can occur easily, as the pKa of
the α-C–H bond drops precipitously upon amine oxidation [24–
27], resulting in an α-amino radical, which can either be further
oxidized to the corresponding iminium ion or be utilized in new
bond-forming steps. The alternative pathway of C–H activation
from the amine radical cation is direct C–H abstraction from the
α-methylene. These pathways have been utilized to great effect in
the literature and will each be discussed in depth.

Amines such asN,N-diisopropylethylamine and Hantzsch ester
(Fig. 3) have been used as additives for several reductive and redox-
neutral transformations [28–31]. In several cases the use of amines
or tertiary amine salts has provided a synthetically useful source of

Fig. 2 The photocatalytic cycle of Ru(bpy)3
2+a

aPotentials are given vs. the saturated calomel electrode (SCE). A full survey of
photocatalyst redox potentials can be found in Reference [1]
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hydrogen atoms for C–X bond reduction. The proposed formation
of iminium by-products in early experimental efforts led to the
investigation of iminium formation from a synthetically viable
amine substrate [31, 32].

2.1 Iminium

Formation Through

Amine Oxidation

N-aryl tetrahydroisoquinolines have been shown to be excellent
substrates for photochemical oxidation, as their functionalization is
highly regioselective (Fig. 4). Early work in our lab demonstrated
the ability of visible light photoredox catalysis to regioselectively
oxidize the tetrahydroisoquinoline scaffold to the corresponding
iminium ion, which is a competent electrophile for aza-Henry
reactions [33]. It was found that a variety of tetrahydroisoquino-
lines are efficiently functionalized by both nitromethane and
nitroethane under optimized aerobic conditions. It is worthy of
note that N-phenyl pyrrolidine was inefficiently functionalized,
proceeding to 40% conversion and 27% yield after 72 h.

The oxidative functionalization of 1 is postulated to occur in
the following manner (Fig. 5a). Reductive quenching of the excited
state of Ir(ppy)2(dtbbpy)PF6 by 1 provides the radical cation 2 and
an [Ir2+] catalytic intermediate, which is itself capable of reducing
molecular oxygen. The superoxide thus generated performs a C–H
abstraction from 2 to directly produce the iminium ion 3, priming
the tetrahydroisoquinoline for nucleophilic elaboration. A signifi-
cant background reaction was observed for this transformation in
the absence of oxygen (76% conversion, 20 h), and it was postu-
lated that nitromethane may act as a terminal oxidant. Later studies
revealed that this oxidation chemistry can be accelerated through
careful choice of oxidant, although reactivity is dependent upon a
variety of factors [34]. The use of three equivalents of diethyl
bromomalonate provided high yields of Strecker product in the
presence of NaCN with 1 mol% of Ru(bpy)3Cl2 in DMF
(Fig. 5b). While this oxidant provided an excellent yield, its use is
undesirable as the resultant malonyl radical forms by-products in

Fig. 3 Amine reactivity upon single-electron oxidation
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the presence of more electron-rich alkenes and arenes [35]. The use
of bromotrichloromethane (BrCCl3) and Ru(bpy)3Cl2 decreased
the reaction time to 3 h as compared to the previous time of 16 h
when using molecular oxygen and Ir(ppy)2(dtbbpy)PF6.

There are many reports detailing the photochemical oxidation
of tetrahydroisoquinoline derivatives using photoredox catalysis.
Rueping and coworkers have demonstrated the efficiency of orga-
nocatalysis in the presence of the photochemical oxidation chemis-
try, using proline as a catalyst to promote enamine formation in the
addition of ketones to the tetrahydroisoquinoline iminium ion
[36]. Xia and coworkers have demonstrated the similar addition
of silyl enol ethers [37]. Copper-acetylide additions to tetrahydroi-
soquinoline iminium ions have been shown to be efficient reac-
tions, both in the presence of light [38] and in a one-pot process in
which the light source is removed after the oxidation is complete
[34]. The tetrahydroisoquinoline oxidation can be achieved with
organic dyes as well [39–41]. Difluoroenolates [42] and dialkyl-
phosphites [39, 43] are also competent nucleophiles for the addi-
tion reaction.

Fig. 4 Photochemical C–H activation of tetrahydroisoquinolines

Fig. 5 Proposed mechanism for the photochemical oxidation of tetrahydroisoquinoline
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There are a number of asymmetric versions of nucleophilic
additions in this context, with an auspicious first entry reported
by Rovis and coworkers combining photoredox andN-heterocyclic
carbene (NHC) catalysis (Fig. 6) [44]. This methodology includes
the prototypical tetrahydroisoquinoline oxidation methodology to
provide the endocyclic iminium ion. The use of NHC catalysis in
this setting allows for the formation of a nucleophilic Breslow
intermediate 6 which then adds to the iminium ion in an asymmet-
ric fashion. This work exhibits good scope in terms of the aldehyde
coupling partner as long as the steric bulk near the site of reaction is
moderate, and overall the enantioselectivity is high. The tetrahy-
droisoquinoline must be electron rich to undergo iminium forma-
tion efficiently, as an electron-poor trifluoromethylated substrate
did not form significant amounts of product. One promising aspect
of this work is the use of 1,3-dinitrobenzene 5 as a terminal oxidant
in the transformation. When 5 was excluded from the reaction
conditions, only 13% yield was obtained as opposed to 81% when
it is included. No products of dinitrobenzene reduction were
observed in the reactions—a rare occasion in which an oxidative
quencher remains innocent upon reduction.

A further example of asymmetric additions to the tetrahydroi-
soquinoline iminium ion was published by Stephenson and Jacob-
sen, in which they utilized chiral thioureas as anion-binding
catalysts (Fig. 7) [45]. A major challenge for this work was the
identification of a suitable solvent system, as photoredox catalysis is
generally performed in polar media, which was found to be detri-
mental to the enantioinduction of the thiourea catalysts employed.

Fig. 6 The merger of photoredox and NHC catalysis
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The solution to this dilemma was to run the photooxidation in
acetonitrile before concentrating the reaction mixture and redissol-
ving in methyl tert-butyl ether for the nucleophilic addition step. A
range of β-amino esters were prepared in this way with high enan-
tiomeric excess and moderate yields.

Xiao has also reported the asymmetric addition of an enolate to
the tetrahydroisoquinoline scaffold through nucleophilic catalysis,
although only two asymmetric examples are reported [46]. The use
of DABCO as a stoichiometric nucleophilic catalyst in the presence
of acrolein promotes a Morita-Baylis-Hillman-type reaction in
which a transiently generated zwitterion 9 adds to the iminium
ion before subsequent elimination to provide the enone product
(Fig. 8). The use of the chiral catalyst β-isocupreidine 10 in 20 mol
% provides up to an 83:17 enantiomeric ratio of the acroleinated
product in 82% yield, serving as a proof of principal for the use of
the two catalytic systems in tandem.

In an example of further innovation for the tetrahydroisoqui-
noline substrate, Xiao and coworkers have also demonstrated that
ester-functionalized tetrahydroisoquinoline 11 could undergo fac-
ile [3 + 2] cycloadditions with a number of electron-deficient
alkenes and alkynes in a cascade process (Fig. 9) [47]. Formation
of the endocyclic iminium ion 12 proceeds via an identical initiation
pathway as addressed previously; however, the inclusion of the
acidic α-amino ester moiety into the substrate provides a proton
with a pKa low enough to be readily removed by the peroxy anion.
The so-formed 1,3-dipolar azomethine ylide can then undergo a
number of facile [3 + 2] cycloadditions with both symmetrical and
unsymmetrical dipolarophiles with complete regioselectivity. Early
investigations yielded both pyrrole and pyrrolidine products, and so
the authors optimized the procedure by adding 1.1 equivalents of
N-bromosuccinimide (NBS) upon consumption of starting

Fig. 7 The merger of photoredox and anion binding catalysis
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material to funnel all material to the desired pyrrole. Rueping
published a similar report shortly afterward focused on the produc-
tion of the pyrrolidine products [48].

Another cascade process designed around iminium formation
of the tetrahydroisoquinoline scaffold was reported by Zhu and
coworkers (Fig. 10) [49]. When α-ketoesters such as 13 are used as
nucleophiles in the aerobic photochemical oxidation of 1, isoxazo-
lidine esters of type 14 are isolated as single diastereomers from the
reaction. While the yields are moderate, an impressive number of
mechanistic steps are required in order to produce the observed
rearrangement products. After nucleophilic addition of the enolate
to the electrophile, a retro-aza conjugate addition results in the
phenethylamine 15. Further sequential aerobic oxidations result in
the intermediacy of nitrone 16, which then undergoes a diastereo-
selective [3 + 2] cycloaddition to afford the isoxazolidine product.

Fig. 8 Asymmetric nucleophilic catalysis for iminium ion addition

Fig. 9 [3 + 2] Cycloadditions with an isoquinoline azomethine ylide
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The use of highly activated tetrahydroisoquinoline substrates
has been ubiquitous for the development of α-amino C–H activa-
tion, but a number of examples of oxidative iminium formation in
alternative systems have been reported as well. Xiao and coworkers
have reported the diastereoselective synthesis of tetrahydroimida-
zoles using photoredox catalysis through amine oxidation to an
iminium ion followed by trapping of a pendant amine to form the
product cyclic aminal (Fig. 11) [50]. Diastereoselectivity in these
reactions was achieved through thermodynamic equilibration of
the diastereomers produced by increasing the reaction time.
While the reported substrates are not tetrahydroisoquinoline deri-
vatives, high regioselectivity in the iminium-forming step is
achieved through the benzylic activation of the observed reaction
site. The substrate does still contain the N-phenyl benzylamine
motif found in many of the tetrahydroisoquinoline methodologies
reported.

Recently, our group published the semi-synthesis of a number
of alkaloids using photoredox catalysis for key bond forming and
cleaving reactions (Fig. 12) [51]. In the synthesis of pseudovinca-
difformine 19, photochemical amine oxidation of the intermediate

Fig. 10 Aerobic cascade reactivity upon C–H activation
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17 in flow to the corresponding iminium ion provided the natural
product via a transannular Pictet-Spengler cyclization in a moderate
yield of 58%. This represents one of the few examples of the
selective oxidation of asymmetrically substituted amines reported
to date. Effective examples of iminium formation from symmetri-
cally dialkylated anilines have been reported by Rueping [43] and
Tan [41], but the generality of substrate scope for amine oxidation
remains a significant challenge for the field.

2.2 α-Amino Radical

Formation

and Reactivity

Beyond iminium formation, there are numerous examples of
α-amine C–H activation which utilize the corresponding α-amino
radical [52, 53]. The formation of α-amino radicals from the amine
radical cation generally requires the α-deprotonation of an amine
radical cation, or alternatively single-electron reduction of an imi-
nium ion (Fig. 3). Provided further oxidation to the iminium ion
does not occur, the radical can take part in reactions with electron-
poor alkenes.

Fig. 11 Photocatalytic tetrahydroimidazole synthesis

Fig. 12 C–H functionalization to form (�)-pseudovincadifformine
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Reiser and Pandey have successfully utilized the formation of
benzylic α-amino radicals from tetrahydroisoquinolines for conju-
gate additions to a variety of enones (Fig. 13) [54]. Exposure of
tetrahydroisoquinoline 1, Ru(bpy)3Cl2 (10 mol%), and methyl
vinyl ketone to visible light in acetonitrile for 24 h resulted in the
formation of coupled product 20 in 75% yield. Catalyst efficacy was
dependent on substrate, and in several cases Ir(ppy)2(dtbbpy)PF6
was found to give higher yields of product. While the formation of
the observed product strongly suggests the intermediacy of an
α-amino radical, further evidence of this species was obtained
through the exclusion of the methyl vinyl ketone. After 7 days
and multiple portions of catalyst addition, the dimer 21 was
isolated in 10% yield. Interestingly, the authors note that substrate
efficiency varied widely with electron density, revealing that a deli-
cate balance of redox potentials may be required to access the
α-amino radical reactivity.

A further study by Pandey and coworkers has demonstrated
that this reactivity can be achieved at a location distal from the
amine in biased systems such as 10-methyl-9,10-dihydroacridine

Fig. 13 Intermolecular coupling of a photochemically generated α-amino radical
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22 (Fig. 14) [55]. Merely irradiating the starting material in the
presence of three equivalents of methyl vinyl ketone and the photo-
catalyst Ir(ppy)2(dtbbpy)PF6 (5 mol%) provided the alkylated
product 23 after 20 h. Interestingly, while the majority of tetrahy-
droisoquinoline oxidations result in the mono-functionalization of
the benzylic position, the authors were able to di-functionalize the
benzylic position of the dihydroacridine through an intramolecular
cyclization step. The slow nature of even this intramolecular reac-
tion further cements the previous observations of product stability
under various tetrahydroisoquinoline oxidation conditions.

N,N-dimethylaniline has also been demonstrated to be a com-
petent precursor to α-amino radicals for conjugate addition
[56]. Xu and Li have shown that moderate yields of conjugate
addition products such as 24 may be formed despite some oligo-
merization of the methacrylate coupling partner (Fig. 15a). The
use of Morita-Baylis-Hillman adducts such as 25 also provided a
range of elimination products. Works by Bian and Yu [57], Curran
and Rueping [58], and Pandey [55] have demonstrated the ability
of dimethylanilines to undergo cyclization reactions with electron-
poor alkenes. For example, Bian and Yu have shown that N-phenyl
maleimide and dimethylaniline react under oxidative photocatalysis
to provide the annulated product 27, presumably via cyclization of
the proposed radical 28 onto the aniline ring (Fig. 15B)
[57]. Nishibayashi and coworkers have obtained excellent yields
in the addition of α-amino radicals to ethylidene malonates
(Fig. 15C) [59]. Mechanistically, these reactions rely upon the
addition of the photocatalytically generated α-amino radical to
the unsaturated system, forming the α-carbonyl radical.
Subsequent reduction and protonation provides the desired linear
product. Curran and Rueping have shown that the product distri-
bution in these cases can be controlled through the exclusion of

Fig. 14 Alkylation of 9,10-dihydroacridine
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oxygen from the reaction—in the presence of oxygen, cyclization is
observed, but under anaerobic conditions the linear addition pro-
ducts dominate [58].

There are also reports of intramolecular cyclizations of photo-
chemically generated α-amino radicals to pendant unsaturated sys-
tems. Curran and Rueping have shown that dibenzylaniline 29 can
undergo a C–H activation/cyclization cascade to provide indole-3-
carboxaldehydes in moderate yields (Fig. 16) [58]. This transfor-
mation involves the oxidative cleavage of a C–C bond, which
presumably results from the combination of oxygen with the ben-
zylic radical 30 resulting from benzylic C–H activation of the
intermediate indole. Control experiments using tetraphenylpor-
phyrin and Rose Bengal did not produce observable reactivity,
which suggests that singlet oxygen is not an active intermediate.

Fig. 15 C–H activation and coupling of N-methyl anilines
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A similar cyclization reaction is possible in the presence of a
pendant alkyne (Fig. 17) [60]. Xhou and coworkers have shown
that dialkylanilines are also competent in this reaction, providing
similar yields to the bis-benzylic substrates. Radical cyclization onto
the alkyne produces an sp2-hybridized radical, which then com-
bines with oxygen or superoxide to eventually provide the interme-
diate 31. Rearomatization and cleavage of the O-O bond results in
indole products with carbonyl substituents at the three position.
Both cyclization reports used 18O-labeled water to discover no 18O
incorporation into the product carbonyl, suggesting that molecular
oxygen is the source of benzylic oxygenation.

Fig. 16 C–H activation/cyclization onto a pendant enone
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An interesting sp3 C–H amination reaction was reported by
Nishibayashi and coworkers wherein a tetrahydroquinoline sub-
strate is functionalized at the 2-position (Fig. 18) [61]. Photochem-
ical activation of the tetrahydroquinoline substrate in the presence
of di-tert-butyl azodicarboxylate 32 results in the formation of
aminated products of type 33. Again, acyclic examples such as 34
resulted in lower reaction efficiencies.

One of the more significant and effective examples of α-amino
radical formation with photoredox catalysis is the coupling of dia-
lkylanilines with 1,4-dicyanobenzene developed by MacMillan and
coworkers (Fig. 19) [62]. Discovered through high-throughput
screening of reaction conditions, this α-arylation reaction is capable
of producing coupled products in up to 98% yield with high regios-
electivity. A variety of cyanoarenes are capable of participating in the
reaction, which is postulated to proceed via oxidative quenching of
Ir(ppy)3 by the arene. The oxidized [Ir4+] species then performs a
single-electron oxidation of the aniline substrate, which is postu-
lated to undergo deprotonation by sodium acetate to provide the

Fig. 17 C–H activation/cyclization onto a pendant alkyne
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α-amino radical 34. Subsequent radical-radical coupling then pro-
duces the anion 35 which rapidly rearomatizes to form the coupled
product. This method has particular relevance to pharmaceutical
synthesis, as is exhibited by the derivatization of the antibiotic
Zyvox to 36 (Fig. 19). The authors point out that 8 of the top
100 selling pharmaceuticals of 2008 contain the α-aryl amine
motif. This coupling methodology has been extended to a number
of chloroheteroarenes [63].

MacMillan and coworkers have expanded their utilization of
α-amino radicals to include the α-vinylation of N-aryl amines
[64]. Optimized conditions consist of exposure of a mixture of
N-phenylpyrrolidine, vinyl sulfone 37, cesium acetate, and Ir(dF
(CF3)ppy)2(dtbbpy)PF6 to visible light irradiation for 24 h,
providing the allylic amine 38 in 91% yield after 24 h (Fig. 20).
Mechanistically, this transformation is hypothesized to proceed
through the photocatalyst’s reductive quenching cycle. Upon sin-
gle-electron oxidation of the amine, the resultant radical cation can
be deprotonated. The α-amino radical is then postulated to add to
the electron-deficient vinyl sulfone, and subsequent β-scission of
the resultant radical intermediate would expel the sulfonyl radical.
The [Ir2+] catalytic intermediate is presumably oxidized by this
radical to regenerate the [Ir3+] species. In reference to the amine
substrate scope, the methodology can accommodate differences in
ring size and alkyl chain length, as well as electronic alterations to
the aromatic ring. Perhaps most fascinating, however, is the com-
plete selectivity in the formation of product 39 for the endocyclic
methylene over the exocyclic benzylic group. Only examples of
styrenylsulfones are examined as the alkene coupling partner.

In a further co-catalytic advancement for the field, MacMillan
andDoyle have reported the combination of photoredox and nickel
catalysis for C–H activation cross-coupling reactions (Fig. 21)
[65]. Due to the ease with which organic radicals add to Ni

Fig. 18 Radical amination of tetrahydroquinolines
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(II) metal complexes, the authors proposed that upon oxidative
insertion of Ni(0) into an aryl halide, an organic radical is capable of
intercepting the nickel species to form a Ni(III) species 40. Reduc-
tive elimination forms the desired arylated amine as well as a Ni
(I) intermediate which then oxidizes the [Ir2+] species to regenerate
the Ni(0) and Ir(III) species. While this methodology was primarily
used with N-Boc amino acids, dimethylaniline was shown to
undergo efficient coupling reactions with both electron-rich and
electron-poor arenes. Significantly, while the previous α-arylation

Fig. 19 Photochemical α-arylation of tertiary amines
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methodology reported by MacMillan was electronically limited to
electron-poor arenes, the use of the co-catalytic nickel significantly
expands the electronic scope of the products that can be formed.

3 Beta-Functionalization of Ketones and Aldehydes

In a significant conceptual advancement, MacMillan and coworkers
have reported the direct β-C–H functionalization of aldehydes and
ketones [66]. Similar in theory to the idea that single-electron
amine oxidation results in a significant drop in the pKa of the
α-amino C–H bonds, MacMillan and coworkers proposed that
the pKa of the C–H bond β to an aldehyde or ketone could be
lowered through condensation of an amine organocatalyst and
subsequent oxidation of the resulting enamine (Fig. 22). The use
of 1,4-dicyanobenzene as an oxidative quencher for the selected Ir
(ppy)3 catalyst was hypothesized to be crucial, as the electronic

Fig. 20 Photochemical α-vinylation of tertiary amines
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mismatch between the radical anion 42 and the enamine interme-
diate 43 was expected to prevent the formation of α-arylated car-
bonyl products. This orthogonal electronic configuration allows
the enamine to be oxidized by the transient [Ir4+] species produced
by oxidative quenching. Upon enamine oxidation and deprotona-
tion, the now electrophilic enaminyl radical can combine with the
radical anion 42 to provide a coupled intermediate, whereupon
cyanide elimination and enamine hydrolysis provides the
β-arylated aldehyde or ketone. The scope of the aldehyde coupling
partner is good and is facilitated by the presence of electron-
donating groups at the β-position. Significantly, the use of 3-(p-
cyanophenyl)-propionaldehyde 41 as a starting material resulted in
no reaction and thus provided a reasonable explanation as to why
only mono-arylated products were observed. A variety of cyano-
substituted electron-deficient arenes were found to be effective
coupling partners for the reaction, and the use of cinchona alkaloid
44 as the organocatalyst demonstrated the potential for chiral
induction in the transformation.

In addition to the seminal β-functionalization work, further
effort has been reported by MacMillan in the development of a
β-coupling reaction of cyclic ketones with aryl ketones (Fig. 23)
[67]. This reactivity proceeds through a similar catalytic cycle,

Fig. 21 Photoredox and nickel co-catalysis
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where the use of Ir(ppy)3 allows for effective use of the oxidative
quenching cycle. Single-electron reduction of the aryl ketone to the
ketyl radical is facilitated by Lewis acid activation, and subsequent
radical-radical combination with the β-enaminyl 5πe� species forms
the key carbon-carbon bond.

Further work in the β-functionalization of aldehydes resulted in
the discovery of an intermolecular β-coupling of aldehydes with
enones (Fig. 24) [68]. This redox-neutral reaction is postulated to
proceed through the reductive quenching cycle of the methylated
iridium catalyst Ir(dmppy)2(dtbbpy)PF6 via a single-electron

Fig. 22 β-arylation of aldehydes and ketones
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oxidation of the enamine intermediate 45. β-deprotonation of the
enamine provides the 5πe� species 46, which is electronically
matched to add in a conjugate fashion to an enone. Catalyst turn-
over is accomplished through the reduction of the resultant radical.
Organocatalyst selection was found to be crucial, as nucleophilic
addition to the acrylate coupling partner was observed as a signifi-
cant side reaction. The use of bulky dicyclohexylamine satisfactorily
solved this issue and allowed for a wide array of products to be
synthesized in moderate to good yields.

4 Oxidation of Functional Groups Other than Amines

One of the earliest examples of visible light photocatalysis by Cano-
Yelo and Deronzier succeeded in the activation of benzylic C–H
bonds of benzyl alcohols [69]. As opposed to the previous exam-
ples of C–H activation which are primarily limited to amine oxida-
tion, the authors showed that benzylic C–H bonds can be activated
through single-electron arene oxidation (Fig. 25). Oxidative
quenching of the catalyst-excited state by the aryl diazonium salt
46 results in the formation of a [Ru3+] species as well as aryl radical
47. The [Ru3+] intermediate is capable of arene oxidation, which

Fig. 23 β-coupling of cyclic ketones with ketyl radicals
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results in the weakening of the benzylic C–H bonds. Abstraction of
a hydrogen atom results in the formation of the desired benzalde-
hyde, although the yields vary greatly depending upon the sub-
strate used.

In a mechanistic extension of this work, photoredox catalysis
can be used to efficiently cleave p-methoxy-benzyl (PMB) ethers

Fig. 24 Photocatalytic β-alkylation of aldehydes

Fig. 25 Oxidation of benzyl alcohols with photoredox catalysis
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through the oxidative C–H activation of the benzylic position
[70]. Using BrCCl3 as terminal oxidant and oxidative quencher,
the [Ir4+] oxidation state of Ir[dF(CF3)ppy]2(dtbbpy)PF6 can be
accessed (E� [Ir4+/Ir3+] ¼ 1.69 V) [71]. This iridium IV species is
capable of oxidizing electron-rich arenes (Fig. 26) [72]. Single-
electron oxidation of the PMB arene results in radical cation 48,
which then is presumed to disproportionate with the CCl3 radical
to provide an intermediate oxocarbenium ion 49 along with chlo-
roform as a stoichiometric by-product. Hydrolysis of the oxocarbe-
nium ion results in the free alcohol product in good to excellent
yields.

A recent development in this chemistry was published by Laha
and coworkers, who found that benzylic C–H bonds could be
selectively functionalized in the para position of a variety of anisoles
(Fig. 27a) [73]. Using dicyanonaphthalene as the photocatalyst,
the authors were able to intramolecularly trap intermediate p-qui-
none methides with pendant alcohols. The regioselectivity of the
reaction is displayed in Fig. 27b and is rationalized both through
the estimated pKa difference between the benzylic positions and
the calculated energies of each radical. When the pendant alcohol
was replaced by an alkene, the corresponding Prins cyclization was
unsuccessful; however, the authors discovered that further oxida-
tion of some of the cyclization products was possible and hypothe-
sized that water could be used as an oxygen source for the direct
formation of aryl alkyl ketones from the aryl alkane starting materi-
als (Fig. 27c). While aryl acylation can be achieved through a
number of other methods, the benzylic oxidation reaction is mild
and chemoselective while avoiding air and moisture sensitive
reagents.

Fig. 26 Photochemical deprotection of PMB-ethers
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5 Direct C–H Abstraction

While the majority of C–H activation reactions discussed in this
chapter involve substrate oxidation which precedes C–H abstrac-
tion or deprotonation, there are a few examples of direct C–H
abstraction reactions which rely upon the inherent reactivity of
the substrate in question. This type of reactivity is most useful in
cases where the substrate is not easily oxidized, as with the C–H
functionalization of C–H bonds α to amide nitrogens. From DMF,
a methyl hydrogen atom abstraction can be achieved by a sulfate
radical anion, generated by reduction or thermolysis of ammonium
persulfate 50 (Fig. 28) [74]. The α-amino radical 51 so formed is
easily oxidized, andN-acyliminium ions can be easily formed in this
manner.

Fig. 27 Photochemical benzylic oxidations
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MacMillan and coworkers have also developed an effective C–
H abstraction protocol for the functionalization of ethereal ben-
zylic C–H bonds (Fig. 29) [75]. Using 1,4-dicyanobenzene as
oxidative quencher for Ir(ppy)3 as well as coupling partner, the
[Ir4+] intermediate is formed and is postulated to promote thiyl
radical formation via proton-coupled electron transfer (PCET). It is
proposed that the thiyl radical thus formed is capable of benzylic C–

Fig. 28 Photochemical Friedel-Crafts amidoalkylation

Fig. 29 Photochemical benzylic C–H abstraction
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H bond abstraction due to favorable comparison between the thiol
S-H BDE (86.8–87.2 kcal/mol) [76] and the benzylic C–H bond
of benzyl methyl ether (85.8 kcal/mol) [77]. The benzyl radical 53
can then combine with the radical anion to form the desired diaryl
alkyl ethers.

6 Conclusion

In conclusion, the ability of visible light photocatalysis to activate
C–H bonds is an important field of research with many reports of
recent progress. The ability to harness the organic radicals that
result from C–H activation is highly dependent upon the condi-
tions used, and there is much possibility for further developments.
The ability to perform these catalytic reactions in an environmen-
tally benign manner utilizing solar energy is highly desirable, as it
minimizes the potential for the formation of stoichiometric waste
by-products. The utility of photoredox catalysis in the modification
of pharmaceutically relevant molecules is clear, and it is exciting to
witness this technology bloom into a viable option for synthesis.
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Chapter 11

In Situ Protecting Groups for Chemoselective
Transformations

Alan Steven

Abstract

Streamlining the synthesis of synthetic targets of relevance to the pharmaceutical industry has important
economic, environmental, and practical drivers. Herein we review in situ protecting group strategies that
have been applied, or have the potential to be applied, to the synthesis of small molecule drugs and drug
candidates. The discussion will restrict itself to situations where protection has been achieved using a
protecting group. In addition, in order to assist with their reduction to practice, we provide example
procedures where these methodologies have been used.

Key words α-Amino alkoxide, Boronate ester, N-carboxylation, Chemoselectivity, Copper
(II) chelate, In situ protection, Lanthanide chloride, Ortho-lithiation, LTMDA, Trimethylsilylation

1 Introduction

An ideal synthesis of a drug candidate, or indeed any synthetic
target, would only consist of skeleton-constructing reactions or
functionalizations. A breathtaking expansion in the methodolo-
gies that allow a target to be built using such reactions has taken
place since Hendrickson’s seminal recognition of this fact [1].
Many of these methodologies have proven to be highly tolerant of
functional groups elsewhere in the molecule. More often than
not, however, reactions want for chemoselectivity, necessitating
the avoidance of the issue altogether through the reordering of
synthetic steps or the prior protection of the incompatible func-
tionality. In the case of the latter, protection comes with the need
to later deprotect, and both such steps can detract from ideality.

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_11,© Springer Science+BusinessMedia, LLC, part of Springer Nature 2022
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An in situ protecting group strategy is one in which the instal-
lation of the protecting group and the reaction of interest are
performed in the same pot.1 This is illustrated in Fig. 1 for a
dicarbonyl compound, where a ketone carbonyl has been trans-
formed after the protection of an aldehyde carbonyl, in the same
pot [2]. An in situ protecting group strategy still necessitates mate-
rials and processing time to be spent on introducing the protecting
group, though the impact on the yardstick used to measure the
green credentials of the process [3] is likely to be second only to an
approach that is completely protecting group free. For many of the
strategies described herein, the unmasking of the protected func-
tionality readily takes place during the reaction workup, often
through the presence of an aqueous medium with a specific pH.
Under these circumstances, further efficiencies accrue from the
avoidance of a separate process dedicated to the deprotection and
chemoselectivity issues that may be associated with the removal of a
more securely attached protecting group. The discussion will
restrict itself to situations where protection has been achieved
using a distinct protecting group. Thus the in situ protection of
ketones as enolates [4], for example, ahead of reaction elsewhere in
the molecule, will not be discussed further.

2 Control of Solution Acidity

We will start our discussion with the use of the proton, perhaps the
simplest of all protecting groups as far as a basic nitrogen is
concerned. The attraction of its use stems from its atom economy,
as well as our ability to attach or remove it by simply adjusting the
acidity of a solution: an operation which aligns itself with in situ
protection or deprotection. Armed with knowledge or predictions
of solvent-relevant pKas for the various basic nitrogens present in
the starting material and product, the acidity of a solution can be

Fig. 1 Generic illustration of a chemical transformation facilitated by in situ protection

1 Processes where the introduction of the protecting group is followed by a concentration step, including a solvent
swap, prior to the transformation of interest, are considered in scope for the purpose of this discussion.
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adjusted in order to protect basic nitrogens in the starting material
that may otherwise interfere with the desired reaction at a less basic
center [5]. This is illustrated in Fig. 2 where the selective acetyla-
tion of the aniline nitrogen was achieved by using the pH of the
solution to prevent the acetylation of the benzylamine nitrogen of
4-(aminomethyl)aniline (1) [6–8].

The in situ protection of an amine was adeptly deployed as part
of a proof of concept synthesis of the dimesylate salt of 4-amino-
methyl-3-methoxyiminopyrrolidine 4, a key intermediate in the
manufacture of the quinolone antibacterial gemifloxacin [9]. The
synthesis starts from compound 2, a protected form of 4-oxopyr-
rolidine-3-carbonitrile, and involves nitrile hydrogenation as shown
in Fig. 3. This transformation is potentially susceptible to side
reactions, initiated by O-methyloxime N-O bond cleavage, that
are abetted by the free base form of the newly formed amino
group of compound 3 coordinating to the surface of the catalyst.
Such coordination also reduces the rate of nitrile reduction. An
initial process improvement used di-tert-butyl dicarbonate to deri-
vatise in situ the nascent amino group as the corresponding tert-
butyl carbamate [10]. This procedure was still plagued by a small
but significant amount of reaction at the O-methyloxime, and it
proved difficult to push the desired reduction of the nitrile of 5 to a
high level of conversion. Both of these reaction attributes were
addressed by performing the reaction under acidic conditions that
protonated the amino group, preventing it from coordinating to

Fig. 2 Regioselective acetylation of 4-(aminomethyl)aniline

Fig. 3 In situ protection of an amine as its conjugate acid as part of synthesis of a gemifloxacin intermediate
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the catalyst surface [11]. By choosing methanesulfonic acid as the
acid, the product of N-(tert-butyloxycarbonyl) deprotection,
4-aminomethyl-3-methoxyiminopyrrolidine, could be isolated as
dimesylate 4. This dimesylate was the preferred salt form for this
material, and thus the process avoided the generation of an
environmentally burdensome and salt-rich wastestream as part of
the removal of any other acid that could have been used. Additional
benefits associated with the replacement of the original route (five
steps) with the two-step process shown in Fig. 3 included a decrease
in manufacturing time and a reduced use of solvents and reagents.

The selective monoprotection of diamines is an area that is well-
suited to exploiting the proton as a protecting group. This is
through the 1:1 salt 6 that dominates the equilibrium shown in
Fig. 4 when 7 and 8, the species at its two ends, are treated with an
equimolar amount of acid or base, respectively [12]. An example
can be found in the protection of the piperazine ring, a privileged
structure whose nitrogens typically bear different substituents in
natural products or candidate drugs. As illustrated in Fig. 5, the in
situ formation of piperazine monohydrochloride 9 has been used to
facilitate the protection of the remaining nitrogen with a
7-nitrobenzofurazan (NBD) protecting group as in 10 [14]. This
protocol is more efficient and more scalable than the very slow
addition of the electrophile, or the use of excess piperazine, in
protecting group-free variants of this transformation that achieve
similar selectivities [14–17].

3 N-Carboxylation

Carbon dioxide is a renewable, inexpensive, and readily available
material. Reaction with it can be exploited as a means of temporarily
protecting a nucleophilic nitrogen center as a carbamic acid, or a

Fig. 4 Selective monoprotection of a diamine

Fig. 5 Selective monofunctionalization of piperazine rings
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salt thereof [18], in order to shut down side reactions that would
otherwise take place.

Practicing synthetic organic chemists who have had to wipe a
white precipitate of the carbamate salt from the top of a bottle of
the material, or who have struggled to gain acceptable elemental
analysis data on their compound, can attest to the facility with
which aliphatic amines react with carbon dioxide. For preparative
purposes, N-carboxylation is achieved by pressurizing the reaction
headspace with carbon dioxide gas or by using it in its supercritical
form.2 The unmasking of the amine can often be achieved in the
same pot by heating or simply sparging with nitrogen gas. This
approach has spawned a number of practical methods that are ripe
for exploitation by drug discovery and development programs.
These include the suppression of overreaction during the hydro-
genation of nitriles and imines [19, 20], or the selective acylation of
an alcohol in the presence of a primary amine. For example, the
treatment of a mixture of benzylamine and benzyl alcohol with
isoprenyl acetate catalyzed by 1,2,4-triazole leads to the quantita-
tive acylation of the latter under an atmosphere of carbon dioxide
[21]. Carbon dioxide has also been used to expedite the ring-
closing metathesis of substrates bearing functionality that could
chelate to the catalyst, hindering turnover [22]. Figure 6 illustrates
this in the context of the synthesis of the skeleton of the insect
repellent alkaloid epilachnene. The green credentials of this trans-
formation require little burnishing. The isolation of the product 11
eschews the environmental burden associated with the use of

Fig. 6 Temporary N-carboxylation of an amino group ahead of a ring-closing
metathesis

2 The protection supercritical carbon dioxide bestows upon basic amines further reinforces the credentials of a
reaction medium that is playing an increasing role in drug discovery programmes, in part due to its environmen-
tally and toxicologically benign character and the straightforward isolation of product afforded by its use. Its use
in a ring-closing metathesis also allows the competition between cyclization versus oligomerization to be
addressed at a constant volume and skewed in favor of the former, by increasing the pressure (and hence density),
reducing the molar fraction of the substrate.
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liquid-liquid partitioning in favor of the venting of the reactor
ahead of a chromatographic purification. The transformation also
avoids the use of chlorinated solvents, which are otherwise nor-
mally the solvents of choice for a ruthenium-catalyzed olefin
metathesis.

The development of in situ N-carboxylation as a means of
selectively functionalizing NH-bearing aromatic and heteroaro-
matic compounds has been largely dominated by the Katritzky
group [23–30]. The treatment of a deprotonated NH-compound
with carbon dioxide forms a carbamate salt, typically a lithium
carbamate. In laboratory preparations, in preparation for the next
step of the telescope, this is typically isolated by removing volatiles
under reduced pressure to afford what can be a stable salt that can
be handled in air, prior to its redissolution in fresh tetrahydrofuran.
In spite of this operation, these methods have been included within
the purview of the wider discussion as their implementation on any
sort of scale would seek a distillative solution that would avoid the
evaporation to dryness.3 Once the desired transformation has been
achieved elsewhere in the molecule, deprotection can be readily
achieved through the exposure of lithium carbamate to heat or mild
acid, thus avoiding the side reactions that may plague the removal
of a more securely attached protecting group.

The utility of the methodology to drug discovery and develop-
ment programs is exemplified in Fig. 7 through its application to
the functionalization of indoles. Once the indole has been pro-
tected as the lithium carbamate 12, the ensuing functionalization
will typically proceed by first lithiating at the 2-position to give 13
[31]. This transformation is expedited by the stabilizing the pres-

Fig. 7 Temporary protection of indole nitrogen as its lithium carbamate salt allows subsequent C2 functio-
nalization via metallation

3 Indeed, an examination of Henry’s Law data for the solubility of carbon dioxide in tetrahydrofuran establishes
that simply swing purging the headspace between a vacuum and a nitrogen atmosphere will readily remove carbon
dioxide from solution. This has been experimentally verified by the author in an unpublished ReactIR study which
also demonstrated that a saturated solution of carbon dioxide in tetrahydrofuran will rapidly lose the former if it is
simply left under an overhead sweep of nitrogen gas.
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ence of the neighboring lithium carbamate. The lithiate can be
quenched with a variety of different electrophiles, before the N-
carboxyl is removed so as to furnish 14, a 1H-indole functionalized
at the 2-position. The introduction of a tributylstannyl group,
boronic ester, or a halogen atom in this manner [32] and a
subsequent cross-coupling offers facile access to 2-aryl- and
2-vinyl-1H-indoles [33], motifs that feature heavily in candidate
drugs. The sequence is exemplified by the synthesis of 2-(2-styryl)
indole (15) in Fig. 8 [33]. The formyl group introduced by
quenching with N,N-dimethylformamide [34] played a key role
in the synthesis of potential inhibitors of HMG-CoA reductase such
as compound 16 (Fig. 9) [35]. Quenching the lithiate itself with
carbon dioxide has provided an intermediate 17 in the synthesis of
potential dopamine D4 ligands 18 (Fig. 10) [36]. Alternatively,
quenching with an aldehyde or ketone introduces a hydroxyl and

Fig. 8 Introduction of a tribuyltin group at C2 of an indole temporarily protected as its lithium carbamate ahead
of a Stille coupling

Fig. 9 Formylation after temporary protection of an indole as its lithium carbamate

Fig. 10 Carboxylation of 1H-pyrrolo[2,3-b]pyridine after temporary derivatization of its N–H as a lithium
carbamate
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has found widespread utility [37–42], as was the case with the part
of the synthesis shown in Fig. 11 of a CaMKII inhibitor 19 [43].

3.1 Preparation of 2-

(styryl)-1H-indole (15)

from Indole

n-Butyllithium in hexanes (34 mL of 2.5 M, 85 mmol) was added
dropwise over 30 min to a solution of indole (10 g, 85 mmol) in
tetrahydrofuran (200 mL) while maintaining a batch temperature
of �68 �C. After stirring for 30 min, carbon dioxide was passed
through the solution for 10 min. The solution was warmed to
20 �C before it was concentrated in vacuo to ca. 125 mL. Addi-
tional tetrahydrofuran (100 mL) was charged, before t-butyl-
lithium in pentane (50 mL of 1.7 M, 85 mmol, CARE:
pyrophoric) [44] was added while maintaining a batch temperature
of �68 �C. After an additional 2 h, tributyltin chloride (29.4 g,
90 mmol) was added over 10 min. The reaction mixture was
poured onto ice water (300 g) after 90 min, and the solution
acidified with saturated ammonium chloride solution. Extraction
with diethyl ether (2 � 200 mL), drying (magnesium sulfate), and
concentration afforded 1-carboxy-2-(tributylstannyl)indole as a
clear mobile oil (40 g) that was used without further purification.
A portion of this material (4.0 g, <8.9 mmol), β-bromostyrene
(825 mg, 4.51 mmol), and bis(triphenylphosphine)palladium
(II) dichloride (300 mg, 0.427 mmol) in ethanol (40 mL) was
refluxed for 48 h. The mixture was then cooled to 20 �C, filtered
through a pad of Celite, and concentrated to a solid. Recrystalliza-
tion from cyclohexane afforded 850 mg (86%) of 2-(styryl)-1H-
indole (15).

Where an N-(carboxy)indole bears an alkyl group at the
2-position [45], further functionalization is possible via lateral
metallation.4 This is exploited by the Junjappa-Ila benzannulation
shown in Fig. 12, which quenches with α-oxoketene dithioacetal
20 so as to form compound 21 as part of a regioselective means of
accessing N-unsubstituted carbazoles 22 [46, 47]. Such function-
ality can be found in a number of drugs that have made it to the
marketplace, including the nonsteroidal anti-inflammatory veteri-
nary product carprofen 23 and the beta blocker carvedilol 24.

Fig. 11 Two step carbonyl addition-oxidation to acylate an indole after temporary protection of N–H as its
lithium carbamate

4 The same approach was used for the functionalization of o-toluidine, see reference 30.
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Whilst Katritzky’s carbon dioxide method fails for NH-bearing
heterocyclic rings containing more than one heteroatom, such
heterocycles can still be analogously functionalized by using para-
formaldehyde as a formaldehyde equivalent. This sequence has
been successfully applied, most notably to benzimidazoles, and
proceeds via a dilithiohemiaminal 25 as shown in Fig. 13
[48]. After quenching with an electrophile, exposure to acidic
conditions effects the dehydroxymethylation of the protected
nitrogen so as to afford a functionalized benzimidazole such as 26.

4 Boronic Acid, Boric Acid, and Boranes

A variety of boron-containing compounds have found use as in situ
protecting groups. The hydroxyl groups of a vicinal diol can be
prevented from participating in side reactions in a downstream
transformation by using a boronic acid (or boroxine derivative) to

Fig. 12 Use of lateral metallation of 2-methyl-1H-indole after temporary protection of N–H bond as its lithium
carbamate

Fig. 13 Functionalization of benzimidazole after temporary protection of N–H bond as a lithiohemiaminal
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temporarily protect it as a boronate ester [49–51]. Where the water
by-product of the protection does not interfere with the ensuing
reaction, or judicious choice of reaction solvent allows its distillative
removal, it is possible to telescope the protection with the down-
stream reaction, circumventing the isolation of the boronate ester.5

The choice of phenylboronic acid as the boronic acid is espe-
cially popular, and it can now be purchased in polymer-bound
form. Its use is exemplified in Fig. 14 with the bis-octanoylation
of a sialic acid derivative 27. The boronate ester intermediate is
actually likely to be a mixture of species (including 28 and 29) that
display Curtin-Hammett-type reactivity with respect to the site of
acylation of the triol side chain [52].6 On repeating the reaction
without phenylboronic acid protection, the crude reaction mixture
contained multiple materials from which the desired triester 30 was
isolated in only 5% yield after purification.

As part of a kilogram-scale manufacture of a nucleoside phos-
phoramidate prodrug inhibitor of hepatitis C virus NS5B polymer-
ase, phenylboronate protection of its vicinal diol permitted Idenix
scientists to form aH-phosphonate diester at the primary alcohol of
20-C-methylcytidine (31) (Fig. 15) [53]. The 20-C-methylcytidine-

Fig. 14 Selective bis-octanoylation of a sialic acid derivative after in situ boronate ester formation involving
side chain hydroxyl groups

Fig. 15 Selective H-phosphonate diester after temporary protection of its vicinal diol as a cyclic boronate

5 Alternatively, the crystallinity of the boronate ester intermediate often offers the opportunity to isolate it and to
use it as a control point in a synthesis.
6 The same study used a boronate ester formed in situ for the functionalization of mannitol at both the 1- and 6-
positions to give analytically pure material without the need for purification using chromatography or
recrystallization.
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20,30-O-phenylboronate 32 was formed in refluxing pyridine and
the water by-product azeotroped out of the solution. After H-
phosphonate diester formation to give 33, the hydrolytic lability
of the 1,2-cyclic boronate protecting group enabled its facile
removal in the same pot using an aqueous solution of citric acid,
in marked contrast to the complex mixture of compounds observed
after trying to remove an acetonide protecting group. Indeed, the
switch from the use of an acetonide protecting group to the
one-pot procedure made a significant contribution to the 82%
reduction in process mass intensity that characterized the develop-
ment performed on the processes for converting 31 into com-
pound 34. The number of isolations was reduced from five to
two, and the overall yield was increased from 20 to 32%. Addition-
ally, per unit mass of 34 produced by each route, there was a 97%
reduction in the amount of carbon tetrachloride required for the
benzyl phosphoramidate formation on switching from the aceto-
nide to the phenylboronate protecting group.

4.1 Phospho-

ramidation of 20-C-
Methylcytidine (31)

Phenylboronic acid (78 g, 0.64 mol) was charged to 20-C-methyl-
cytidine (31) (150 g, 0.583 mol) in pyridine (2.5 L), and the
mixture refluxed for 3 h. The amount of pyridine was then reduced
to 250 mL by distillation, and the solution added to a solution of
Et3NHOPH(O)OCH2CH2SC(O)C(Me)2CH2OTr (615 g,
1.05 mol) in acetonitrile (3 L), followed by 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide hydrochloride (570 g, 2.97 mol). The
reaction was stirred at 41–46 �C for 4 h before being cooled to
<20 �C. Benzylamine (395 mL, 3.62 mol) was added followed by
carbon tetrachloride (260mL, CARE: evidence of carcinogenicity).
After 1 h, ethyl acetate (1 L) was charged to the mixture and
acidified to pH 4 with aqueous citric acid (3 L of 20%w/w). The
separated aqueous phase was extracted with ethyl acetate (2.5 L).
The combined organics were washed with aqueous citric acid solu-
tion (3 L of 10%w/w) and then twice with saturated sodium
bicarbonate solution (5 L then 2 L). The organic phase was dried
(sodium sulfate), evaporated at 25–35 �C, and the residue purified
by silica gel chromatography, eluting with methanol (4–7%) in
dichloromethane to give trityl phosphoramidate 34 (314 g, 65%).

While the examples given above illustrate the protection of a
1,2-diol as a boronate ester, in the absence of such functionality, a
1,3-diol can also be masked in this manner. As part of a study of the
relationship between antiglaucoma activity and the structure of the
ω-chain of prostaglandin F2α isopropyl ester analogues, the in situ
protection of a 1,3-diol 35 using phenylboronic acid enabled the
chemoselective oxidation of an alcohol elsewhere in the substrate
(Fig. 16) [54]. The resulting aldehyde 36 was telescoped through a
Horner-Wadsworth-Emmons olefination, prior to boronate cleav-
age to give 37.
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Along the same lines as the use of a boronic acid, boric acid
itself has sometimes been used to achieve the same result. A case in
point is as part of the synthesis of X-ray contrast agents for medical
imaging diagnostics, where protection with boric acid allowed an
N-alkylation of 38 to 39 while minimizing the formation of
by-products arising from alcohol alkylation (Fig. 17) [55].

The in situ protection afforded by boron-containing com-
pounds has been used to streamline the synthesis of compounds
other than diols. A case in point is the functionalization of poly-
amines such as spermine, a polyamine found in all eukaryotic cells.
The efficient synthesis of the spermine-containing macrocyclic lac-
tams (�)-verbaskine (40) and (�)-verbascenine (41) has been
made possible through the formation of monocinnamide (�)-ver-
bacine (42), as the major product, following the in situ formation
of 1,3,2-diazaborinane 43 (Fig. 18) [56].7 Only dicinnamide for-
mation could be achieved when a protecting group-free strategy
was employed. Another example can be found in the chemoselec-
tive functionalization of an α-amino acid side chain, which can be
expedited after the protection of the α-amino functionality acid as a
boroxazolidone derivative such as 44 [57]. Applications of this

Fig. 16 Protection of a 1,3-diol in 35 as a boronate ester facilitates selective oxidation ahead of Horner-
Wadsworth-Emmons olefination

Fig. 17 Use of temporary protection of diols using boric acid

7 3,5-Bis(trifluoromethyl)phenyl)boronic acid is reported to have produced a superior regioselectivity and chemi-
cal yield in this reaction when compared to the use of boronic acid.
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approach have included a practical and one-pot means of protecting
the side chain of L-aspartic acid (45) or L-glutamic acid (46) with
the fluorenylmethyl protecting group (Fig. 19) [58].

4.2 Fluorenylmethyl

Protection of the Side

Chain of L-Glutamic

Acid (46)

Triethylborane in tetrahydrofuran (13 mL of 1 M, 13 mmol) was
added to a slurry of L-glutamic acid (46) (1.60 g, 10.9 mmol) in
dry tetrahydrofuran (20 mL). The mixture was refluxed until com-
plete dissolution was achieved (2 days), before being filtered.
9-Fluorenemethanol (2.35 g, 12.0 mmol), N,N-
0-dicyclohexylcarbodiimide (2.47 g, 12.0 mmol), and
4-dimethylaminopyridine (0.15 g, 1.2 mmol) were then added.
After 2 h at 25 �C, the slurry was filtered and concentrated to a
residue that was subsequently dissolved in ethyl acetate (25 mL).
Hydrogen chloride gas was bubbled through the solution for
10 min and (2S)-2-amino-5-(9H-fluoren-9-ylmethoxy)-5-oxo-
pentanoic acid hydrochloride (47) collected by filtration before
being washed with ethyl acetate (2 � 10 mL). The yield was
3.28 g (83%).

Complexation with borane itself is a useful means of protecting
an amine against oxidation [59]. The borane complex can be
sufficiently stable to survive multiple transformations and even
column chromatography [60, 61], facts that will not surprise any

Fig. 18 Selective acylation after temporary protection of a polyamine as a 1,3,2-diazaborinane

Fig. 19 Selective carbamoylations after protection of α-amino acids as boroxazolidones
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synthetic organic chemist who has had to resort to vigorous acidic
or basic conditions in order to cleave the complex resulting from
the borane reduction of an amide. The benefits of this complexa-
tion have also been utilized in in situ procedures for the protection
of heterocyclic nitrogens, perhaps most notably as part of the
functionalization of oxazoles at the 2-position. Precomplexation
with borane as in 48 completely suppresses the electrocyclic ring
opening of 2-lithiooxazoles, allowing such a species to react
smoothly with electrophiles (Fig. 20) [62]. Medicinal chemistry
targets to whose synthesis this procedure has been applied include
α-ketooxazole inhibitors of fatty acid amide hydrolase [63–66],
such as compound 49 [67], and analogues of the antifungal agent
bengazole A 50 [68].

We will complete this discussion on how boron-containing
functionality can be used as a temporary protecting group, by
pointing out that their Lewis acidity dictates that arylboronate
esters themselves react with many organometallic reagents during
attempts to functionalize another part of the molecule. The tying
up of an organometallic reagent in this way can be prevented,
however, through the reversible protection of the arylboronate
ester itself as an aryltrialkoxyborate species such as 51. Figure 21
illustrates how this has been achieved in the case of an arylpinaco-
latoboronate ester 52, through its prior treatment with lithium
isopropoxide, enabling the preparation of compound 53

Fig. 20 Use of borane to suppress electrocyclic ring opening of a 2-lithiooxazole

Fig. 21 Temporary protection of a boronic ester via an ate complex formation
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[69]. The isopropoxide is selectively removed in the workup, thus
preventing the original boronate ester substituents from being
scrambled.

5 Trimethylsilylation

The prior trimethylsilylation of alternative sites of reaction provides
an operationally simple means of improving the chemoselectivity of
certain reactions. Nowhere else is this better illustrated than in
peptide chemistry, and we will start by describing its application
to the synthesis of protected α-amino acids. Trimethylsilylation,
ahead of the protection of an α-amino acid as an Nα-carbamate,
has been used to significantly reduce the amount of oligomeriza-
tion that can taint the formation of the most commonly utilized
building blocks for both solution and solid phase peptide syntheses
[70]. The protection of glycine (54) can be particularly problem-
atic, as its lack of steric hindrance can lead to the formation of
significant amounts of oligomeric by-products. N,O-Bis-trimethyl-
silylation as in 55, prior to the introduction of the carbamoyl
chloride, eliminates the formation of detectable amounts of oligo-
mer and is illustrated in Fig. 22 [71]. The lability ofO-TMS andN-
TMS bonds leads to the ready removal of the protecting group in
standard aqueous reaction workups.

Oligomerization aside, the N-carbamoylation or N-sulfonyla-
tion of hydroxyl-bearing amino acids and their derivatives, without
prior protection of the hydroxyl functionality, can often lead to a
substantial amount of another by-product, arising from N,O-bis-
carbamoylation or N,O-bissulfonylation, respectively. Prior tri-
methylsilylation circumvents this side reaction [72]. An example
of its application can be found in the high-yielding isolation of N-
carbobenzyloxy-L-proline, and substituted variants thereof, such as
56, as part of the evaluation of the histone deacetylase (HDAC)
activity of β-lactam analogues like 57 (Fig. 23) [73].8 Parallels can

Fig. 22 Use of N,O-bis-trimethylsilylation in the N-carbamoylation of glycine

8 It should be noted that there are numerous reports of an essentially quantitative yield being obtained for this
transformation when conventional Schotten-Baumann conditions are employed.
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be drawn here with the increase in the efficiency of the dehydrative
intramolecular lactamization of (�)-4-amino-3-hydroxybutyric
acid (59) that was achieved by in situ trimethylsilylation, as part
of the scale-up of an Abbott clinical candidate (Fig. 24) [74]. The
same tactic allowed the N-selective introduction of a naphthalene-
sulfonyl group to methyl tyrosinate (60) and an n-butanesulfonyl
to (S)-tyrosine (61), as part of eminently scalable syntheses of a

Fig. 25 Temporary O-trimethylsilylation as part of N-sulfonylation of methyl tyrosinate (60)

Fig. 23 Temporary O-trimethylsilylation as part of the N-carbamoylation of 58

Fig. 24 Temporary O-trimethylsilylation as part of the lactamization of (�)-4-
amino-3-hydroxybutyric acid (59)
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thrombin inhibitor 62 (Fig. 25) [75] and the kilogram-scale syn-
thesis of a fibrogen receptor antagonist (Fig. 26), respectively [76].

5.1 N-Carboxybenzyl

Protection of (2S,4R)-

4-Hydroxypyrrolidine-

2-Carboxylic Acid (58)

N,N-Diisopropylethylamine (24.3 g, 188 mmol) and trimethylsilyl
chloride (27.9 g, 257 mmol) were sequentially added to a solution
of (2S,4R)-4-hydroxypyrrolidine-2-carboxylic acid (58) (7.5 g,
57 mmol) in dry dichloromethane (120 mL), and the mixture
refluxed for 2 h. Cooling to 0 �C was followed by the dropwise
addition of benzyl chloroformate to the mixture (9.3 g, 55 mmol).
After being stirred at 20 �C for 16 h, the reaction mixture was
concentrated under reduced pressure, and the residue dissolved in
sodium bicarbonate solution (120 mL of 3%). The aqueous layer
was separated off and acidified to pH 2 using hydrochloric acid
solution (5%). Extraction with ethyl acetate (3 � 100 mL) was
followed by the washing of the combined extracts with ammonium
chloride solution (200 mL), water (200 mL), and then brine
(150 mL). Drying (magnesium sulfate) and concentration to a
residue was followed by purification by chromatography on silica
gel, eluting with n-hexane:ethyl acetate:methanol (70:25:5 v/v) so
as to give (2S,4R)-1-benzyloxycarbonyl-4-hydroxypyrrolidine-2-
carboxylic acid (56) as a beige oil (14.5 g, 96%).

α-Amino acids aside, prior trimethylsilylation has also expe-
dited the N-carbamoylation of 1-aminoalkylphosphinic and
1-phosphonic acids [77–81].9 In the case of the former, the reac-
tion is thought to proceed through an equilibrating mixture of the

Fig. 26 Temporary O-trimethylsilylation as part of N-sulfonylation of (S)-tyrosine (61)

9 It could be anticipated that this silylation strategy would work for theN-protection of related species, including
amino sulfonates and amino sulfates.
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O-silylH-phosphinate ester 63 and O,O-bistrimethylsilyl phospho-
nite 64 (Fig. 27). The carbamate-protected products 65 are impor-
tant starting materials for the synthesis of phosphino and
phosphono peptides that may serve as enzyme inhibitors or haptens
for the construction of catalytic antibodies with protease-like
specificity.

Moving on from the derivatization of the individual amino acid
monomers, the risk of formation of oligomeric by-products during
the functionalization of the amino terminus of a peptide bearing an
unprotected carboxyl-terminus can be eliminated by the trimethyl-
silylation of the latter. An example can be found in the part of the
synthesis of the immunostimulating peptide FK-156 shown in
Fig. 28 [82, 83].

In a twist to the previously mentioned use of trimethylsilylation
in the N-sulfonylation of amino acids, where it is the amino acid
coupling partner that bears more than one potential site of reac-
tion, the method has also been applied where a sulfonyl-bearing
coupling partner is the one presenting the interfering functionality.
Thus, using N,O-bis(trimethylsilyl)acetamide to silylate
4-hydroxybenzenesulfonyl chloride (66) prior to the introduction
of an amine substrate allows the highly practical synthesis of
4-hydroxybenzenesulfonamides such as 67 (Fig. 29) [84]. This
class of compound has been used for the exploration of the
structure-activity relationships (SAR) of selective pipecolic acid-

Fig. 27 Temporary trimethylsilylation in the N-carbamoylation of 1-aminoalkylphosphinic acids

Fig. 28 Use of temporary trimethylsilylation to prevent oligomerization during coupling of peptide fragments
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based inhibitors of tumor necrosis factor-α-converting enzyme
(TACE) [85].

The derivatization of acidic functionalities using trimethylsily-
lation to improve chemoselectivity has found applications outside
the arena of amino acid, peptide, and related chemistry. The effi-
ciency with which a spirocyclic hydantoin core engaged in an SNAr
with 6-chloronicotinic acid (68) was improved by the trimethylsi-
lylation of the latter to give 69, as part of the synthesis of a small
molecule inhibitor of the LFA-1/ICAM interaction 70 (Fig. 30)
[86]. With its carboxylic acid unprotected, compound 68 proved
to be less reactive (presumably due to the deprotonation of this
functional group) in the SNAr, with the result that the hydantoin
coupling partner 71 was slowly acetylated by the N,N-dimethyla-
cetamide solvent.

O4-Trimethylsilylation has improved the efficiency of the reac-
tion at C5 of 5-iodouracil, 5-iodouridine, 5-iodo-20-deoxyuridine,
or substituted variants thereof on a number of occasions

Fig. 29 Use of trimethylsilylation in the sulfonamidation of
4-hydroxybenzenesulfonyl chloride

Fig. 30 Temporary protection of a carboxylic acid to improve the efficiency of an SNAr reaction
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[87–90]. An example can be found in the introduction of the linker
of a N,N-dialkylaniline-20-deoxyuridine conjugate used for
DNA-mediated electron transfer studies (Fig. 31) [91]. The tran-
sient protection of the C4-carbonyl of 72 prevented the onward
cyclization of the Sonogashira coupling adduct 73 into furopyri-
midinone 74. Sticking with deoxynucleosides, the synthesis of
50-O-dimethoxytrityl-N-acyl-20-deoxynucleosides, which are key
building blocks for the synthesis of oligodeoxynucleotides has
been aided by the in situ O-silylation of the 30 and 50 positions.
The original conditions of Ti et al. [92], which used trimethylsilyl
chloride and triethylamine, have been improved by either replacing
pyridine by triethylamine in order to prevent N-glycosidic bond
cleavage by the conjugate acid of the former [93] or by silylating
with hexamethyldisilazane [94]. The exploitation of this method
for an efficient synthesis of a 50-O-dimethoxytrityl-N-acyl-2-
0-deoxycytidine derivative 75 from 20-deoxycytidine (76) is shown
in Fig. 32.

Finally, in a piece of methodology that has enormous potential
for the construction of polysubstituted phenols, such as 77, in drug
substance synthetic targets, an N-monoalkylcarbamate group can
direct ortho-metallation once it has been N-silylated as in 78
(Fig. 33) [95]. Such a group can be removed under milder

Fig. 31 Use of in situ trimethylsilylation as part of the functionalization of a 5-iodouridine derivative

Fig. 32 Use of in situ trimethylsilylation for the synthesis of 5’-O-dimethoxytrityl-N-benzoyl-20-deoxycytidine
(75) from 20-deoxycytidine (76)
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conditions compared to the tertiary carbamoyloxy group, a widely
recognized group for directed metallation (DMG), lending the O-
arylN-monoalkylcarbamate potentially greater utility over its more
substituted sibling as a DMG for phenol functionalization. In the
absence of the in situ protection, the N-lithiated carbamate of
compound 79 would eliminate a phenoxide, prior to its ortho-
lithiation, prematurely terminating events.

6 Lanthanide Chlorides

The discussion will now move from the protection of amines,
alcohols, and carboxylic acids to the carbonyls of aldehydes and
ketones. The efficient differentiation between the carbonyls of an
aldehyde and a ketone present in the same molecule, ahead of the
onward reaction of only the ketone carbonyl, requires recourse to
the derivatization of the aldehyde carbonyl, frequently as an acetal.
An acetalization is unlikely to be completely chemoselective,
attenuating the yield and introducing the need for a purification
step. A separate step would also be required to liberate the aldehyde
carbonyl after the intervening reaction of the ketone carbonyl.

Luche and Gemal’s use of a lanthanide chloride (sometimes
written as lanthanoid chloride) to achieve in situ protection of an
aldehyde carbonyl has proven to be a seminal development for such
transformations [96].10 Cerium chloride hexahydrate, the most
commonly used lanthanide chloride in this context, temporarily
masks the aldehyde carbonyl as a cerium(III)-stabilized geminal
diol such as 80, in the case of the reduction of 81 (Fig. 34).

A closely related strategy exploits the regioselective or chemo-
selective bias displayed by the lanthanide chloride-catalyzed aceta-
lization of carbonyls. The in situ acetalization of the cyclohexanone
of 5α-androstane-3,17-dione (82) allowed 17β-hydroxy-5-
α-androstan-3-one (83) to be regioselectively formed through
reduction (Fig. 35) [97]. This constitutes a reversal of the regios-
electivity that is otherwise observed when 82 is reduced with
sodium borohydride in methanol [98].

Fig. 33 Use of in situ trimethylsilylation as part of functionalization of a phenol derivatized as an N-
monoalkylcarbamate

10 The method relies on its success on the transformation of the aldehyde carbonyl into a hydrate. It thus fails with
conjugated aldehyde carbonyls where hydrate formation is not facile.
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6.1 Reduction of

5α-Androstane-3,17-
dione (82) to 17β-
Hydroxy-5α-
androstan-3-one (83)

Trimethyl orthoformate (750 mg, 7.07 mmol) was added to a
solution of 5α-androstane-3,17-dione (82) (288 mg, 1.00 mmol)
and erbium(III) chloride hexahydrate (382 mg, 1.00 mmol) in
methanol (5 mL). After being stirred for 15 min at 20 �C, sodium
borohydride (80 mg, 2.1 mmol) was added in a single portion.
After 5 min, the pH was adjusted to 2 with hydrochloric acid
solution (1 M). After a further 20 min, the reaction mixture was
partitioned between water and diethyl ether. The organic phase was
washed with sodium chloride solution (saturated) and dried
(sodium sulfate) before being concentrated to a solid which was
recrystallized from a mixture of dichloromethane and hexane so as
to afford 17β-hydroxy-5α-androstan-3-one (83) (275 mg, 95%).

7 Bulky Lewis Acids

While the complexation of a Lewis acid to a carbonyl will typically
enhance the susceptibility of the latter toward nucleophilic attack,
such reactivity can be shut down with a sufficiently bulky Lewis acid
on the grounds of steric hindrance. Ketone carbonyls in differing
steric environments differ in the extent to which they complex to
such a Lewis acid, in that the less encumbered one can be

Fig. 34 Use of cerium(III) chloride to facilitate regioselective reduction of a
ketone carbonyl in presence of an aldehyde carbonyl

Fig. 35 Selective functionalization of C17 carbonyl of 5α-androstane-3,17-dione
after C3 carbonyl has been acetalized in situ
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preferentially masked from a subsequent reaction in the same pot.
Methyl aluminum bis(2,6-di-tert-butyl-4-methylphenoxide)
(MAD, 84) is an example of a bulky Lewis acid whose use has
been exploited in this regard [99], as in studies toward a synthesis
of the macrolide antibiotic nodusmicin (85) (Fig. 36) [100]. The
use of MAD does not extend to aldehydes, in general, where the
high reactivity of an aldehyde-MAD complex will still result in
reaction at the aldehyde carbonyl. The development of methyl
aluminum bis(2,6-diphenylphenoxide) (MAPH) overcomes this
limitation, allowing a ketone carbonyl to be transformed in the
presence of an aldehyde carbonyl or the differentiation of two
aldehyde carbonyls in the same molecule [101].

8 Lithium α-Amino Alkoxides

The Comins group developed an alternative means of achieving the
differentiated reactivity of aldehyde and ketone carbonyl groups
using the knowledge that lithium diisopropylamide will add to
certain non-enolizable ketones [102]. This led them to study the
addition of a lithium dialkylamide to the carbonyl of a
non-enolizable aldehyde [103, 104], effectively masking it as the
intermediate of the venerable Bouveault reaction such as 86, the
lithium salt of an N,O-hemiaminal [105–108]. The formation of
this α-amino alkoxide intermediate does not readily reverse on
exposure to organometallic reagents. Thus, such reagents can be
deployed in the chemoselective functionalization of another part of
the molecule, typically a less reactive carbonyl group or an aromatic
ring. The remarkable chemoselectivity that can be achieved can be
glimpsed through an examination of part of the Danishefsky
group’s total synthesis of the antitumor agent calicheamicin
[109]. This work used lithium N-methylanilide to selectively

Fig. 36 Use of MAD (84) to differentiate between two carbonyl groups such that only one is reduced
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protect the aldehyde carbonyl of the ketoaldehyde 87 shown in
Fig. 37, in the presence of an epoxide moiety. The ketone carbonyl
of the resulting α-amino alkoxide 86 was then engaged with a
lithium acetylide.

The organolithiums typically used to metallate an aromatic ring
are also strong nucleophiles and would undergo clean 1,2-addition
to the unprotected carbonyl of an aromatic or heteroaromatic
aldehyde. The prior addition of a dialkylamide, as well as preventing
the organolithium from attacking such an aldehyde carbonyl, pro-
duces a moiety which can direct a subsequent ortho-metallation
[110]. Lithium dialkylamides that have been employed as part of
such a tactic include the aforementioned lithium N-methylanilide,
as well as lithium morpholide, lithium N-methyl-N-(2-pyridyl)
amide (LMPA), lithium 1-methylpiperazide (LNMP), lithium N,
O-dimethylhydroxylamide, and the lithium amide of N,N,N0-tri-
methylethylenediamine (LTMDA) [111]. The α-amino alkoxide
formed from the latter is the most powerful ortho-director, presum-
ably due to the intramolecular TMEDA-like complexation of the
metal component shown for 88 (Fig. 38). The fact that different
α-amino alkoxides vary in their ability to direct an ortho-lithiation
[112] allows the regioselectivity of the lithiation of an aromatic or
heteroaromatic aldehyde to be dictated, and indeed tuned, by the
competition between the α-amino alkoxide chosen and any other
substituent on the ring [113, 114]. An example is shown in Fig. 39
where the N-methyl piperazine of compound 89 is unable to
outcompete the methoxy group for mesityllithium such that it is
the 5-, and not the 2-, position of the ring that is metallated. This
results in the formation of compound 90 after quenching with
iodomethane.

Fig. 37 Protecting an aldehyde carbonyl as an N,O-hemiaminal as part of a synthesis of calicheamicin

Fig. 38 Demonstration of the facilitation of ortho-lithation when α-amino alkoxide is formed from N,N,
N 0-trimethylethylenediamine
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The Comins methodology has been heavily exploited in drug
discovery and development programs. In particular, it has been used
for the introduction of functionality that opens up myriad options
for the modular assembly of a candidate drug target through cross-
coupling. The introduction of a tributyltin group has been used as
part of a synthesis of the antibiotic WS 5995B [115], while trapping
with an electrophilic iodine source has been part of the syntheses of
the benzo[b]fluorene core of the kinamycin antibiotics and
13C-labeled polyprenylhydroxybenzoic acids [116, 117]. Figure 40
provides an example of the introduction of boronic acid functional-
ity to furfural (91). It was elaborated to compound 92 as part of a
one-pot synthesis of the pentacyclic core 93 of GlaxoSmithKline
(GSK) inhibitors of the ErbB family of protein tyrosine kinases
[112]. Here the lithium α-amino alkoxide 94 arising from the use
of lithiumN,O-dimethylhydroxylamide offersminimal ortho-direct-
ing behavior. Figure 41 demonstrates another use of the Comins
methodology by GSK scientists to form a boronic acid, in this case
95, as part of the synthesis of an insulin secretion modulator. In this
instance, the regioselectivity arises from lithium-halogen exchange
on the aryl ring of the α-amino alkoxide intermediate, rather than
ortho-metallation [112].

8.1 Borylation of 2-

Furaldehyde

n-Butyllithium (5.00 mL of 2.5 M in hexane, 12.5 mmol) was
added to a slurry of N,O-dimethylhydroxylamine hydrochloride
(623 mg, 6.39 mmol) in tetrahydrofuran (30 mL) while keeping
the internal temperature �10 �C. The reaction mixture was then

Fig. 40 Protection of aldehyde carbonyl ahead of furan metallation as part of a synthesis of a family of GSK
kinase inhibitors

Fig. 39 Protection of an aldehyde as a comparatively weakly ortho-directing α-amino alkoxide
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stirred at �20 �C for 30 min before 2-furaldehyde (0.43 mL,
5.19 mmol) and then n-butyllithium (2.70 mL of 2.5 M in hexane,
6.75 mmol) were sequentially added, each at a rate which kept the
internal temperature below �15 �C. The pale yellow solution was
allowed to stir at �20 �C for 75 min, before triisopropyl borate
(1.84 mL, 7.97 mmol) was added at a rate which kept the internal
temperature below �15 �C. The reaction mixture was stirred for
15 min before acetic acid (0.75 mL, 13 mmol) was added, and the
reaction mixture warmed to 15 �C. Deionized water (470 μL,
26.1 mmol) was then added, and the resulting pale yellow slurry
stirred for 10 min. Approximately 10–15 mL of volatiles were
solvent swapped with tetrahydrofuran, so as to afford a crude slurry
of (5-formyl-2-furyl)boronic acid (92) which was carried forward
to the Suzuki coupling reaction shown in Fig. 40.

While parlayed as part of an intramolecular acylation, rather
than a cross-coupling, the bromination of 96 shown in Fig. 42 was
investigated as part of the manufacture of a Merck estrogen recep-
tor β-selective agonist 97 [118]. Batch mode studies were charac-
terized by modest reproducibility and yields and a highly
exothermic ortho-lithiation. These factors prevented its adoption
for the supply of drug substance for early clinical studies; however,
there remains the tantalizing possibility of the methodology grad-
uating to the process chemist’s armamentarium if accommodated

Fig. 42 Temporary protection of an aldehyde carbonyl as an α-amino alkoxide as part of synthesis of an
estrogen receptor beta-selective agonist

Fig. 41 Temporary protection of an aryl aldehyde carbonyl as an α-amino alkoxide ahead of lithium-halogen
exchange elsewhere on the ring
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in a flow setting. There are many other examples where the Comins
method has been used [119–122], or has the potential to be used
[123], to streamline the synthesis of pharmaceutically relevant
small molecules through the chemoselective functionalization of
aromatic or heteroaromatic aldehydes.

While the α-amino alkoxide intermediate arising from the
Comins method is typically formed so as to permit the decoration
of an aryl ring, there are also examples where lateral lithiation has
been used for the functionalization of a benzylic position
[134]. One such example is the carboxylation of compound 98
shown in Fig. 43, which was used to synthesize compound 99, the
naphthoic acid component of the chromophore of kedarcidin, a
chromoprotein antibiotic with anticancer activity [135]. The versa-
tility of the Comins method is further showcased with its applica-
tion to the protection of the carbonyl of cinnamaldehyde (100),
ahead of the regioselective addition of an organolithium across the
olefin [136]. The resulting carbolithiated intermediate can then be
further functionalized through alkylation, prior to the unmasking
of the aldehyde carbonyl so as to afford products exemplified by
101 (Fig. 44) [137].

While the discussion has hitherto focused on accessing the
α-amino alkoxide intermediate by attacking the carbonyl of an
aldehyde with an amide base, it can also be accessed by attacking a
carboxamide starting material with an organolithium. The chelat-
ing effect of an N-methoxy that characterizes Weinreb amide

Fig. 43 Temporary protection of an aldehyde carbonyl as an α-amino alkoxide ahead of benzylic
functionalization

Fig. 44 Temporary protection of carbonyl of cinnamaldehyde as an α-amino
alkoxide ahead of carbolithiation of the carbon-carbon double bond
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functionality in the starting material stabilizes the α-amino alkoxide
intermediate (e.g., 102), once formed, toward collapse. When it
does collapse, on working up the reaction, it is the carbonyl of a
ketone that is unmasked. Thus this is not a simple case of protecting
the original carbonyl functionality in the substrate as this carbonyl is
irreversibly transformed by the sequence. Nevertheless, it seems
appropriate to discuss this variant of the technology briefly. It was
exploited as part of an efficient assemblage of the “right-hand side”
of the polyether antibiotic X-206 (103), whereby a lithium
α-amino alkoxide 102 was formed, through the addition to the
Weinreb amide of 104. The lithium α-amino alkoxide functionality
protects the ketone that would otherwise arise at this position were
the reaction to have been worked up, allowing a hydrazone else-
where in the molecule to be efficiently enolized and reacted with
epoxide 105 (Fig. 45) [138–140].

In general, the Comins method has the disadvantage that the
lithium amide reagents used to access the α-amino alkoxide inter-
mediate are strongly basic, as well as being nucleophilic, making the
methodmost suitable for use on substrates where acidic protons are
not present or where their removal does not lead to undesired side
reactions [141]. An only modestly basic reagent that has been used
to mask aldehyde carbonyls is lithium pyrrolate [142]. The O-
lithiated pyrrole carbinol is stable to lithium borohydride, Grignard
reagents, and n-butyllithium at low temperatures. The potential of
telescoping these steps into a one-pot procedure is illustrated with
the deuteration shown in Fig. 46 of the arene ring of
3-bromobenzaldehyde (106). In this case, the aldehyde carbonyl
only fleetingly reappears in the midst of a telescoped deprotection-
HWE (Horner-Wadsworth-Emmons) sequence which ultimately
results in the isolation of enoate 107.

Fig. 45 Use of α-amino alkoxide formed from alkyllithium addition to a Weinreb amide to temporarily protect a
ketone carbonyl
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9 α-Amino Alkoxides with Other Metals

Alternative means of avoiding the use of a basic lithium amide
reagent include the use of a tetrakis(dialkylamide) of titanium or
manganese [143, 144]. These enable the in situ use of Grignards,
organolithiums, or enolates as nucleophiles elsewhere in the mole-
cule. The adducts readily unmask the carbonyl on exposure to water
during an aqueous reaction workup. The method is demonstrated
in Fig. 47 with the allylation of androstane-3,17-dione 82 to give
108. Here titanium tetrakis(diethylamide) masks the ketone car-
bonyl that is sterically less encumbered, though it is more com-
monly used to react a ketone carbonyl in the presence of an
aldehyde carbonyl.

Aluminum amides have also proven to be useful means of
masking a carbonyl without the limitations imposed by the basicity
of the lithium reagents. Aluminum complexes of N,O-dimethylhy-
droxylamine (Weinreb amine) have most notably been exploited
[145–147]. The corresponding α-amino alkoxide intermediate
(e.g., 109) is reported to be exceptionally resistant to nucleophilic
attack, permitting the chemoselective reaction of a ketone or ester
carbonyl with an organometallic reagent in the presence of an
aldehyde carbonyl and an ester carbonyl to be transformed in the
presence of a ketone carbonyl. The disadvantage of the reagent’s
ability to react with a ketone carbonyl, albeit more slowly than with
an aldehyde carbonyl, is that the strict control of the stoichiometry
of the reagent is required if useful levels of chemoselectivity are to

Fig. 47 Use of titanium tetrakis(diethylamide) to differentiate between two carbonyl groups

Fig. 46 Masking of an aldehyde carbonyl using lithium pyrrolate
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be achieved in a substrate where both types of carbonyl are present.
The utility of this methodology is demonstrated in the reaction of
the anthelminthic α-santonin (110), where a lactone carbonyl was
selectively alkylated to give compound 111 in the presence of a
highly reactive dienone moiety (Fig. 48) [145].

10 O,S-, O,P-, N,N- and O,O-Acetals

The lithium α-amino alkoxides developed with such success by the
Comins group necessarily correspond to the lithium salt of anN,O-
hemiaminal. A number of groups have shown that success can be
achieved with related species that can be classified on account of
their heteroatoms. One such group is the O,S-acetal formed by the
reaction of an aldehyde carbonyl with diethylaluminum benze-
nethiolate. A ketone carbonyl, as demonstrated in Fig. 49 with
112, or ester carbonyl, can be chemoselectively reduced in the
presence of an aldehyde carbonyl that has been temporarily masked
in this way [148].

Through exposure to trimethylsilyl trifluoromethanesulfonate
and a phosphine, an aldehyde or ketone carbonyl can be protected as
an O,P-acetal phosphonium salt, permitting the transformation of
another carbonyl or a nitrile elsewhere in the molecule
[149, 150]. The use of triphenylphosphine or themore nucleophilic
triethylphosphine (CARE: pyrophoric) permits the masking of an
aldehyde or ketone carbonyl, respectively. As illustrated in Fig. 50,
the former approach was used in conjunction with a Corey-Bakshi-

Fig. 48 Temporary protection of a ketone carbonyl using aluminum complex of N,O-dimethylhydroxylamine

Fig. 49 Use of an O,S-acetal to temporarily protect an aldehyde carbonyl ahead
of reduction elsewhere in 112

356 Alan Steven



Shibata reduction for the transformation of 113 to 114 as part of an
asymmetric synthesis of the diarylheptanoid (+)-centrolobine (115)
[149]. A conjugated enone is one class of ketone that can bemasked
with triphenylphosphine using this methodology, allowing its dif-
ferentiation from that of a non-conjugated ketone carbonyl
[151]. This is exemplified in Fig. 51 by part of a synthesis of
decytospolide B (116), a compound that has shown in vitro cyto-
toxic activity toward tumor cell lines A549 and QGY [151]. Keto-
enone 117 was converted to hydroxy-enone 118 prior to intramo-
lecular cyclization to pyran 119.

The fact that the acetal or aminal formation can be driven to
completion by simply removing water from a system lends itself to
reaction conditions that can be synchronized, albeit typically after a
solvent swap in the same pot, with subsequent functionalization
elsewhere in the molecule. In the example shown in Fig. 52, the
protection of the aldehyde carbonyl of 120 as a
1,3-dimethylimidazolidine 121 permitted the hydroxylation of
the aromatic ring to give 122, which was utilized in a search for
differentiation inducers of promonocytic leukaemic cells [152]. As
well as assisting with the chemoselectivity, the protection of the
aldehyde as a 1,3-dimethylimidazolidine directed the lithiation of

Fig. 50 Use of an O,P-acetal to temporarily protect an aldehyde carbonyl ahead of reduction elsewhere in 113

Fig. 51 Use of an O,P-acetal to temporarily protect carbonyl of an enone
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the ring to the position ortho to the carbonyl group. Mildly acidic
conditions have also been used to form an acetal from an aldehyde
carbonyl ahead of a transformation, often of a ketone carbonyl,
elsewhere in the molecule [153, 154]. Conversely, Porta and
co-workers have used mildly basic conditions to protect an alde-
hyde carbonyl as an acetal, permitting the chemoselective reduction
of the carbonyl of an aromatic ketone using titanium(III) chloride
[155]. This is exemplified in Fig. 53 with the reduction of the
ketone carbonyl of compound 123.

11 Imines and Formamidines

Certain types of imine, just as with certain types of acetal, also allow
a substrate to be chemoselectively manipulated in one pot. Inspired
by early work in the steroid area [156], the ability of bulky primary
amines like tert-butylamine to preferentially mask aldehyde over
ketone carbonyls as imines allows the selective reaction of the latter
in transformations such as a reduction or an olefination [157]. The
unmasking of the aldehyde carbonyl is readily achieved by an aque-
ous workup. The sequence is exemplified in Fig. 54 where a sterol
124 is synthesized by the reduction of a ketone 125 [158]. The
sequence leaves the C20 formyl intact and available for the later
introduction of a suitable steroid side chain [159]. Another exam-
ple can be found in the streamlining by Pfizer scientists of the
conversion of 2-chloro-3-aminopyridine (126) to 2-phenyl-3-ami-
nopyridine (127) [160]. The latter has been a key intermediate in
the preparation of 3-amino-2-phenyl-piperidine, a pharmacophoric
element of potent non-peptidic NK1 receptor antagonists such as

Fig. 53 Temporary protection of an aldehyde carbonyl as an acetal ahead of
reduction of a ketone carbonyl

Fig. 52 Temporary protection of an aldehyde carbonyl as an imidazolidine
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CP-99,994 (Pfizer) and GR203040 (GSK). An initial three-step
procedure, featuring acetamide protection of the amino group, was
replaced by the one-pot procedure shown in Fig. 55 [161]. This
used benzaldehyde to effect the initial and rapid derivatization of
the amino group as imine 128 so that a Suzuki cross-coupling to
yield 127 could proceed in quantitative yield in the same pot.

In situ imine formation can also be used to enable the chemo-
selective derivatization of different amines present in the same
molecule. One variant, disclosed by Johnson and Johnson scien-
tists, exploits the temporary protection of primary amines that can
be achieved when using methyl isobutylketone (MIBK) as a solvent
[162]. High-boiling-free base substrates can be derivatized in high
yield by driving off the water by-product of imine formation
through azeotropic distillation. Alternatively, a low-boiling-free
base can be transformed by gently heating it with a dehydrating
agent, and hydrochloride salts can also be used when sodium
carbonate is added so as to liberate the free base prior to its mask-
ing. With the primary amine temporarily protected, a secondary
amine elsewhere in the molecule can be acylated or alkylated.
Exposure to acid during the workup or simply heating with water
hydrolyses the imine protecting group, unmasking the primary
amine, and completing what is often a cost-efficient and scalable
means of differentiating between different amino groups. AstraZe-
neca scientists successfully scaled up the method by converting 129
to 130 as part of a multikilogram delivery of a CCR1 antagonist
(Fig. 56) [163–165]. Another example can be found in the tempo-
rary protection with MIBK of the amino group of an amino acid
ahead of the amidation of its carboxylic acid functionality as part of

Fig. 54 Temporary protection of an aldehyde carbonyl as its tert-butyl imine ahead of reduction of a ketone
carbonyl

Fig. 55 Temporary protection of an amine as an imine ahead of a Suzuki coupling
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the synthesis of aminoazobenzene-functionalized aluminosilicate
nanoparticles [166]. These have been used as a carrier for the
chemotherapeutic agent irinotecan.

11.1 Alkylation of

Piperidin-4-ylamine

(129)

Piperidin-4-ylamine (129) (24.7 kg of 94.9%w/w, 234 mol) and
MIBK (194 L) were refluxed for up to 24 h. The mixture was
cooled to below 30 �C, and a solution of sodium hydroxide
(71.5 kg of 20%w/w, 355 mol) and then a solution of 1-chloro-
4-(chloromethyl)benzene (37.4 kg, 234mol) inMIBK (39 L) were
sequentially added. The mixture was stirred at 20 �C for up to 24 h,
before being washed with water (100 L). Acetic acid (15.5 kg,
257 mol) was added and the resulting precipitate isolated by filtra-
tion, before being dried at 50 �C so as to afford 4-amino-1-
[(4-chlorophenyl)methyl]piperidinium acetate (130) (43.5 kg of
99.5%w/w, 65%).

As with MIBK, the exclusive reaction of salicylaldehyde with a
primary amine, in the presence of a secondary amine, has also been
exploited in one-pot procedures. This includes the synthesis, part of
which is given in Fig. 57 with the conversion of 131 to 132, of
ligands that could be used to treat tumors with high polyamine
transport activity [167]. The modest yield is unsurprisingly
reported to be due to the accompaniment of the hydrolysis of the
imine protecting group by N-Boc deprotection under the acidic
conditions used. A particularly mild way of removing the N-salicy-
lidene protecting group at the end of a sequence, where the use of
acid would otherwise cause side reactions, is to use O-methyl
hydroxylamine [168].

Fig. 56 Temporary protection of a primary amino group as an imine ahead of
alkylation of secondary amine

Fig. 57 Temporary protection of a primary amino group as an imine ahead of carbamoylation of a secondary
amine
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The exposure of the primary amino substituent of an aromatic
compound to Vilsmeier conditions masks it as a formamidine such
as 133 [169]. Through the masking of the amino group and the
concomitant activation of the carboxylic acid as an acid chloride,
this allows the chemoselective coupling of aminobenzoic acids (and
their heteroaromatic analogues) with amine coupling partners,
including poorly reactive anilines, using the sequence shown in
Fig. 58 [170, 171]. Deprotection can be achieved in the same pot
by heating with ethylenediamine derivatives. The amide 134 result-
ing from the illustration of this sequence in Fig. 58 has featured in
the synthesis of a potent non-peptidic bradykinin B2 receptor
antagonist [172]. The method has also been used for the amidation
of (R)-2-amino-3,3,3-trifluoro-2-methylpropanoic acid to pro-
duce compounds that have been screened for PDK inhibitory
activity [173].

12 Copper(II) Chelate

The ability of copper(II) to form chelates such as 135with α-amino
acids has been exploited since the time of Fischer [174]. In the case
of the dibasic amino acids ornithine and lysine, the chelates are
organic-soluble and provide a means of masking the α-amino acid
functionality. This allows the amino group of the side chain to be
chemoselectively derivatized in a one-pot procedure. This is exem-
plified by theNε-urethane 136 formed from L-lysine hydrochloride
(137) in Fig. 59 [58, 175–178]. Decomplexation can be achieved
under mild conditions using ethylenediamine tetraacetic acid dis-
odium salt, a chelating ion exchange resin or 8-hydroxyquinoline.

Fig. 58 Temporary protection of an amino group as a formamidine ahead of an amide bond formation

Fig. 59 Temporary protection of α-amino acid of L-lysine ahead of Nε-carbamoylation
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This methodology provides a streamlined means of accessing
orthogonally protected diurethane derivatives of dibasic amino
acids, compounds that are staple starting materials for the commer-
cial production of a number of peptide drugs.

12.1 Nε-Carbamoy-

lation of L-lysine

A mixture of L-lysine hydrochloride (137) (5.00 g, 27.4 mmol)
and basic copper(II) carbonate (5.00 g, 22.6 mmol) in water
(40 mL) was refluxed for 30 min. The suspension was then filtered
while hot and washed with water. After cooling to 25 �C, the
solution was basified with magnesium oxide (1.5 g) and a solution
of Fmoc-azide (10.6 g, 40 mmol) in dioxane (75 mL) added. After
stirring at 45 �C for 16 h, acetic acid solution (25 mL of 2 M) was
added to the bulky blue precipitate and the mixture stirred for
60 min before being filtered. The solid was washed with water
(3 � 50 mL), dioxane (2 � 25 mL), and chloroform (2 �
25 mL). The amount of Nε-fluorenylmethyloxycarbonyl-L-lysine
copper(II) complex after drying and powdering was 6.98 g (64%).
A portion of this powder (5.19 g, 6.5 mmol) was added to a
supersaturated EDTA disodium salt solution that was freshly
prepared by adding EDTA (2.53 g, 8.67 mmol) in portions to a
stirred solution of sodium hydrogencarbonate (1.42 g) in water
(20 mL). The suspension was agitated until the blue color had been
discharged (ca. 1 h). Filtration and washing with water afforded
(2S)-2-amino-6-(9H-fluoren-9-ylmethoxycarbonylamino)hexa-
noic acid (136) as a white solid (4.60 g, 96%).

Where the α-amino group already bears a sulfonamide protect-
ing group, the acidity of this functionality still allows chelate for-
mation, when it is treated at high pH. This was successfully
explored by the Merck scientists, in the alkylation of the (S)-tyro-
sine derivative 138 shown in Fig. 60 [76]. In spite of the benefits
that such a streamlined approach conferred on the efficiency of the
synthesis, it was not adopted due to concerns over the carryover of
copper into the drug substance.

Fig. 60 Temporary protection of an α-amino acid derivative of L-tyrosine as a copper(II) complex ahead of
alkylation of the phenolic functionality

362 Alan Steven



13 Summary

While protecting group chemistry has undoubtedly empowered
chemical synthesis, in recent years, the bar has been raised on
what can be expected from a protecting group-free synthesis
[179–181]. While the chemistries described herein are hardly pro-
tecting group free, in as far as a protecting group is attached to (and
typically removed from) largely either carbonyl, amine, diol, or
amino acid functionality in a one-pot procedure, they constitute a
powerful variant of this theme. The examples quoted from drug
discovery and development applications illustrate that protecting
functionality in the same pot as the subsequent transformation
really is a credible strategy for streamlining the synthesis of a com-
pound in a pharmaceutical setting. The simplicity of most of the
reagents involved means they are readily available and their use is
economically attractive. Such use can also bestow additional practi-
cal applications, as is the case where trimethylsilylation solubilizes
an amino acid starting material in the organic solvents used for
onward processing. The savings in processing that are achieved by
protecting a substrate in the same pot as the onward transformation
typically also manifest themselves in the unmasking step, which
often proceeds under conditions associated with standard workup
operations.

In spite of the approaches discussed, there remain myriad
opportunities for new methods and new applications of existing
methods. For example, to date, once a carbonyl has been tempo-
rarily masked, the subsequent transformation has overwhelmingly
been the reduction of, or nucleophilic addition to, another car-
bonyl elsewhere in the molecule. The N-carboxylation of an amine
is another underexploited approach. That said, the appeal of apply-
ing existing methods and developing new ones will surely continue
to grow along with the inexorable pressure to demonstrate an
improvement in whatever environmental metric is being used to
assess performance throughout the lifecycle of a drug project.
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Expanding the Biocatalysis Toolbox

Rajesh Kumar, Carlos A. Martinez, and John W. Wong

Abstract

Research directed toward the development of biocatalytic platforms has been sparked by successful applica-
tions of enzymes for sustainable manufacturing of pharmaceutical compounds. This review describes recent
progress in the development of ene-reductases, oxygenases, and enzymes for amide and amine synthesis,
with a focus on academic and industrial collaborations.

Key words Biocatalysis, Toolbox, Green chemistry, Pharmaceutical, Transaminase, Ketoreductase,
Ene-reductase, P450, Monooxygenase, Amine dehydrogenase, Imine reductase

1 Introduction

In a recent review on Green chemistry in process research and
development, Dunn [1] highlighted the value of biocatalysis for
synthesis of pharmaceutical compounds using enzymatic routes to
pregabalin, sitagliptin, and rosuvastatin as case studies. Biocatalysis
uses enzymes, which are biodegradable and often sustainably pro-
duced, to catalyze highly selective reactions typically operated in
aqueous media under mild conditions. These features of biocataly-
sis give improved efficiency compared to classical synthetic methods
by reducing or eliminating the use of organic solvents, avoiding
precious metal-based catalysts, shortening synthetic routes by cir-
cumventing protection/deprotection reactions, and reducing
energy requirements. The biocatalytic route to pregabalin [2]
(Scheme 1), the active pharmaceutical ingredient (API) in Lyrica®,
illustrates many of the features of biocatalysis that makes this tech-
nology particularly well suited for green and sustainable chemistry.
Lipolase, a commercially available detergent enzyme, is used in the
first step of the synthesis to selectively hydrolyze racemic cyanodie-
ster 1 to give (S)-monoester acid 2 and unreacted (R)-cyanodiester
[(R)-1], which is removed in the organic phase. The subsequent
steps consisting of thermal decarboxylation, ester hydrolysis, and
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catalytic hydrogenation are all carried out in water to convert 2 to
pregabalin in high yield and enantiomeric purity. Even without
recycle of the undesired (R)-1, the biocatalytic route yielded a
large improvement in process efficiency as indicated by an E factor
of 17 compared to 86 for the classical resolution route [3]. Recycle
of (R)-1 by base-catalyzed racemization further improved the
E factor of the biocatalytic route to 8, which compares favorably
with E factors typical of the fine chemicals industry (E 5–>50)
versus E factors of 25–100 for the pharmaceutical industry, as
proposed by Sheldon [4]. In addition to waste minimization, the
biocatalytic route also reduced energy consumption by 83% com-
pared to the classical resolution route [5].

The synthesis of sitagliptin, the active ingredient in Merck’s
Januvia®, is another example of the application of biocatalysis for
the manufacture of APIs. The biocatalytic route (Scheme 2) utilizes
a transaminase to convert ketoamide 3 to sitagliptin (>99.9% ee) in
one step, replacing a two-step process consisting of conversion of
ketoamide to enamine followed by asymmetric hydrogenation with
a rhodium catalyst [6]. Compared to the asymmetric hydrogena-
tion route, the biocatalytic route gave 10–13% improved yield,
increased productivity by 53%, eliminated the use of rhodium,
and reduced the cost of manufacture. Development of the biocata-
lytic route required extensive engineering of the transaminase start-
ing from a wild-type enzyme that had no detectable activity for the
ketoamide, thus demonstrating the value of enzyme engineering
for chemical process development. These achievements were recog-
nized with a Presidential Green Chemistry Challenge award in
2010 to Merck and Codexis as co-recipients in the greener reaction
condition category. The value of biocatalysis for green and

Scheme 1 Biocatalytic route to pregabalin

Scheme 2 Biocatalytic route to sitagliptin
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sustainable manufacturing of APIs was further highlighted since
Merck had previously received a Presidential Green Chemistry
Challenge award for the development of the asymmetric hydroge-
nation route to sitagliptin in 2006. The successful implementation
of biocatalytic routes to pregabalin and sitagliptin clearly demon-
strates the value of biocatalysis for efficient, cost-effective API
manufacture, and further application of this technology for phar-
maceutical synthesis is expected to increase [7–9] Currently, the
number of applications of biocatalysis for pharmaceutical com-
pounds is relatively small, compared to the processes that use
standard synthetic methods. Bornscheuer et al. [7] listed 43 biocat-
alytic processes that have been scaled up for pharmaceutical com-
pounds; however, only a handful of these have been used for
commercial manufacture, as this list also included processes scaled
up to relatively low scale (grams to low kgs) and processes for
compounds no longer in development. Reetz [9] identified the
availability of enzymes on suitable scale for practical applications
and narrow scope (substrate, selectivity, stability) of wild-type
enzymes as two major technical limitations that have contributed
to the slow uptake of biocatalysis but have been essentially solved by
advances in recombinant DNA technology and directed evolution,
respectively. Bornscheuer et al. [7] discussed advances in key tech-
nologies (protein engineering, gene synthesis, sequence analysis,
bioinformatics, computer modelling) that have driven a resurgence
in biocatalysis referred to as “the third wave of biocatalysis.” These
tools have enabled engineering of industrially useful enzymes with
improvements of specific attributes of up to several orders of mag-
nitude compared to the wild-type enzymes. A case in point is the
engineering of a halohydrin dehalogenase (HHDH) used in a
process for the Lipitor® intermediate, (R)-4-cyano-3-hydroxybu-
tanoate. The activity of wild-type HHDH, which suffered from
product inhibition and poor stability under process conditions,
was improved 2500-fold by changing 35 of the 254 amino acid
residues [10]. Equally impressive was the ~40,000-fold improve-
ment of a wild-type transaminase for the sitagliptin process which,
as noted previously, had no initial activity for the desired substrate
and required changing 27 of 330 amino acid residues to achieve
desired targets [11]. These examples clearly illustrate the advan-
tages of using engineered enzymes for industrial synthesis of phar-
maceutical compounds but also highlight a need for further
advances in enzyme engineering to reduce the time and resources
required to engineer enzymes, especially when >20 amino acid
residues are changed. As discussed by Bornscheuer et al., engineer-
ing an enzyme to give large improvements in properties still
requires a large research team and a sufficient return on investment
before embarking on such a program. Therefore, with the current
state of technology, enzyme engineering for pharmaceutical appli-
cations is usually justified for second-generation processes for
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marketed products or later stage projects where attrition is lower.
Further advances are needed to significantly reduce the effort
required for enzyme engineering, and this should expand the use
of enzyme engineering and result in broader enzyme platforms to
fill the biocatalysis toolbox. The biocatalysis toolbox can also be
improved by expanding reaction scope. Current biocatalysis appli-
cations use a fairly narrow range of enzymes. Of the 43 biocatalytic
processes listed by Bornscheuer et al., 33 were carried out with
5 types of enzymes comprised of ketoreductases (KREDs) (17),
transaminases (4), hydrolases (6), oxidative enzymes (4), and aldo-
lases (2). The predominance of KRED applications is not surprising
as KREDs have been the subject of a great deal of research [12, 13],
and enzymes that cover a broad range of substrates are available
commercially. More recently, transaminases have been the focus of
research [14–16], and many transaminases are commercially avail-
able which should lead to an increase in industrial applications. The
focus of this chapter will be the expansion of the biocatalysis
toolbox with an emphasis on collaborations between academia
and industry.

2 Challenges to Further Adoption of Biocatalysis

Biocatalysis is currently impacting the entire drug development
cycle, with a larger number of enzyme classes directly applicable
to substrates for discovery and early development targets and a
smaller group of enzymes applied to late development and
manufacturing targets. The majority of applications still center on
the preparation of chiral building blocks using ketoreductases
(KRED), hydrolases and transaminases (TA), with fewer cases
using oxygenases, ene-reductases (EREDs), oxynitrilases, aldolases,
epoxide hydrolases, and dehalogenases [2, 7, 12, 13, 17–21]. In
today’s world, access to enzymes in each of these classes is no longer
a bottleneck, and many enzymes are readily available by cloning
genomic sequences from databases [22]. The real bottleneck is in
the successful expression and characterization of an enzyme against
an array of substrates and the demonstration of its true usefulness in
chemical synthesis applications. Also, access to useful enzymes is
aided by “workhorse” enzymes, which have operational stability
and are excellent scaffolds because they are readily expressed and
very amenable for the creation of mutant libraries. Examples of
workhorse” enzymes are CAL B lipase, Vibrio fluvialis aminotrans-
ferase and Lactobacillus kefiri alcohol dehydrogenase, which have
been used in many biocatalysis applications [7, 22, 23]

A key step in designing a synthetic route and determining
whether to consider an enzymatic step or a chemical transformation
is retrosynthetic analysis, and during this process, it is of prime
importance to define the strengths of each approach while making
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a decision as to how much to study a potential disconnection
[24, 25] The existence of gaps in the biocatalysis toolbox becomes
clearly visible while evaluating the feasibility of a transformation,
particularly with a short timeline (typically 2–4 weeks), and these
gaps are defined essentially by one or more limitations:

l One obvious limitation is the lack of enzyme availability, which
may be because an enzyme does not exist or has not been
discovered for a particular transformation, or because an enzyme
is not commercially available. The commercial availability of an
enzyme is clearly driven by demand, which in some cases may be
for different applications such as enzymes used in the food or
detergent industries. However, the commercial availability of
enzymes used only for organic synthesis applications would be
directly driven by the need for a particular transformation, which
in turn is related to the frequency that a particular disconnection
appears in retrosynthetic analysis and/or the need for a particu-
lar functional group. Alcohols and amines are by far the most
common target compounds, and therefore enzymes used for the
direct synthesis of these compounds, such as KREDs and TAs,
are more commonly offered by commercial suppliers and also
cloned in industrial biocatalysis groups. The commercial avail-
abilities of other enzymes such as Baeyer-Villiger monooxy-
genases, aldolases, dehalogenases, and oxynitrilases are
considerably lower than for KREDs and TAs, and this is likely
due to a lower need for the transformations catalyzed by these
enzymes in pharmaceutical synthesis. Several types of enzymes,
such as nitrilases, EREDs, and monooxygenases, are in the
middle of the spectrum of availability and are offered by several
suppliers. In this discussion, it is reasonable to consider if this is a
case of “chicken vs egg problem” in that demand for an enzyme
could result from the commercial availability of enzymes, at least
initially in quantities sufficient to determine feasibility.

l A second limitation applies to enzymes, available commercially
or via in-house cloning efforts, that lack operational stability and
are therefore unsuitable for preparative use. This limitation may
be overcome by immobilizing an enzyme to improve stability,
discovering a better wild-type enzyme, or applying protein engi-
neering techniques to improve the properties of an enzyme.

l A third limitation that is also significant when defining gaps in
the tool box is the substrate scope of enzymes. Pharmaceutically
relevant substrates are often complex molecules that may be
substantially different from an enzyme’s natural substrate and
therefore pose a challenge when attempting a preparative appli-
cation. The enzymatic transformation of highly functionalized
organic compounds with high molecular weight can be very
challenging, and failures are especially common in reactions
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involving sugar substrates (using glycosidases and oxygenases)
and also natural products as substrates using most enzyme clas-
ses. Numerous efforts have been made in these areas with little
impact at large scale [10, 26].

l Finally, another gap in the enzyme toolbox is due to enzymatic
transformations that are underexploited or require more basic
knowledge to develop practical applications. Two enzymatic
transformations that may fit in this category of gaps are amide
synthesis and oxygenation. In the case of amide formation, the
hydrolase-catalyzed coupling of carboxylic acids or esters with
amines has been known for several decades and has been
exploited industrially for the resolution of chiral amines, but
not to any significant extent for the synthesis of pharmaceutically
relevant amides. Amide bond formation could potentially be
carried out with other non-hydrolytic enzymes, but so far
these do not appear to have been exploited for the synthesis of
pharmaceutically relevant amides [27–32]. The enzymatic tool-
box for the oxygenation of organic substrates is typically limited
by low substrate concentrations and conversions. These limita-
tions may be partially due to mass transfer issues resulting from
the low solubility of oxygen in aqueous systems [33].

In order to fill these gaps, the future course of biocatalysis
should be advanced on multiple fronts including the development
of enzymes suitable for preparative applications and also enabling
the development of rapid methods for the characterization of novel
enzymes against an array of organic substrates. One research area
that has received attention over the last few years is cascade reac-
tions, whereby multistep enzyme-catalyzed processes are utilized to
achieve enhanced productivity and efficiency by eliminating isola-
tions and displacing reaction equilibrium. Biocatalytic cascade reac-
tions are an intensively investigated research area, as evidenced by
more than 100 articles published on this topic in the last 5 years
[34, 35]. Another area of active research is the development of new
reaction types. Advances include the use of an engineered P450
monooxygenase to perform cyclopropanation reactions, the
Michael-type addition of linear aldehydes to β-nitrostyrene by the
proline-based enzyme 4-oxalocrotonate tautomerase, the Pictet-
Spenglerase activity found in Strictosidine synthase, and continued
efforts in the development of Diels-Alderase enzymes [36–40]. The
application of process engineering principles is also vital to the
development of efficient enzymatic processes, and this includes
selecting optimal reactor configurations, ensuring adequate sub-
strate supply, and using reactionmonitoring methods to name a few
[41–44]. The renaissance of flow systems represents one active area
with multiple examples, including the synthesis of chiral amines in
organic solvents using transaminase, the biocatalytic production of
catechols using a high-pressure tube-in-tube segmented flow
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microreactor, the use of combined continuous flow reactors for
transition-metal-catalyzed heterogeneous hydrogenation/epimeri-
zation and Baeyer-Villiger monooxygenation, and the flow-
resolution of indole derivatives using immobilized lipases in organic
solvent [45–48]. The use of in silico predictive tools to assist
enzyme engineering remains an area of active yet challenging
research. Promising examples have been reported on the use of
these methods on transaminase catalysis. However, the methods
are generally applicable to other enzyme systems [49–51].

The remainder of this chapter will discuss the expansion of the
biocatalysis toolbox in the areas of amide and chiral amine synthe-
sis, asymmetric reduction of activated CC bonds, and oxygenation,
with a focus on research conducted by industrial/academic
collaborations.

3 Biocatalytic Amide Synthesis

Amide functionality is one of the most common building blocks in
both naturally and synthetically made compounds [52, 53]. Based
on some estimates, 25% of all pharmaceuticals on the market and
two-third of drug candidates contain amide functionality
[54, 55]. In addition to this, amide functionality is also very com-
mon in polymers, agrochemicals, and fine chemicals [56, 57].

There are a large number of chemical methods [58] available
for amide bond formation starting from the corresponding carbox-
ylic acids and amines. These methods involve thermal activation or
acid base catalysis, but are not suitable for large-scale synthesis and
are often limited by substrate scope. Most of the industrially rele-
vant chemical syntheses of amide bonds involve activation of car-
boxylic acids or use of coupling agents [59]. These reactions are
useful but not highly efficient, since they typically require stoichio-
metric amounts of coupling/activation agents which end up as
waste and may be difficult to remove, adding to processing costs.
Because of these issues, “amide bond formation using environmen-
tally benign methods and with high atom economy” was high-
lighted and selected as one of the top priorities by the American
Chemical Society’s Green Chemistry Institute Pharmaceutical
round table in 2007 [60].

Enzyme-catalyzed aminolysis [61] of carboxylic acids or esters
to form amides is a well-known reaction that offers a potential
solution to the issues of low atom economy and environmental
challenges, associated with chemical synthesis. However, applica-
tion of enzymatic amidation technology has been very limited,
owing to narrow substrate scope and low activity and stability of
the available enzymes. The other major hurdle is the reverse hydro-
lytic reaction, which not only erodes the selectivity (in the case of
chiral amide synthesis), but makes it difficult to achieve good
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conversions. In the case of enzymatic aminolysis of carboxylic acid
esters, the generation of alcohols during the reaction often results
in enzyme deactivation, and carboxylic acid esters with bulky alco-
hols are not very good substrates for aminolysis reactions. In view
of these issues, a widely applicable tool box of stable enzymes, with
broad substrate scope for amide bond formation, would be very
useful [62], especially for the synthesis of structurally diverse com-
pounds for pharmaceutical development. Over the last decade, a
significant amount of work has been reported in the literature to
address the issues highlighted above as detailed in several reviews
[32, 63]. However, enzymatic amide bond formation remains a
contemporary challenge. Herein we have reviewed the recent devel-
opments in this area with a focus on industrial/academic collabora-
tions, which includes identification and development of novel
enzymes, protein engineering, and preparation of more stable
enzyme formulations, mainly via enzyme immobilization on solid
supports.

Based on the mechanism of amidation and carboxylate activa-
tion, there are several structurally and functionally distinct protein
families that are involved in amide bond formation [32]. In general,
based on their mechanistic pathway, they could be classified as
ATP-dependent or transacylation enzymes. ATP-dependent
enzymes have received much attention for their role in natural
system, whereas transacylating enzymes are more established for
the synthesis of nonnatural amides. Lipases and proteases such as
lipase A and B from Candida antarctica (CAL A and CAL B)
[64, 65], thermolysin and chymotrypsin, utilize the transacylation
strategy for amide bond formation but with limited success. This is
mainly due to substrate limitations and enzyme inhibition asso-
ciated with these enzymes [63, 66]. In general, synthesis of fatty
acid amides catalyzed by CAL B is a very efficient process [67],
whereas synthesis of peptide amides which is common in nature
[68] has been very elusive, except for a few successful examples
driven by thermodynamics or in the reverse hydrolysis mode
[69, 70]. Several studies are reported in the literature to understand
the mechanistic aspect and substrate scope of various hydrolases;
however, the number of hydrolases enzymes that could be used
successfully, remained unchanged [63]. Recently, CLEA Technol-
ogies in collaboration with Pfizer [71] investigated the substrate
range of two lipases, CAL B and Pseudomonas stutzeri lipase (PSL),
and found that PSL showed activity against a range of substrates
and, in contrast to CAL B, showed good activity with secondary
amines. This was a significant advance in enzymatic amidation
technology, as it identified an enzyme (PSL) with complementary
selectivity to existing enzymes. The overall conclusion of this study
was that enzyme-catalyzed aminolysis was a potential green alter-
native to existing noncatalytic amide couplingmethods and that the
application of modern molecular biology tools should lead to
enzymes with broader substrate range.
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In order to improve the activity and substrate profile for exist-
ing hydrolase enzymes, much attention has been focused on
improving their protein expression and thermal stability [72]. Sev-
eral immobilized forms of commonly used enzymes have been
developed with improved thermal stability and tolerance to organic
solvents. Also, the development of E. coli-based expression system
for CAL B has been reported to facilitate the development of
variants with higher hydrolytic activity via protein
engineering [73].

A Novozyme sponsored study recently looked at improving the
amidase activity of the CAL B via enzyme engineering aided by
computational tools [74]. In this study, in silico screening of
393 mutants [75] was compared with experimentally measured
activity and showed improved activity for 15 mutants out of
22 designed by computational tools. Their method also identified
four of the six most active mutants with >3-fold activity over wild
type. In addition to this, several double, triple, and quadruple
mutants were generated from the most active single mutant with
improved activity. This provided a good initial proof of concept for
improving amidase activity via enzyme engineering. A patent appli-
cation claimed that the enzyme variants could be used to catalyze
amidation by ester aminolysis, but this activity was not experimen-
tally tested [76].

4 Biocatalytic Chiral Amine Synthesis

Chiral amines are a key component of both natural and synthetic
compounds and are widely present in pharmaceutical, fine chemi-
cal, polymer, and agrochemical industries [77–79]. There are
numerous chemical methods available for the synthesis of various
chiral amines and have been successfully scaled up to industrial
scales [80–82]. However, most of the reported methods for chiral
amine synthesis require multiple steps including protection and
deprotection steps, making the overall synthesis inefficient. In addi-
tion to this, several methods for the synthesis of chiral amines use
high-energy intermediates such as azides, which pose a safety con-
cern. Enzyme-catalyzed synthesis of chiral amines is highly attrac-
tive as this provides a direct route, without the need of protecting
or high-energy groups and typically carried out under mild reaction
conditions that are environmentally benign [83]. There are various
enzyme classes reported in the literature that could be used for the
synthesis of chiral amines [84]. Earlier methods employed hydro-
lases for the resolution of racemic amines via selective N-acylation
in organic solvents [14, 61]. These methods afforded material with
high enantiomeric purity but were limited to primary amines and
only gave a theoretical yield of 50%. More recently, there has been a
significant growth in the area of asymmetric chiral amine synthesis
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using enzymes, driven by a combination of factors [7, 84]. Enzyme
classes that have attracted attention for asymmetric chiral amine
synthesis include transaminases (also known as amine transferases,
TA) [85], lyases [86, 87], imine reductases (IREDs), and amine
dehydrogenases (AmDH). Monoamine oxidase enzymes have also
been reported for the deracemization or resolution of racemic
amines [83]. Table 1 summaries the strengths and gaps of these
enzymatic methods.

Among these classes of enzymes, TAs have undergone explosive
growth in recent years for the synthesis of chiral amines from
corresponding prochiral ketones. As highlighted in Table 1, both
S and R selective TAs are commercially available and have been
successfully used for commercial scale manufacturing. TAs are an
integral part of the biocatalytic toolbox due to the efforts of many
research groups, including several industrial/academic collabora-
tions, that have addressed a variety of problems including substrate
scope, enzyme stability, and equilibrium displacement [85, 88–
93]. The development of a thermostable TA was carried out by
Cambrex in collaboration with Michigan Technological University
[94, 95]. This was achieved by the evolution of a mesophilic TA
from Arthrobacter citreus to a thermostable enzyme using error-
prone PCR [95, 96]. Over several rounds of evolution using a high-
throughput colorimetric assay, the specific activity of an S-selective

Table 1
Enzymatic methods for chiral amine synthesis

Platform Scheme Strengths Gaps

Imine reductase Endo-cyclic imines,
Iminium anions, 2�/
3� amines

Acyclic
N-aliphatic
imines (water
sensitivity),
Substrate scope
TBD

Monoamine oxidase Deracemisation to (R)-
amines ((S)-MAO),
In-situ imine
formation, 1�/2�/3�

amines

Limited for (R)-
selective
oxidation
Bulky
substrates

ω-Transaminase (S)- and (R)-
transaminases,
commercially
available

Not 2�/3�

amines

Amine dehydrogenase Novel platform Substrate scope
and selectivity
TBD, Not 2�/
3� amines
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TA was improved from 5.9 to 1582.8 IU/g. Since Cambrex devel-
oped its TA-based process over a decade ago using its S-selective
enzyme, there have been several additional S-selective TAs identified
and improved using bio-informatics, gene sequencing, and protein
engineering approaches. A recent review [85] noted generally low
activity and selectivity of available TAs and also pointed out the
prevalence of S-selective TAs compared to only a few R-
selective TAs.

Recently it was demonstrated that protein engineering could be
used to expand the specificity and activity of wild-type TAs
[97, 98]. The development of a commercial process for sitagliptin,
using an engineered R-TA, was reported by Codexis and Merck &
Co. and discussed in the introduction to this chapter [11].

Bornscheuer and his group in collaboration with Lonza devel-
oped an in silico strategy for a sequence-based prediction of sub-
strate specificity and enantio-preference for TAs [50]. In their
approach they used rational protein design to predict key amino
acid substitutions for desired activity, followed by a search of pro-
tein databases to identify proteins carrying these substitutions. This
avoided the laborious work of generating constructs with these
mutations and resulted in the identification of naturally evolved
proteins. Using this approach they discovered 17 R-selective TAs,
of which 7 were screened against a variety of substrates and shown
to give high conversions and selectivities for R-amines [99].

As a part of CoEBIO3 (Center for excellence in Biocatalysis), a
multi-university and multi-industry collaboration, development of
novel TAs and reactions was one of the priority programs.
Bio-informatics tools and enzyme engineering were used to
develop a set of engineered S-selective TAs that could work on
large set of substrates. The CoEBIO3 collaboration also looked at
various aspects of TA-catalyzed reactions, such as selection of amine
donor and removal of byproduct to drive the reaction in the for-
ward direction [88].

Direct reductive amination of carbonyl compounds with
AmDHs could provide another useful method for the synthesis of
chiral amines that have a favorable equilibrium compared to trans-
aminations with TAs and do not require the removal of an amine
donor byproduct [100]. In this direction a significant milestone
was achieved by Bommarius et al. as part of the Center for Pharma-
ceutical Development, an Industry/University Cooperative
Research Program (I/UCRC) sponsored by the NSF. In this pro-
gram they successfully engineered two (S)-selective amino acid
dehydrogenases (L-leucine and L-phenylalanine dehydrogenases)
to accept non-amino acid amines as substrates, thus opening up the
opportunities for discovering or engineering new novel activities in
this area. This was achieved by modifying the carboxylate binding
site of wild-type enzymes and by focusing on the mutagenesis of
active site residues. In the case of LeuAmDH [101], 11 rounds of
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enzyme engineering targeting 14 residues were performed to
completely change the substrate specificity. A quadruple mutant
resulted from this exercise which had little to no activity on its
native substrate and showed an activity of 0.69 U/mg with Kcat
of 0.46/s for methyl isobutyl ketone. The knowledge gained in this
program was applied to engineer a phenylalanine dehydrogenase
from Bacillus badius, and a double mutant K77S/N276L was
shown to have a reductive amination activity for the synthesis of
(R)-1-(4-fluorophenyl)-propyl-2-amine with high enantioselectiv-
ity (>98%) [102]. Further work on expanding the substrate scope
and improving the catalytic activity will broaden the potential
applicability of this method.

As noted above, enzymatic technology to make chiral primary
amines using TAs has been firmly established, and the development
of AmDH technology has started. In contrast, the synthesis of
secondary or tertiary amines via enzymatic methods is in its early
stages. Recently there has been growing interest in the enzymatic
asymmetric reduction of imines to make chiral secondary amines
[103]. Enzymatic reductions of imines have been scarcely devel-
oped, which could be due to their lower stability in aqueous media,
restricting it to a few naturally occurring imines [104]. Imine
reductases from different sources has been biochemically described
and characterized, mainly involving cyclic imines, which are more
stable in aqueous media compared to acyclics [105]. Recently imine
reductions have been reported using whole cells of Candida para-
psilosis ATCC 7330, resulting in (R)-chiral amines with low yields
[106]. This system appears to have very limited substrate scope and
low activity even with a high cell loading [107]. More recently
imine reductase activity was identified from Streptomyces sp. using
classical enrichment cultures [107, 108]. In this study two novel
NADPH-dependent (R)- and (S)-selective imine reductases from
Streptomyces sp. GF3587 and GF 3546 were identified using a cyclic
imine, 2-methylpyrroline as a substrate, which is highly stable
under enzymatic reaction conditions of neutral aqueous media.
Whole-cell-catalyzed reduction of 2-methyl pyrroline produced
(2R)-methylpyrrolidine (99.2% ee, 91–92% yield) and (2S)-methyl-
pyrrolidine (92.3% ee, 91–92% yield) using Streptomyces sp. GF3587
and GF 3546 cells, respectively. The (R)-imine reductase (RIR)
from Streptomyces sp. GF3587 was purified and further character-
ized and found to be highly specific for 2-methylpyrroline
[107]. The gene sequence data analysis of RIR resulted in the
identification of a homologue with Uniprot accession number
Q1EQE0, in the genome of Streptomyces kanamyceticus, which
also produced (R)-2-methylpyrrolidine from 2-methylpyrroline
with 99.6% ee. All three imine reductase were cloned and over-
expressed in E. coli, and the crystal structure of (R)-selective IRED
Q1EQE0 from Streptomyces kanamyceticus was solved [25]. These
enzymes showed activity against a variety of substrates, including
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2-methylpyrrolidine, dihydroisoquinolines, and dihydro-B-carbo-
lines. (S)-IRED showed good activity on a wide range of substrates,
whereas (R)-IRED had limited substrate specificity. In addition,
these enzymes also showed activity on iminium ions indicating the
possibility of tertiary amine synthesis. To further expand the scope
of known IREDs, researchers from CoEBIO3 and Chem21 (aca-
demic and industrial collaborations) established the Imine Reduc-
tase Engineering Database (https://ired.biocatnet.de/ Accessed
14th September 2021) with more than 350 protein entries and
used it to find 2 novel R-selective and one S-selective IREDs by
comparing the gene sequences with known IREDs [109]. These
novel IREDs showed higher activity compared to previously known
IREDs when tested against 2-methylpyrroline. In addition, several
key residues were identified by the systematic analysis of potential
catalytic residues of R- and S-selective IREDs, making them ame-
nable to engineering for broader substrate scope and higher
activity.

5 Bioreduction of Activated Alkenes with Ene-Reductases

Asymmetric reduction of alkenes is a powerful tool for the synthesis
of chiral molecules. The organic chemistry toolbox for alkene
reduction is well equipped with tools for cis-hydrogenation using
precious metal catalysts with chiral ligands [110, 111] and the more
recently developed trans-hydrogenation with organocatalysts
[112, 113]. Biocatalytic tools for alkene reduction, while not as
well developed as their counterparts in the chemistry toolbox, are
rapidly emerging and are currently comprised of enzymes generally
referred to as ene-reductases (EREDs). EREDs belong primarily to
the “old yellow enzyme” family of nicotinamide-dependent fla-
voenzymes [114], which were first discovered more than 80 years
ago with the isolation of old yellow enzyme (OYE) from yeast
[115]. Recent interest in synthetic applications of EREDs derives
from their ability to catalyze the stereoselective reduction of acti-
vated alkenes to give products with one or two new chiral centers
(Scheme 3). The mechanism of this reduction has been elucidated
[116] and consists of a reductive half reaction, in which flavin
cofactor is reduced with reducing equivalents from the nicotin-
amide cofactor, followed by an oxidative half reaction during
which hydride is transferred from the reduced flavin to Cβ of the
alkene substrate. Transfer of a proton from a tyrosine residue to Cα
from the opposite side completes the reaction resulting in the
addition of hydrogen across the double bond in trans-specific
fashion. The expansion of the ERED platform for biocatalytic
alkene reduction will be discussed in the remainder of this section
with a focus on research from collaborations between academic and
industrial groups.
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Asymmetric bioreductions of activated alkenes were initially
carried out with whole-cell biocatalysts such as baker’s yeast
[117]. These whole-cell reactions often gave highly stereoselective
reductions of alkene substrates and had the added benefit of not
requiring external recycling of the nicotinamide cofactor, but were
often plagued by side reactions due to the presence of other
enzymes. The bioreduction of citral to citronellal with whole-cell
biocatalysts serves as an excellent case in point to illustrate the issues
resulting from competing enzyme activities in whole cells
[118]. The authors of this study identified yeast, fungi, and bacteria
that reduced citral to citronellal with up to 95% ee but also observed
the formation of nerol, geraniol, and citronellol as major products
likely due to the presence of primary alcohol dehydrogenase activ-
ities. They concluded that cloning the desired EREDs along with
suitable enzymes for cofactor recycling should solve the chemos-
electivity issues they encountered with wild-type whole cells. Cur-
rently, cloned EREDs are now available as the result of efforts from
several groups including industrial/academic collaborations. A
recent review [91] lists 30 EREDs from fungi (old yellow enzyme
(OYE); old yellow enzyme 1, 2, and 3 (OYE 1-3); old yellow
enzyme 2.6 (OYE 2.6); Kluyveromyces lactis yellow enzyme (KYE
1); estrogen-binding protein (EBP 1)), bacteria (YqjM, NAD(P)H
dependent 2-cyclohexen-1-one reductase (NCR), xenobiotic
reductase A and B (XenA, XenB), pentaerythritol tetranitrate
reductase (PETNr), TOYE, SYE 1-4, GkOYE, chromate reductase
(CrS), morphinone reductase (MR), YersER, Gluconobacter oxy-
dans ene-reductase, N-ethylmaleimide reductase (NemR), glycerol
trinitrate reductase (NerA)), and plants (12-oxophytodienoate
reductase 1–3 from Arabidopsis thaliana (OPR 1-3) and
12-oxophytodienoate reductase 1–3 from Solanum lycopersicum
(LeOPR 1-3)) that have been cloned and evaluated for bioreduc-
tion of activated alkenes. A collaboration between the University of
Graz and BASF profiled the substrate scope of a number of these

Scheme 3 Bioreduction of activated alkenes with ene reductase. EWG electron withdrawing group (examples:
aldehyde, ketone, nitro, carboxlic acid or ester, imide)
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EREDs. OPR1, OPR3, and YqjM were evaluated against α,-
β-unsaturated dicarboxylic acids (2-methyl maleic acid, 2-methyl
fumaric acid, and itaconic acid) and their corresponding dimethyl
esters [119]. The results of this study showed that all of the sub-
strates were stereoselectively reduced by OPR 1 and YqjM, except
for 2-methyl maleic acid, which was not a substrate for any of the
three enzymes tested, and itaconic acid, which was only reduced by
YqjM with low conversion but high selectivity. The study also
showed that the stereochemical outcome of reactions could be
determined by the choice of enzyme or configuration of the double
bond in the substrate. In another study, the substrate scope of
OPR 1, OPR 3, and YqjM was evaluated against acyclic enals
(citronellal, neral), cyclic enones (2-methylcyclopent-2-en-1-one,
3-methylcyclopent-2-en-1-one, 2-methylcyclohex-2-en-1-one,
3-methylcyclohex-2-en-1-one, ketoisophorone,), maleimides
(2-methylmaleimide and N-phenyl 2-methylmaleimide) and a
nitroalkene [58]. Both enals were reduced by all three enzymes,
with high conversions and high selectivities for citronellal and
moderate selectivities for neral. The 2-substituted enones,
2-methylcyclopent-2-en-1-one and 2-methylcyclohex-2-en-1-one
and ketoisophorone, were reduced with high conversions and high
selectivities, but both 3-substituted enones were not substrates for
OPR1 and very poor substrates for OPR 3 and YqjM. OPR 1,
OPR3, and YqjM reduced both maleimides with high conversions
and selectivities. The collaboration between Graz and BASF also
profiled other EREDs (NCR from Zymomonas mobilis and OYE
1–3 from yeasts [58] and PETNr, MR, NemR, and EPB 1 [120])
using essentially the same panel of substrates reported in the studies
on OPR 1, OPR 3, and YqjM. The efforts of the Graz and BASF
collaboration in profiling the substrate scope of EREDs yielded
important results showing that a selection of EREDs could be
used to reduce a diverse range of activated alkenes (enals, enones,
carboxylic acids, esters, nitriles, cyclic imides, and lactones) and that
stereochemical outcome could in many cases be controlled by the
choice of enzyme or substrate.

Industrial/academic collaborations were also responsible for
several studies on NCR (ERED from Zymomonas mobilis).
Researchers from Stuttgart University, BASF, and the University
of New South Wales collaborated to determine the crystal structure
of NCR [121]. In addition to solving the crystal structure of NCR
to 1.95 Å, this group also evaluated the effect of mutagenesis on
the activity and enantioselectivity of NCR. Eight single-point
mutants and four surface loop mutants were evaluated for biore-
duction of aliphatic and cyclic α,β-unsaturated aldehydes and
ketones. Three of the single point mutants showed increased activ-
ity compared to wt NCR. A variant in which tyrosine at position
177, the catalytically active residue, was changed to alanine, sur-
prisingly displayed low to moderate activity, but with markedly

Expanding the Biocatalysis Toolbox 389



lower stereoselectivities for most of the substrates tested. The four
loop variants showed lower activity for all substrates and lower
selectivity for all but one of the substrates indicating to the authors
that loop regions could be regions for introducing diversity. Fur-
ther investigation of the loop regions in NCRwas carried out by the
University of Stuttgart group as part of the Chem21 (chemical
manufacturing methods for the twenty-first century pharmaceuti-
cal industries) project [122]. This study generated two loop var-
iants, L3_short (loop 3 shortened by seven amino acids) and
L4_short (loop 4 shortened by four amino acids), based on a
rational protein engineering approach. Evaluation of these loop
variants for bioreduction of six substrates (ketoisophorone;
2-methyl-2-pentenal; cinnamaldehydes; 2,4-heptanedienal; neral;
and geranial) indicated improved thermostability and organic sol-
vent tolerance (acetone, ethyl acetate, isopropanol, tetrahydrofu-
ran) for L4_short compared to wt NCR and L3_short.

Synthetic applications of ene-reductases for bioreduction of
activated alkenes have been recently reviewed [123] and include
preparations of chiral building blocks such as (R)-3-hydroxy-2-
methylpropanoate (‘Roche ester’) [120], methyl (S)-2-bromobu-
tanoate [124], and a chiral monoacid [125]. To date, reported
applications of ene-reductases have been carried out at laboratory
scale (mg to low grams) with exception of the chiral monoacid [(R)-
6] preparation (Scheme 4) in which bioreduction was carried out on
70-g scale of 4. Bioreduction of 4 gave (R)-5, which was then
hydrolyzed with a hydrolytic enzyme in a telescoped process to
give (R)-6 in 89% overall yield. Another application of EREDs
was reported for the synthesis of a pharmaceutical intermediate by
a collaboration between scientists at the University of Graz and
Pfizer [126]. Asymmetric bioreduction of β-cyanoacrylate esters
(Scheme 5) was evaluated as a potential route to pregabalin, a
member of theGABA (γ-aminobutyric acid) class of drugs. A similar
strategy had previously been reported by Fryszkowska et al. [127]
for the synthesis of a precursor to another GABA drug, baclofen.
Bioreductions of β-aryl-β-cyano-α,β-unsaturated carboxylic acid
salts with crude extracts of Clostridium sporogenes, Ruminococcus
productus, and Acetobacterium woodii were reported to give the
desired β-aryl-β-cyanopropanoic acid intermediate to baclofen in

Scheme 4 Biocatalytic synthesis of chiral monoacid
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high yield and >99% ee, while attempted reductions with PETNr
andOYE gave no conversions. The Graz/Pfizer researchers system-
atically investigated the bioreduction of β-cyanoacrylate esters [(E)-
or (Z)-7a–11a] with various alkyl and ester substituents against a
panel of 11 EREDs (OPR1, OPR3, OYE1-3, XenA, XenB, YqjM,
EBP1, NerA, and NCR). The results of this study showed that (E)-
configured ethyl β-cyanoacrylates were good substrates for most of
the EREDS except for OPR3, XenA, YqjM, and NerA and always
yielded (S)-cyanoesters with very high selectivities. The (Z)-ethyl
β-cyanoacrylates were much poorer substrates compared to the (E)-
isomers except when R1 was methyl, and typically gave (R)-cyanoe-
ster products. Stereochemical control of the bioreduction for this
series of substrates was almost exclusively controlled by double-
bond geometry except for OYE3 which favored (S)-9b for both
(E)-9a and (Z)-9a. The (E)-configured precursor to pregabalin,
(E)-10a, was reduced in low to moderate conversions by seven of
the EREDs with essentially perfect selectivity for the desired (S)-
10b, while (Z)-10a was not a substrate for any of the enzymes
tested. However, the corresponding methyl ester (Z)-11a was con-
verted by OPR1, OYE3, and NCR to (S)-11b, which was opposite
to the trend observed for the (Z)-ethyl cyanoacrylates, which pre-
dominantly gave (R)-cyanoesters. The potential scalability of the
bioreduction was demonstrated by the preparative bioreduction of
(E)-10a at 1-g scale with OPR1 expressed in E. coli cells to give the
desired (S)-10b in 69% isolated yield and >99% ee [128].

The Graz/Pfizer collaboration also reported another route to
pregabalin based on the bioreduction of β-cyanoacrylic acids
(Scheme 6) [129]. In this route, the β-cyanoacrylic acids (E)- or
(Z)-12a could be converted to pregabalin in two steps consisting of
bioreduction to (S)-13a followed by hydrogenation, thus eliminat-
ing the ester hydrolysis step required for the route starting with
β-cyanoacrylate esters (Scheme 5). However, a screen of 14 EREDs
showed only marginal conversion of (E)-12a by OPR1 and a single
point mutant of OPR1 and no conversions of (Z)-12a. Attention
was then directed to a diene substrate (E)-12b, which was con-
verted by OPR1-wt and several point mutants of OPR1 in high
conversion and >99%ee. (Z)-12b was also screened for bioreduc-
tion, but no conversion was observed for any of the EREDs tested.

Scheme 5 Biocatalytic route to pregabalin via bioreduction of β-cyanoacrylate esters with ERE
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The desired cyanoacid (R)-13b still contained a C¼C bond at the
4,5 position, but this could be reduced along with the nitrile
moiety in the final hydrogenation step with Raney nickel. Prepara-
tive bioreduction of (E)-12b at 1.15 g scale with OPR1 gave the
desired (R)-13b in quantitative yield with >99% ee. A deuterium-
labelling experiment during the bioreduction of (E)-12b showed
that the nitrile was the activating group.

Researchers at the University of Manchester and GSK recently
reported a hydrogen-borrowing cascade involving an ERED and an
aldehyde dehydrogenase (Ald-DH) for the preparation of
α-substituted carboxylic acids 16 from α-substituted α,-
β-unsaturated aldehydes 14 (Scheme 7) [130]. The cascade system
was demonstrated at 100-mg scale on (E)-2-methyl-3-phenylacry-
laldehyde utilizing OYE2 and an E. coli Ald-DH to give (S)-2-
methyl-3-phenylpropanoic acid in 88% isolated yield and
>98% ee. The self-sufficient redox system eliminated the need for
a sacrificial hydride donor to recycle nicotinamide cofactor since

Scheme 6 Biocatalytic route to pregabalin via bioreduction of β-cyanoacrylic acids with EREDs

Scheme 7 Biocatalytic hydrogen-borrowing cascade for synthesis of a-
substituted carboxylic acids
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oxidized cofactor produced in the bioreduction step was reduced
during the oxidation of the aldehyde. Also the cascade system gave
access to chiral α-substituted carboxylic acids via bioreduction of
enals, which are good substrates for EREDs, versus bioreduction of
α,β-unsaturated esters or carboxylic acids, which are only marginal
substrates for EREDs.

EREDs are an emerging tool in the biocatalytic toolbox for
trans-specific asymmetric bioreduction of activated alkenes. Cloned
EREDs from microbial and plant sources and commercial enzymes
(Almac, Codexis) from undisclosed sources are available and have
been used to reduce diverse substrates for pharmaceutical and fine
chemical applications. Large-scale industrial applications of EREDs
should follow as research groups continue to identify new enzymes
through discovery efforts, improve properties of existing EREDs
through protein engineering, and develop new applications. The
efforts of industrial/academic collaborations have played a signifi-
cant role in expanding the ERED platform.

6 Oxygenases

The catalytic oxidation of C–H bonds is one of the most difficult
transformations at a laboratory or industrial scale. Over the last
decade, advances in the oxidation of unactivated sp3 C–H bonds
have resulted in the discovery of catalysts that are highly reactive
and predictably selective [131–134]. Nature uses enzymatic reac-
tions that convert molecular oxygen into highly reactive oxyge-
nated intermediates to perform selective oxidations of organic
compounds. Enzymes that use oxygen as the oxidant include oxi-
dases, peroxidases, and oxygenases [135, 136]. The main advan-
tage these biological oxidations have over synthetic organic
methods is the use of molecular oxygen, the most environmentally
benign, nontoxic, and abundantly available oxidant [137]. Several
academic-industrial collaborations have taken place over the last
two decades, primarily in the area of monooxygenase research.
Monooxygenases catalyze the incorporation of a single atom of
molecular oxygen into a substrate (R-H) with the concomitant
reduction of the other atom to water, while utilizing NAD(P)H
as an external reductant, in the following reaction:

R ‐ H + O2 + NAD(P)H + H+ ! R ‐ OH + H2O + NAD(P)+

Cytochrome P450 (CYP) monooxygenases play a critical role
in biochemistry, pharmacology, toxicology, and applied biocatalysis
[138–140] and have received most of the attention in these colla-
borations, directed toward overcoming the challenges facing prac-
tical applications. There are five main challenges that are associated
with poor productivities in CYP reactions: (1) intrinsic low enzyme
activities observed in CYP reactions; (2) the need for efficient
expression of not only the CYP gene but also the redox partners;
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(3) the need for an efficient NAD(P)H cofactor recycling system;
(4) substrate or product inhibition; and (5) degradation of product.
The development of a useful mammalian P450 expression systems
resulted from a collaboration between the Biomedical Research
Centre of the University of Dundee (Scotland, UK) and 14 phar-
maceutical companies. During this collaboration a superior cloning
strategy was developed where various human CYP cDNAs were
fused with a modified ompA leader sequence, directing the
emerging enzyme to the bacterial inner membrane [141]. The
expression systems derived from that collaboration also
co-expressed the oxidoreductase required for catalysis, and the
biocatalysts have been used by the industrial partners to express
the recombinant human CYP reliably, thus enabling the syntheses
of drug metabolites [142]. The same strains can be used for the
diversification of organic compounds. In a similar collaboration, a
system was developed at the Vanderbilt University School of Medi-
cine and was applied to the synthesis of drug metabolites by scien-
tists at Schering-Plough (Scheme 8) [143].

The low enzyme activities observed with mammalian CYPs can
be overcome with the use of engineered bacterial CYPs. A collabo-
ration between Frances Arnold at Caltech and Codexis Inc. enabled
the commercialization of several mutants derived from CYP102A1,
also known as P450BM3. These mutants were found to be capable
of performing metabolite syntheses with relatively high activities
and selectivities similar to those seen with mammalian CYPs
[144]. Mercian corporation collaborated with the University of
Tokyo and the National Institute of Advanced Industrial Sciences
and Technologies (AIST) to engineer P450moxA, a CYP that

Scheme 8 Metabolites prepared by human P450s expressed in E. coli
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catalyzes the hydroxylation of a broad range of substrates, including
fatty acids, steroids, and aromatic substrates. The engineered
enzyme had 20 times greater activity compared to the wild-type
enzyme [145]. A more recent collaboration in Europe HyPerIn
(Integrative Approach to Promote Hydroxylations with Novel
P450 Enzymes for Industrial Processes) was set up with the finan-
cial support of the European Research Area Industrial Biotechnol-
ogy (ERA-IB [89]) and involved several academic and industrial
partners in Europe. Themain goal of the collaboration is to develop
P450 biocatalysts for preparative use. The emergence of novel CYP
biocatalysts may enable the introduction of alternative oxygen acti-
vation pathways, using hydrogen peroxide or other oxygenated
precursors. Non-CYP systems with higher productivities have
been reported, and these could provide insight that may lead to
the development of improved CYP catalyst systems [146–150].

7 Summary

Biocatalysis has enabled greener chemistry in pharmaceutical appli-
cations ranging from discovery to manufacturing. Efforts to expand
the biocatalysis toolbox will result in new and improved enzymes,
which would broaden the application of biocatalysis. Industry and
academia have successfully collaborated to expand the biocatalysis
toolbox, and continued efforts should reap additional benefits for
green chemistry.
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Chapter 13

New Directions in Coupling Chemistry

Gary M. Gallego, Rebecca A. Gallego, and Paul F. Richardson

Abstract

Palladium-mediated cross-couplings are established as a core synthetic technology within the pharmaceuti-
cal industry for the assembly of biologically active molecules. Despite both their effectiveness and preva-
lence, the use of precious metals presents challenges from an environmental perspective. The ability of base
metals such as Ni, Fe, and Cu to mediate carbon-carbon bond formations predates the discovery of the
Pd-catalyzed methodologies though are far less established in terms of their broad scope and utility. The
current chapter focuses on emerging developments in the use of non-precious metals in catalysis with
potential applications in both research and development.

Key words Nickel catalysis, Iron catalysis, Copper catalysis, Cross-coupling, Suzuki-Miyaura reaction,
Green chemistry, Renewable, Carbon-carbon bond formation, Transition-metal free

1 Introduction

The emergence of palladium-mediated cross-couplings as a core
synthetic transformation within the pharmaceutical industry is well
established with the importance of these processes being recog-
nized by the award of the 2010 Nobel Prize in Chemistry to
Professors Heck, Negishi, and Suzuki [1]. Analysis of medicinal
chemistry portfolios on all the reactions utilized for the assembly of
new molecular entities highlights the prevalence of these meth-
odologies accounting for 17% of the transformations used
[2, 3]. Furthermore, examination of the examples of these reactions
carried out on>100mmol scale highlights the reliance on Pd as the
key catalyst with over 90% of reported cases for C-C bond forma-
tion utilizing this metal with only isolated examples reporting the
use of nickel (primarily Kumada couplings) as an alternative [4].

There are however several compelling reasons to look for alter-
native metals to Pd such as lowered cost, decreased toxicity, stable
long-term supply, as well as metals with a reduced environmental
impact as summarized in Table 1 [5].
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The current chapter examines the use of nickel, iron, and
copper catalysis as an alternative to palladium for C-C bond-
forming processes. It is important to note that this is an extensive
area of research, and as such exhaustive coverage of this topic is
impossible, though the focus herein is placed on examples in which
emerging methodologies can either seamlessly replace palladium or
present advantages in terms of the chemistry scope to the current
state-of-the-art technology.

2 Nickel-Mediated Cross-Couplings

2.1 Introduction Over the past 30 years nickel has enjoyed a period of intensified
research interest in the area of cross-coupling chemistry for a variety
of reasons [6, 7]. It is considered an abundant, low-cost, and
“green” alternative to rarer, more expensive metals such as palla-
dium and platinum. While in elemental form is, mole to mole,
roughly 3000 and 10,000 times cheaper than palladium and plati-
num, respectively [8], it is also capable of undergoing the same
elementary reactions. Additionally, it possesses characteristics that
make it more advantageous than palladium and platinum in many
contexts. It is less electronegative than palladium and platinum, so
oxidative addition occurs more readily. This potentiates lower reac-
tion temperatures, allowing for the possibility of fewer side reac-
tions [9]. In fact in 1976 when comparing the nickel- with the
palladium-catalyzed cross-coupling between an aryl bromide and
alkenyl-aluminum species, Negishi observed that “. . .the
palladium-catalyzed reaction is much slower than the
corresponding nickel-catalyzed reaction, and does not offer any
advantage over the latter” [10]. Additionally, substrates such as
vinyl carbamates [11] and aryl ethers [12] that would be signifi-
cantly less reactive with palladium and platinum become suitable
reactants for nickel-mediated cross-coupling. The decreased elec-
tronegativity of nickel relative to palladium and platinum also
means that reductive elimination is more difficult. This, along

Table 1
Comparison of Pd, Ni, Cu, and Fe

Metal
Cost
($/oz)

Annual
production
(tons)

Oral exposure
limits (ppm)

Natural
abundance
(ppm)

Carbon
footprint
(kg CO2/e)

Water withdrawal
to extract 1 kg3 (L)

Pd 976 24 10 0.015 3880 508,000

Ni 0.33 1,350,000 25 90 6.5 390

Cu 0.195 15,000,000 250 68 2.8 79

Fe 0.02 1,200,000,000 1300 56,300 1.5 23
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with the relatively higher energy barrier for nickel-carbon bond
rotation, is yet another benefit because undesirable processes such
as β-hydride elimination are slower [13]. This opens the opportu-
nity for the use of nickel in challenging transformations that are
plagued by β-hydride elimination, such as alkyl-alkyl cross-cou-
pling. Finally, nickel can access a variety of oxidation states, allowing
for more complex mechanisms and catalytic pathways since it can
act in both polar and radical-like modalities. Access to various
oxidation states allows nickel to perform transformations otherwise
inoperable by palladium and platinum.

2.2 Alkyl-Alkyl

Coupling

Amajor area of research where nickel far exceeds the ability of other
metals is in alkyl-alkyl cross-coupling [14, 15]. As mentioned
above, the inherent quality of nickel to be less susceptible to
β-hydride elimination enables the success of this type of transfor-
mation. The field of alkyl-alkyl cross-coupling is considered to have
been brought into the modern era by Fu and co-workers in 2003
with the publication of a method for nickel-mediated Negishi
coupling of secondary alkyl halides possessing β-hydrogens with
primary organozinc reagents [14]. Up until this point, methods for
alkyl-alkyl bond formation had been limited to primary electro-
philes, so Fu’s work represented an impressive advance. His seminal
work was further expanded upon to include nickel-mediated alkyl-
alkyl Suzuki [15], Hiyama [16], and Stille [17] cross-couplings.
This work is particularly impressive considering that there are only a
few examples where palladium is capable of performing cross-
coupling with secondary sp3-electrophiles [18, 19].

In recent years, this work has been expanded to a wide range of
applications that includes enantioselective transformations. Partic-
ularly important in this area are Fu’s stereoconvergent alkyl-alkyl
Suzuki coupling reactions [20–23] (Fig. 1a–d). Fu’s group is able
to perform Suzuki cross-couplings on a variety of substrates with
and without directing groups. A number of these transformations
are particularly novel because the electrophilic components are
unactivated (4, 7, 9).

Apart from his work on alkyl-alkyl Suzuki cross-couplings, Fu
and co-workers have developed a stereoconvergent method for
access to secondary nitriles (14) from α-bromonitriles (12) via
Negishi cross-coupling [24] (Fig. 2). This can be exploited to
form both Csp3-Csp3 and Csp3-Csp2 bonds. This transformation
is useful because the enantioenriched product of this reaction can
be further manipulated into a variety of functional groups including
heterocycles, carboxylic acids, ketones, esters, amides, and amines.

Impressively, Fu’s work has also been extended to achieve
nickel-mediated cross-coupling of tertiary electrophiles to form
quaternary centers (17, 20) [25] (Fig. 3a, b).

This transformation highlights the special nature of nickel.
Since palladium typically oxidatively inserts via an SN2 or direct
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insertion pathway, tertiary electrophiles have been traditionally
unusable in palladium-mediated cross-couplings. It is thought
that this nickel-mediated reaction proceeds via an inner sphere
electron transfer mechanism, allowing the metal to engage hin-
dered alkyl-bromide substrates. Even highly hindered substrates
such as 1-iodoadamantane (18) readily undergo coupling to give
arylated products (20) (Fig. 3b). This substrate is particularly
notable as adamantanes are found in a number of pharmaceuticals,
such as differin (21) [26] (Fig. 3).

2.2.1 General Procedure

for Suzuki Cross-Coupling

with a Tertiary Alkyl Halide

In a nitrogen-filled glove box, NiBr2l diglyme (35.5 mg,
0.10 mmol, 0.10 equiv) and 4,40-di-t-butyl-2,20-bipyridine
(30.0 mg, 0.11 mmol, 0.11 equiv) were added to a 30 mL vial

Fig. 1 Fu’s stereoconvergent alkyl-alkyl Suzuki cross-couplings

Fig. 2 Negishi cross-coupling for the synthesis of enantioenriched secondary nitriles

Fig. 3 Nickel-mediated cross-coupling to access quaternary centers
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equipped with a magnetic stir bar. Solvent (anhydrous; 24 mL) was
added, the vial was sealed with a PTFE-lined cap, and the resulting
mixture was stirred vigorously for 2 h (a light-green slurry formed).
The solution of the activated aryl-(9-BBN) reagent was then added
to the slurry, and the reaction vial was sealed with a PTFE-lined cap
and stirred for 20 min (the reaction mixture turned dark-green).
The tertiary alkyl halide (neat; 1.0 mmol, 1.0 equiv) was then
added to the slurry via microsyringe. The resulting mixture was
capped and stirred vigorously at 40 �C for 24 h (outside of the
glove box). Next, the reaction mixture was filtered through a plug
of silica gel, which was rinsed with diethyl ether, and the filtrate was
concentrated using rotary evaporation. The product was purified by
chromatography.

2.3 C-O Insertion Nickel-mediated chemistry is highly useful for the functionalization
of carbon-oxygen bonds. Oxidative insertion into carbon-oxygen
bonds is more readily achieved by nickel relative to other transition
metals due to its decreased electronegativity. This makes nickel a
good choice for reaction with these difficult substrates. The func-
tionalization of carbon-oxygen bonds is highly sought after because
they are cross-coupling handles that can be carried through many
steps as inert functional groups. This enables the use of synthetic
strategies such as sequential cross-coupling and late-stage diversifi-
cation. The use of oxygen-containing handles in the place of halides
additionally makes cross-coupling a more environmentally benign
process with a less toxic waste stream [27].

A class of carbon-oxygen bonds that is useful in nickel-
mediated cross-coupling is phenolic derivatives, such as carbamates.
Aryl carbamates are useful because the carbamate group is also an
attractive directing group for ortho-metalation [28, 29]. There has
been much work in this area in recent years [30]. Research done in
the Garg group has produced a method for the amination of aryl
carbamates under mild nickel-mediated conditions [31] (Fig. 4).
Carbamate (22) readily undergoes coupling with morpholine (23)
to give the desired aminated product (24) in 71% yield. Related
work on the amination of aryl pivalates was previously published by
the Chatani group and others [32].

2.3.1 Conversion of

Carbamate 22 to Amine 24

A 4 mL reaction vial was charged with a magnetic stir bar, flame-
dried under reduced pressure, and allowed to cool under N2. The
vial was then charged with Ph–B(pin) (35.71 mg, 0.175 mmol,
35 mol%), anhydrous powdered NaOtBu (108.1 mg, 1.125 mmol,
2.25 equiv), NiCl2(DME) (5.5 mg, 0.025 mmol, 5 mol%), and
SIPrlHCl (21.3 mg, 0.05 mmol, 10 mol%). Subsequently, dioxane
(2.5 ml), carbamate (22) (95.5 mg, 0.50 mmol, 1.0 equiv), and
morpholine (23) (87.1 μL, 0.9 mmol, 1.8 equiv) were added,
sequentially. The resulting heterogenous mixture was stirred for
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1 min while purging with N2, and the vial was sealed with a Teflon-
lined screw cap. The mixture was stirred at 23 �C for 1 h and then at
80 �C for 3 h in a preheated aluminum heating block. After cooling
the reaction vessel to 23 �C and concentrating the mixture under
reduced pressure, the crude residue was purified by flash chroma-
tography (20:1 hexanes/EtOAc) which yielded aminated product
(24) (71% yield) as a yellow oil (Rf 0.30) (20:1 hexanes/EtOAc).

Another class of carbon-oxygen bonds engaged in nickel catal-
ysis is ethers. Recently, the Chatani, Tobisu, and Martin groups
have demonstrated this in a variety of contexts, such as the alkyny-
lation of anisoles [33], the reductive cleavage of aryl ethers
[34, 35], and in the context of Suzuki cross-coupling of aryl (25,
28) and benzyl ethers (30) [36] (Fig. 5a–c).

Typically, electron-rich carbon-oxygen bonds in ethers are very
difficult to engage in oxidative additions because of their electron-
rich nature. This has resulted in limited application to cross-
coupling chemistry. Recent advances in nickel-mediated cross-cou-
pling have made these substrates valuable reactants for cross-
coupling.

Fig. 4 Nickel-mediated amination of aryl carbamates

Fig. 5 Nickel-catalyzed ether C-O bond cleavage
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2.4 Nickel-Catalyzed

Suzuki-Miyaura

Reactions

The use of nickel catalyst systems in Suzuki-Miyaura cross-cou-
plings presents several advantages over the well-established palla-
dium-based systems particularly in that it is believed that due to the
higher reactivity of Ni (0) toward chloroarenes, more challenging
couplings could be achieved with simpler catalyst systems. Despite
this, it was 15 years between the original report of the palladium
version of the reaction [37] and the disclosure of nickel variants in
the coupling of boronic acids with aryl mesylates [38] and chlorides
[39], respectively, and over a decade elapsed until this became a
topic of significant research interest.

Several drawbacks are evident from much of the initial reports
using nickel catalysts, such as the need for high catalyst loadings
(3–10%), and limitations in terms of scope, particularly with reac-
tions leading to hetero-biaryl products, which are of greater interest
from a pharmaceutical standpoint. Ge and Hartwig reported on a
single-component catalyst system, which enables many couplings
under mild conditions using low loadings of the ligand (0.5 mol%)
[9]. The [(dppf)Ni(cinnamyl)Cl] complex is easy to prepare and
stable indefinitely when stored under nitrogen at room tempera-
ture, and its demonstrated low reactivity to both moisture and air
makes reactions practical to conduct on large or small scale. Cou-
plings are carried out between 2-heteroaryl (sulfur and oxygen
containing) boronic acids (33) and heteroaryl halides (34) either
with K2CO3(H2O)1.5 as the base in acetonitrile at 50 �C or with
K3PO4 as base in 1,4-dioxane at 70 �C (Fig. 6). The scope of the
reaction is good, and the system tolerates numerous sensitive func-
tional groups such as an unprotected NH2, aldehydes, ketones with
enolizable hydrogens, and nitriles. The catalyst is also stable to high
concentrations of pyridines presumably due to the chelating prop-
erty of the dppf ligand. For the corresponding 3-heteroaryl boronic
acids, similar conditions were employed with a slightly elevated
temperature (80 �C). For nitrogen containing boronic acids,
1-Boc-pyrrole-2-boronic acid was demonstrated to be a successful
coupling partner though pyridyl boronic acids failed to react. The
robustness of the chemistry was demonstrated by the ability to
obtain practically identical yields when reactions were performed
outside the dry box, with the requisite catalyst being weighed out in
air.

While this work represents a breakthrough in terms of expand-
ing the scope of the Ni-mediated Suzuki-Miyaura reaction, limita-
tions still exist with this being exemplified by Table 2 comparing
four established nickel- and palladium-mediated cross-coupling
methodologies with a range of five commonly used heterocyclic
electrophiles (E1–E5) within medicinal chemistry [9, 40, 41]
(Fig. 7). As can be seen, the results are somewhat variable, and
although conditions can be identified for most of the compounds
evaluated utilizing palladium catalysis, the methods based on nickel
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Fig. 6 Hartwig nickel catalyst for Suzuki-Miyaura coupling

Fig. 7 Comparison of nickel- and palladium-catalyzed methods for heterocyclic electrophiles

Fig. 8 Scale-up of nickel-catalyzed Suzuki-Miyaura cross-coupling

Table 2
Comparison of nickel- and palladium-catalyzed methods for heterocyclic electrophiles

Electrophile (dppf)Ni(cin)Cl Ni(COD)2/PCy3 Pd(OAc)2/XPhos X-Phos palladacycle

E1 <1% 100% 100% 100%

E2 <1% <1% 100% 100%

E3 <1% 3% 84% 100%

E4 <1% <1% 41% 61%

E5 Decomp. <1% <1% Mostly Ph-Ph
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perform poorly for this range of substrates. One important factor
though to consider here is the amount of research that has gone
into the development of the palladium-based reaction not only in
terms of a mechanistic understanding of the process but also with
advances realized in the nature of the ligands as well as the use of
preformed catalyst complexes, which are exemplified here. Asses-
sing new ligands for effective nickel catalysis has to some degree
been hindered primarily due to the lack of availability of suitable
sources of Ni(0) to assess reaction performance. Prior to 2015, Ni
(cod)2 was utilized though this complex presents problems through
both its air and thermal instability as well as the fact that the cod
ligand does not act as an innocent bystander in downstream che-
mistries and can complicate observed catalytic outcomes. However,
this is the precursor utilized in the work of Hartwig and Ge wherein
the dppf ligand facilitates a very efficient reduction to (dppf)Ni
(0) though this protocol is highly ligand-specific [9]. An alternative
approach would be through in situ formation of Ni(II) species such
as (R3P)2NiCl2, though such a process is ligand-specific and

Fig. 9 Garg’s use of greener solvents for nickel-mediated cross-couplings

Fig. 10 Nickel-catalyzed Suzuki-Miyaura reaction of aryl fluorides
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involves strong reductants that can lead to inefficient catalyst
activation.

Given this, the identification of nickel-based pre-catalysts that
are air-stable and cheap is extremely attractive for both high-
throughput experimentation approaches for reaction discovery
and large-scale synthesis, and as noted these tend to either not be
compatible with a variety of ligand classes, require reducing condi-
tions for activation, or do not display general reactivity. Doyle and
co-workers have described the synthesis and applicability of a prac-
tical, air-stable Ni(II) pre-catalyst [42]. Using TMEDA and a hin-
dered aryl substituent to shield nickel from associative substitution,
the group found that a (TMEDA)Ni(o-tolyl)Cl catalyst is stable to
air and ambient temperature for 3 months on the benchtop with no
detectable decomposition. The catalyst crashes out of the reaction
conditions as a crystalline, square planar complex and was used as a
substitute for Ni(cod)2 or other Ni(II) catalysts in several reactions,
including Suzuki-Miyaura, Buchwald-Hartwig, and oxidative and
dehydrogenative coupling reactions. In most cases, with the addi-
tion of K3PO4, the pre-catalyst was found to be equivalent or
superior to the literature reports. Reaction observations suggest
that either nickel-boron or nickel-nickel transmetalation is a possi-
ble mechanism for pre-catalyst activation, but the reaction must be
heated to at least 60 �C for this to occur. Workers at Pfizer have also
reported on this catalyst describing the synthesis on multigram
scale under neat conditions using Ni(cod)2 as the precursor
[43]. They also comment on the stability of the catalyst and note
its applicability for use in HTE (high-throughput experimentation)
campaigns based on its solubility, stability in solution over 24 h, and
the ease of ligand exchange. Again, a comparison is carried with Ni
(cod)2 and NiCl2(dme) over a range of reactions including cross-
electrophile and Sonogashira couplings, and from these results the
authors reinforce the importance of utilizing the appropriate Ni
source to maximize the learnings from HTE screening studies.

The advantages and practicality of Ni-based Suzuki-Miyaura
couplings on scale are provided by Tian and co-workers at Genen-
tech in the reported synthesis of the PI3K inhibitor, GDC-0941
(41) [44] (Fig. 8). The reported conditions utilized cheap Ni
(NO3)2/6H2O as the catalyst with simple PPh3 as the ligand.
The reaction is reported on a 54 kg scale with removal of the
metal being achieved through an aqueous ammonia wash. The
Ni-based reaction provides a 19% improvement in yield over the
analogous Pd-mediated reaction, which uses Pd(PPh3)2Cl2 as the
catalyst and requires an additional treatment with thio-silica to
remove residual palladium.

The previous section highlighted the ability of Ni species to
undergo C-O insertion to mediate catalysis, and in addition to
achieving the amination of aryl carbamates, these conditions are
also translatable to heteroaryl carbamates such as pyridines. An
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example of this is provided by reports on both the Suzuki coupling
and amination of heteroaryl carbamates (in addition to sulfamates,
chlorides, and bromides) in solvents such as 2-methyl-THF and t-
amyl alcohol [45, 46] thus enabling more cost-effective nickel-
based catalysts to take place under more environmentally friendly
conditions. Garg and co-workers have reported on the use of the
commercially available Ni(Cl)2(PCy3)2 as a pre-catalyst to mediate
this transformation [45]. The model reaction between a napthyl
sulfamate and phenylboronic acid using potassium phosphate as the
base with 5 mol% catalyst was examined in >30 solvents to poten-
tially identify greener alternatives. From these reactions over half
the solvents provided a quantitative yield with tert-amyl alcohol and
2-MeTHF being selected for further studies. Several other electro-
philic partners were evaluated and shown to be effective under the
optimal reaction conditions. The scope of the reaction was also
examined with numerous heterocyclic halides being shown to cou-
ple in high yield. In addition, a range of bis-heterocyclic scaffolds
(44, 47) were synthesized exploiting this new methodology.
Finally, two examples are provided on gram scale with a lowering
of the catalyst loading to 0.5 mol% (Fig. 9). The ability to run this
reaction in green solvents makes it useful for process scale, which is
of great significance to the pharmaceutical industry.

Another highly unique trait of nickel, as stated in the above
section on carbon-oxygen bond insertion, is nickel’s ability to
oxidatively add into otherwise inert bonds. In addition to being
able to insert into carbon-oxygen bonds, nickel has been shown to
functionalize carbon-fluorine bonds. Organofluorines are useful in
cross-coupling chemistry because they are robust to a wide range of
conditions, including palladium-catalyzed cross-couplings because
of the strength of the carbon-fluorine bond [47]. In 2011 the
Chatani group reported a method for nickel-mediated Suzuki
cross-coupling of aryl fluorides (48) (Fig. 10a). Previous methods
achieve Kumada and Negishi reactions with aryl fluorides, but the
Suzuki reaction has remained a challenge as previously published
examples using aryl fluorides have a very limited substrate
scope [48].

The benefit of the Chatani method is that it is applicable to a
wide range of substrates, such as electron-rich, electron-deficient,
and electron-neutral arenes as well as heteroaromatic fluorides. The
reaction is facilitated by the addition of zirconium tetrafluoride.
Alternatively, the reaction can be run in the absence of zirconium
tetrafluoride if oxidative addition is facilitated through the use of
chelation assistance by way of a heteroaromatic directing group.
Concurrent with this report, the Love group published a similar
chelation-assisted nickel-mediated Suzuki cross-coupling for elec-
tronically diverse aryl fluorides, with an imine directing group (51)
(Fig. 10b). These methods are highly useful for the
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functionalization of fluorinated building blocks and are enabled by
nickel’s ability to engage otherwise inert carbon-fluorine bonds.

2.5 Reductive

Couplings

Reductive cross-coupling is a valuable method that has gained
increasing notoriety in recent years. Modern nickel-mediated
reductive cross-coupling technology can achieve coupling without
the generation of stoichiometric amounts of organometallic
reagents. This has the advantage of greatly increased functional
group tolerance. The shift from using organometallic alkanes to
alkyl halides additionally provides the advantage of more ready
commercial availability of the starting materials. In 2010, the
Weix group published a method for the coupling of aryl halides
(54) with alkyl halides (55) with a bench-stable nickel catalyst [49]
(Fig. 11).

One benefit of this method over other reductive couplings is
that it does not require a large excess of one reagent to avoid
homocoupling [50]. Organobromides can be used in this reaction,
but, interestingly, selectivity for the homocoupled product is good
as long as at least one of the reactants is an organoiodide. This work
was later expanded to include the reductive coupling of aryl bro-
mides with alkyl bromides [51]. The substrate scope for both of
these reactions includes a wide range of functional groups, includ-
ing arenes with fluorine substituents, which is of note to the phar-
maceutical industry. Additionally, aryl chlorides were shown to be
good substrates under slightly modified conditions, although aryl
chlorides are significantly less reactive than aryl bromides. The
introduction of electron-withdrawing substituents onto the aryl
substrate greatly increases yields.

As mentioned above, these methods for reductive cross-
coupling exhibit exceptional functional group tolerance. Substrates
with acidic protons, such as phenols and sulfonamides, are well
tolerated. Additionally, bromoarenes containing pseudohalide
functionalization—such as triflates, tosylates, or acetates—are
exclusively reactive at the bromo-substituted carbon. Similarly,
boronic esters, silanes, and stannanes are stable and unreactive
(apart from sometimes undergoing very minor decomposition
owing to protonolysis) under the conditions required for reductive
coupling. This chemoselectivity is highly useful, as it is possible to
selectively functionalize one part of the substrate and leave a handle
for later manipulation. This allows for the rapid synthesis of poly-
substituted arenes without need for the use of protecting groups.

An interesting aspect to reductive cross-coupling reactions is
the role of the reducing agent, which is often Zn(0) or Mn(0). The
tolerance of substrates with acidic protons and small amounts of
water in the catalyst provides significant evidence that the metal is
not forming an organometallic intermediate. Because stoichiomet-
ric metal(0) is present in the reaction, Ni(II) can be used as a
catalyst instead of air-sensitive Ni(0). In fact, additional mechanistic
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investigations have been completed, and they verify that the reac-
tion proceeds via a radical chain mechanism where the stoichiomet-
ric Zn(0) or Mn(0) metal serves to reduce Ni(II) to Ni
(0) [52]. Thus, the reaction is tolerant of air with any oxidized
catalyst being reduced to the catalytically active Ni(0), although the
reaction does proceed faster under inert atmosphere. This resiliency
of this reaction to small amounts of air and water makes nickel-
mediated reductive coupling readily scalable (>25 mmol scale
reported) [53].

An area where the Weix reductive coupling is limited is in the
identity of the alkyl halide. While they do include a few substrates
that are secondary, most are primary alkyl halides. The secondary
alkyl halides that are presented typically undergo reaction in under
70% yield. This limitation was improved upon by the Gong group
in 2012 [54]. Gong et al. found that the addition of magnesium
chloride and increased amounts of pyridine relative to the Weix
conditions very effectively promoted the reaction of secondary alkyl
bromides (58) with aryl bromides (57) to provide the desired
arylated saturated heterocycles (59) in excellent yield (Fig. 12).
This work has been highly relevant to synthesis done in the phar-
maceutical industry as it enables incorporation of saturated hetero-
cycles onto aromatic rings. They have also been able to perform this
reaction using bis-pinacolatodiboron as a reductant instead of Zn
(0) or Mn(0) [55]. Additionally, these modifications worked well
with more electron-deficient aryl chlorides. Finally, this chemistry
was also shown to promote the allylation of aryl bromides with allyl
acetate.

To a flame-dried Schlenk tube equipped with a magnetic stir bar
was loaded alkyl bromide (0.15 mmol, 100 mol%), followed by
addition of 4,40-di-tert-butyl-2,20-bipyridine (4.0 mg,

Fig. 11 Weix reductive cross-coupling to form aryl-alkyl bonds

Fig. 12 Synthesis of arylated saturated heterocycles under reductive cross-coupling conditions
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2.5.1 General Procedure

for the Coupling of Aryl

Bromides and Alkyl

Bromides

0.015 mmol, 10 mol%), aryl halide (0.15 mmol, 100 mol%), and
zinc powder (19.6 mg, 0.3 mmol, 200 mol%). The tube was moved
into a dry glove box, at which point NiI2 (4.7 mg, 0.015 mmol,
10 mol%) and MgCl2 (14.3 mg, 0.15 mmol, 100 mol%) were
added. The tube was capped with a rubber septum, and it was
moved out of the glove box. Pyridine (11.9 mg, 0.15 mmol,
100 mol%) and DMA (1.0 mL) were then added via syringe. After
the reaction mixture was allowed to stir for 12 h under N2 atmo-
sphere at 25 �C, it was directly loaded onto a silica column without
work-up. The residue in the reaction vessel was rinsed with small
amount of DCM. Flash column chromatography (SiO2/ethyl ace-
tate in hexanes) provided the coupling product.

The Molander group has worked in the area of reductive cou-
pling with secondary electrophiles in collaboration with Pfizer.
Their research has shown that a variety of secondary bromides can
be coupled to aryl and heteroaryl bromides in moderate to good
yield [56]. Further, they have shown that this method can be
extended to a variety of secondary alkyl tosylates as substrates [57].

An area where all of the abovementioned reductive cross-
coupling methods are limited is in reactivity with heteroaryl halides
as substrates. While Weix has been able to use protected indole
substrates effectively, other heterocycles such as pyridines have not
lead to high yields under the reaction conditions. Similarly, the
Gong and Molander groups have shown pyridines and other het-
erocycles to be challenging substrates. Recently Weix et al. have
made advances in this area to expand the utility of this reaction to
include 2-chloropyridines [58]. Although this is a valuable advance,
much remains to be done in terms of the scope and yields of the
reductive cross-coupling of heteroaryl substrates. This is sure to
continue to be a hot research topic.

Recent research in the Reisman group has produced the first
examples of enantioselective nickel-mediated reductive cross-
coupling [59] (Fig. 13). This method relies on direct ketone for-
mation from acyl chlorides (60) and secondary alkyl halides (61) to
produce enantioenriched α,α-disubstituted ketones (62). This is an
improvement over traditional α-alkylation as selective enolate gen-
eration is often challenging. Reisman’s conditions constitute a mild
method that shows no product epimerization and high functional

Fig. 13 Reisman enantioselective nickel-mediated reductive cross-coupling
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group tolerance (e.g., esters and alkyl bromides). The substrate
scope includes a wide range of electron-donating and electron-
withdrawing functionality appended to the benzyl chloride starting
material. One note is that ortho-substituted benzyl chlorides react
to provide the desired product in low yields and enantioselectivity.
The Reisman group has further expanded the above work to
achieve the enantioselective reductive coupling of benzyl chlorides
and vinyl bromides [60].

While the advancement to achieve enantioselective reductive
coupling is highly useful, much work remains to be done in this
area. Other areas where reductive nickel chemistry requires further
expansion include growing the pool of electrophiles used as sub-
strates and the development of better ligands to improve
selectivity [61].

2.6 Additional

Applications of Ni-

Catalyzed Cross-

Couplings

A highly useful application of the nickel-mediated coupling is the
stereoconvergent coupling of α-halo carbonyls with Grignard
reagents (64) [62] (Fig. 14a), organozirconium reagents (67)
[63] (Fig. 14b), and organoboranes (16) [64] (Fig. 14c). This
method is useful as it provides enantioselective access to
α-functionalized ketones and is complementary to the Reisman
method in the above section.

Fu et al. have further expanded their work to access enantioen-
riched tertiary alkyl fluorides (73) from racemic α, α-dihaloketones
(71) in a stereoconvergent Negishi reaction [65] (Fig. 15). Their
method is notable because access to stereodefined fluorides is an
area of high interest in the pharmaceutical industry.

The reaction has a wide substrate scope, with a variety of aryl
groups being tolerated on the ketone. Limitations arise with
increasing the steric bulk adjacent to the chlorine or bromine
center. For example, going from ethyl to isopropyl at that position
decreases the yield of the reaction from 62% to 55% and the ee drops
from 97% to 82% (see Fig. 15).

2.6.1 General Procedure

for Asymmetric Negishi

Cross-Coupling

In the air, NiCl2·glyme (33.0 mg, 0.150 mmol) and (4R,5S)-L1
were added to an oven-dried 40 mL vial equipped with a stir bar.
The vial was closed with a PTFE septum cap and then evacuated
and back-filled with nitrogen (three cycles). Diglyme (2.5 mL) was
added to the vial, and the mixture was vigorously stirred at room
temperature for 45 min. In the air, an oven-dried 4 mL vial was
charged with the alpha-bromo-alpha-fluoroketone (1.00 mmol),
and then the vial was sparged with nitrogen for 10 min. Diglyme
(0.9 mL) was added, and the resulting solution was transferred via
syringe to the 40 mL reaction vial. The 4 mL vial was rinsed with
diglyme (0.8 mL), and the washings were transferred to the reac-
tion vial. The reaction vial was wrapped with electrical tape and then
cooled to �25 �C for 15 min; at the same time, an oven-dried
40 mL vial that contained the arylzinc solution (0.30 M) was also
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cooled to �25 �C for 15 min (a nitrogen-filled balloon was
attached to each vial). To the vigorously stirred solution of catalyst
and electrophile was added the solution of the arylzinc reagent
(0.30 M; 6.67 mL, 2.00 mmol; 2.00 equiv) over 3 min, during
which the reaction mixture turned to orange. The balloon was
removed, and the septum cap was sealed with grease. The mixture
was stirred vigorously at �25 �C for 36 h. Then, the reaction was
quenched by the addition of EtOH (2 mL), and the mixture was
allowed to warm to r.t. and then diluted with Et2O (100 mL) and
washed with deionized water (4 � 25 mL). The organic layer was
dried over Na2SO4 and then concentrated, and the residue was
purified by flash chromatography.

3 Iron-Mediated Cross-Couplings

3.1 Introduction The introduction of iron as a competent coupling catalyst dates
back to the mid-1940s with the coupling of alkyl Grignard reagents
to benzyl bromide [66]. This study was followed by the iron-
catalyzed coupling to acetyl chloride in 1953 [67] and, perhaps
most significantly, vinyl halides in 1971 [68]. Despite this early

Fig. 14 Coupling of α-carbonyl compounds to form functionalized ketones

Fig. 15 Synthesis of enantioenriched tertiary alkyl fluorides
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start, iron has received considerably less attention than other tran-
sition metals (e.g., Pd, Ni, Ir, etc.) capable of performing coupling
reactions. This may be partially attributed to the challenge in
elucidating reaction mechanism and identification of intermediates
[69, 70]. Within the past few decades, however, coupling chemistry
has emerged as a mainstay in organic synthesis and the pharmaceu-
tical industry. While metals such as Pd and Ni offer the capability of
performing an array of couplings, their associated cost in combina-
tion with environmental and health concerns has led to a resur-
gence in research into iron catalysis [71, 72]. Iron boasts many
green and economical properties. The favorable environmental
profile of iron along with its high abundance, low cost, and toxicity
makes it one of the more ideal metals for coupling, especially on
large scale [73, 74]. Additionally, the majority of pre-catalysts are
air and moisture stable and the use of exogenous ligands is rarely
needed, improving atom economy. Finally, the extraordinary rates
of these reactions and subtleties between reaction conditions allow
for exquisite chemoselectivity and functional group tolerance.

3.2 Acylation Construction of unsymmetrical ketones is of fundamental impor-
tance in organic synthesis. In this regard, a preliminary report from
Cook in 1953 demonstrated that FeCl3 catalyzes the selective
monoaddition of n-butylmagnesium bromide to acetyl chloride
[67]. Notably, 2-hexanone was obtained in 72% yield demonstrat-
ing the advantage over the un-catalyzed process, which returned
the product in 31% yield. Following reports from Marchese
[75, 76], Fürstner made a strong contribution to the generalization
of these additions (Fig. 16) [77]. Specifically, he highlighted several
features including their high functional group tolerance (including
selectivity over aryl bromides), rapid reactivity at low temperature,
and maintenance of stereochemical integrity at the α-position of the
acid chloride. Also noteworthy is the report demonstrating orga-
nozinc [78] compounds can be coupled in good yield.

Beyond traditional acid chlorides, electrophiles, thioesters
[79], acyl nitriles [80], and imidoyl chlorides [81] also couple
with Grignard reagents to produce the ketone or imine products.

3.3 Vinylation Vinylation of organometallic dates back to the seminal report by
Kochi [68] where he demonstrated that vinyl halides could be
successfully coupled with alkyl Grignard reagents in the presence
of catalytic amounts of FeCl3 (Fig. 17). An important feature of this
reaction is the maintenance of E,Z stereochemistry with regard to
the vinyl halide; thus 78 and 80 are coupled to produce 79 and 81,
respectively.

Since this original report, a few notable advances have made
these reactions more efficient and more general. Iron-1,3-diketo-
nate complexes have generally been shown to produce higher over-
all yields and, importantly, are easier to handle than the hygroscopic
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FeCl3 [82]. An extensive study by the Cahiez group [83] showed
that NMP can have a dramatic effect on reactivity (Fig. 18) even
allowing for the use of a range of soluble iron pre-catalysts with
similar results. These conditions boast green, pharmaceutically
friendly attributes including low catalyst loadings (as low as
0.1 mol%), short reaction times, low equivalency of Grignard
reagent, and functional group tolerance. Additionally, vinyl iodides,
bromides, and chlorides undergo coupling with only slight modifi-
cation of reaction conditions. Prevention of β-hydride elimination
with tert-butylmagnesium bromide could also be suppressed with a
bulky Fe(dpm)3 pre-catalyst. While Grignard reagents have been
the vast majority of nucleophiles employed for this chemistry,
organomanganese nucleophiles have also been explored [84–
86]. Consistent with Cahiez’s improvements, NMP proves to be
a crucial cosolvent in these couplings.

3.3.1 Preparation of 5-

Butyldec-5-ene from 5-

(Chloromethylene)nonane

To a solution of 5-(chloromethylene)nonane (82) (25 mmol,
4.37 g) and Fe(acac)3 (0.25 mmol, 0.088 g) in a mixture of THF
(30mL) andNMP (25mL) was added dropwise (10min), between
�5 and 0 �C, a 1.2 M solution of n-butylmagnesium chloride in
THF (27.5 mmol, 22.9 mL). Stirring was continued for 15 min,
and then the reaction mixture was hydrolyzed at �10 �C with aq
1 M HCl (80 mL). After decantation, the aqueous layer was
extracted with Et2O, and the combined organic phases were
washed with satd aq NaHCO3 solution and H2O and dried

Fig. 16 Iron-mediated addition of Grignard reagents to acyl chlorides

Fig. 17 Maintenance of E,Z-stereochemistry in vinylation of MeMgBr

Fig. 18 Influence of NMP as an additive in Fe-mediated Grignard additions
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(MgSO4). Solvents were removed under vacuum, and 5-butyldec-
5-ene (83) was isolated by distillation in 85% yield (4.17 g).

Expansion of the vinyl electrophile profile has been extended
beyond halides to vinyl sulfones [87–89], sulfides [90], sulfonyl
chlorides [91], tosylates [92, 93], phosphonates [83], triflates [76],
and pivalates [94]. With this wide scope in electrophilic compo-
nents, the opportunity for installation of coupling precursors is
large, and further, these partners can be quite stable and thus
carried through multiple synthetic manipulations before coupling.

Alkyl nucleophiles are more traditionally employed in these
couplings, but aryl and vinyl nucleophiles have also been success-
fully coupled. The Molander group made a significant contribution
in reporting that DME was a superior solvent for vinylation of aryl
organomagnesium compounds with vinyl halides and furnished
coupled products in high yields and under mild conditions and
with equimolar mixtures of halide and Grignard reagent (Fig. 15)
[95]. Notably, this reaction was found to be selective for vinyl
halides in the presence of aryl halides. Thus, vinyl bromide (84) is
stereoselectively coupled to form 86 in the presence of bromoben-
zene (Fig. 19). The yield of biphenyl was only 3% higher than that
which results from homocoupling of the Grignard reagent. While a
marked improvement was noted in comparison to Kochi’s report,
this chemistry was shown to be somewhat limited to E-alkenyl
halides as Z-alkenyl halides were shown to produce mixtures when
employing sterically encumbered Grignard reagents. Cooperative
catalysis (Fe/Cu) has also proven beneficial in the synthesis of 1,1-
diarylethenes [96].

3.4 Arylation One of the major limitations in the use of Grignard reagents in
Pd-mediated coupling reactions with aryl electrophiles is their
reducing ability leading to the formation of palladium black and
the subsequent shutdown of the catalytic cycle. In a seminal study
on the analogous iron-catalyzed cross-coupling, Fürstner and
co-workers observed that it was this feature that proved critical to
the success of the overall process. In this study, they exploited the
established observation that FeCl2 reacts with four equivalents of
R-MgX to give a new species of the formal composition [Fe(MgX)
2] (A), which is termed as an “inorganic Grignard reagent” and is
readily soluble in ethereal solvents such as THF [97, 98]. Based on
the stoichiometry of this reduction, it suggests that the oxidation

Fig. 19 DME as a superior solvent for Fe-catalyzed vinylation reactions
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state change does not stop at Fe(0) (complexes of which have often
been speculated as the active catalysts in Fe-mediated couplings)
but instead leads to a species with a formal negative charge at iron.
The Fürstner group hypothesized that such a highly nucleophilic
species in the absence of any stabilizing ligands should be able to
oxidatively add to aryl halides with the formal Fe(0)-based organo-
metallic intermediate (B) formed undergoing further alkylation
with excess Grignard reagent to give (C). Reductive elimination

Fig. 20 Mechanism of iron-catalyzed couplings. Intermediacy of an “inorganic
Grignard reagent” A

Fig. 21 Effect of iron source on alkyl-aryl cross-coupling

Fig. 22 Influence of the nature of the electrophile on the Fe-mediated coupling
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would then yield the Csp2-Csp3-coupled product and regenerate
the catalytic Fe(-II) species (A) (Fig. 20).

Fig. 23 Optimal conditions/scope of the Fürstner-based conditions

Fig. 24 Fe-mediated coupling for heteroaryl-heteroaryl bond formation

Fig. 25 Fe coupling for the synthesis of ribofuranoside derivative 104

Fig. 26 Scale-up of an Fe-catalyzed aryl-alkyl bond formation
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To illustrate this, the cross-coupling of 4-chlorobenzoic acid
methyl ester with an excess of n-tetradecylmagnesium bromide was
performed in the presence of 5 mol% FeClx (x¼ 2, 3) as pre-catalyst
and provided quantitative conversion to the desired cross-coupled
product (with no addition of the Grignard reagent into the methyl
ester) within 5 min at room temperature (Fig. 21). The reaction
even works at –60 �C though only proceeds slowly under forcing
conditions when mediated by non-passivated Fe(0)* powder
(prepared by the reduction of FeCl3 by potassium). However inter-
estingly, these particles slowly dissolve in THF upon treatment with
excess Grignard reagent to give a brown-black solution, which is an
effective catalyst for the cross-coupling process.

Given that the catalytically active iron complex is likely to be a
highly reduced species, one can envision not only classical oxidative
addition via two-electron processes taking place but also single-
electron transfer steps inducing radical pathways. This is supported
by studies on the nature of the aryl electrophile, and while both
bromide and iodide lead to high levels of hydrodehalogenation in
the reaction, the chloride and both the triflate and tosylate lead
rapidly to high levels of the cross-coupled product (Fig. 22). Elec-
tron-deficient chloroarenes reacted similarly to the corresponding
triflate and tosylate, and the triflate group was the optimal for
electron-rich arenes. A range of iron sources effectively mediate
the reaction with Fe(acac)3 being chosen from a practical stand-
point being both cheap and non-hygroscopic. n-Alkyl and sec-alkyl
Grignard reagents are successful nucleophiles with the reaction
scope being also extended to organozinc and organomanganese
reagents though both n-BuLi and Et3Al failed to react purportedly
due to being unable to form a significantly covalent Fe-M
(M ¼ Mg, Zn, Mn) bond in the active species. Vinyl, allyl, and
aryl Grignard reagents are all poor nucleophiles though the latter
does lead to a synthetically useful yield in the coupling with
2-chloropyridine.

From a substrate perspective, the reported iron-catalyzed alkyl-
aryl cross-coupling shows a broad scope tolerating not only a host
of electron-deficient aryl chlorides and tosylates (featuring esters,
nitriles, CF3 groups, etc) but also numerous heterocyclic systems
including pyridines, pyrazines, purines, and isoquinolines (Fig. 23).
The chemoselectivity is also highlighted with the efficacy of the
iron-catalyzed activation of the C-Cl bond allowing the reaction to
be performed in the presence of esters, unprotected acidic N-H
bonds (though an extra equivalent of Grignard is required for
deprotonation for these substrates), and thioethers. Poly-
substitution and one-pot consecutive cross-couplings are also suc-
cessfully demonstrated.

As noted above, the iron-mediated coupling of heteroaryl
chlorides (99) with (hetero)aryl Grignard reagents (100) is also
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successful with notably these processes being carried out in THF in
the absence of NMP as a cosolvent (Fig. 24).

This chemistry further demonstrates the advantage of iron-
catalyzed couplings from a pharmaceutical and practical standpoint.
For example, per-O-acetylated purine-B-D-ribofuranoside (102)
undergoes smooth alkylation leaving the ester functionalities intact
(Fig. 25) which clearly exhibits the beneficial nature of iron catalysis
over the un-catalyzed Grignard reaction.

Later studies by Perry expanded the substrate scope to
non-activated and electron-rich aryl chlorides [99]. In a limited
study, Wang also explored pyrimidine tosylates as electrophiles in
couplings with aryl and alkyl Grignard reagents [100].

With an eye toward industrial application, an impressive dem-
onstration by Fox and Hulcoop showed that the coupling of amide
(105) with ethylmagnesium chloride could be performed on a
210 g scale with low catalyst loading (0.1 mol%) and a crude yield
of 99% with >98% purity (Fig. 26). This reaction was performed at
ambient temperature, in high concentration (0.625 M) and in the
absence of NMP [101].

3.4.1 Preparation of (4-

Ethylphenyl)(Pyrrolidin-1-

yl)methanone from (4-

Chlorophenyl)(pyrrolidin-1-

yl)methanone

To a solution of N-(4-chlorobenzoyl)pyrrolidine (209.7 g,
1.00 mol), Fe(acac)3 (0.353 g, 1 mmol), and TMEDA (15.0 mL,
0.1 mol) in dry THF (800 mL) was added EtMgCl (600 mL, 2 M
solution in THF, 1.2 mol) via cannula at a rate that kept the internal
temperature of the reaction mixture below 30 �C (roughly 1 h).
Immediately following the completion of the addition, the reaction
mixture was added via cannula to a pH 2 buffer solution (1.6 L)
(over 45 min) and stirred at room temperature for 16 h. The
organics were collected. The aqueous was extracted with EtOAc,
and organics were combined, washed with a saturated aqueous
NaCl solution, dried (Na2SO4), and concentrated in vacuo to
give the crude product as a yellow solid (200.5 g, 99%). The purity
(by NMR) was >98%. A sample was recrystallized for characteriza-
tion: mp 85–86 �C.

An important area demonstrating the utility of iron-catalyzed
Kumada coupling in a pharmaceutical context is chemoselectivity
when multiple electrophilic sites are present, especially on hetero-
aromatic systems. This area has largely been exploited to perform
selective substitutions as well as sequential one-pot couplings and
thus shows itself to be quite relevant from a cost and efficiency
standpoint [97, 102, 103]. For example, symmetric and pseudo-
symmetric pyridines have been sequentially coupled to form the
natural products (�)-isooncinotine (109) [104] (Fig. 27) and (+)-
muscopyridine (112) [105] (Fig. 28).

Expansion of the aromatic coupling partner beyond aryl chlor-
ides, tosylates, and triflates has made this reaction even more attrac-
tive. The groups of Shi [94], Garg [106], and Cook [93, 107] have
explored various phenol derivatives and their reactivity in iron-
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catalyzed cross-coupling. Sulfamates and carbamates have been
shown to undergo coupling in the presence of an iron catalyst and
an NHC ligand (Fig. 29). These handles are useful as they are also
useful in directed metalation reactions. Figure 30 nicely demon-
strates the principle of sequential and orthogonal reactivity, in the
poly-functionalization of arene 115 to deliver arene 118. Relevant
to pharmaceutical interests, the conditions described by Garg are
shown to be tolerant of heteroarenes and steric congestion.

Also, noteworthy is the challenge of aryl-aryl bond formation
via iron catalysis due to competitive homocoupling. Nakamura
demonstrated a remarkable effect in the employment of FeF3 as
the pre-catalyst which successfully suppressed homocoupling of the
Grignard reagent [108], and Cook has further extended this

Fig. 27 Application of Fe coupling in the synthesis of (�)-isooncinotine 109

Fig. 28 Application of Fe coupling in the synthesis of (+)-muscopyridine 112

Fig. 29 Iron-mediated coupling of aryl sulfamates and carbamates
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chemistry from aryl halides to aryl tosylates [93]. Chlorostyrenes
have also shown unique reactivity in biaryl couplings [109]. Of
note to pharma, Knochel has reported a general method for the
coupling of N-heterocycles with aryl Grignard reagents
[110]. Interestingly, he later found that the addition of isoquino-
line is quite beneficial in these couplings, dramatically increasing
the reaction rate [111, 112] (Fig. 31).

3.5 Iron-Catalyzed

Suzuki-Miyaura

Reactions

While the use of iron to mediate Kumada-type couplings is rela-
tively well established (with numerous examples applied on large
scale), initial reports utilizing this metal to catalyze Suzuki-Miyaura
couplings are limited, and all feature the addition of either pyro-
phoric alkyllithium reagents to activate the boronic ester [113]
and/or magnesium salts purportedly to facilitate the transmetala-
tion [114]. Comparisons to the well-established Pd-catalyzed sys-
tems in which basic additives lead to the formation of palladium
hydroxides, which are critical for transmetalation, led Byers and
co-workers to hypothesize that application of analogous conditions
to the corresponding iron-based systems would lead to the forma-
tion of iron hydroxides or alkoxides, which would be subsequent to
aggregation and subsequent deactivation of the catalytic
cycle [115].

Fig. 30 Controlled substrate functionalization through orthogonal reactivity to Ni/Fe-mediated conditions

Fig. 31 Addition of isoquinoline as an additive to Fe-catalyzed reactions of
N-heterocycles

New Directions in Coupling Chemistry 427



An alternative suggestion might be that unfavorable thermo-
dynamics are a barrier to transmetalation, and while computational
studies indicated that this was indeed likely to be an uphill process,
they also suggested that the energy barrier for transmetalation of
iron alkoxides was modest and could be overcome at room temper-
ature. However, experimental studies to explore this were thwarted
when attempts to synthesize a mononuclear iron alkoxide complex
either through salt metathesis or protonolysis of suitable iron-
containing precursors led to a green insoluble material that showed
no activity in cross-coupling reactions.

Re-examination of the computational model suggested that
switching to an iron-amide species as a possible intermediate for

Fig. 32 Byer’s iron-catalyzed Suzuki-Miyaura reaction

Fig. 33 Optimal conditions/scope of the Byers conditions
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transmetalation represents a favorable situation from a thermody-
namics perspective and affords a wide scope in terms of potentially
tuning both the electronics and sterics of the intermediate. Judi-
cious manipulation of these factors particularly the steric

Fig. 34 Proposed mechanism of the iron-mediated Suzuki coupling

Fig. 35 Synthesis of Cinacalcet using Fe-mediated Suzuki-Miyaura coupling

Fig. 36 N-Pyrrole amide as a directing group in the iron-mediated Suzuki coupling
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environment of the iron amide proved critical to success with
LiNMeEt being demonstrated to be optimal for the iron-catalyzed
coupling between cycloheptyl bromide and PhB(pin), while both
more sterically demanding/electron-deficient and smaller amides
were ineffective. Extensive screening of ligands demonstrated that
the BOX family was particularly effective with substitution at the
bridging carbon shown to be a key factor in obtaining the optimal
reaction outcomes. In addition, working with a pre-prepared
monoanionic iron-ligand complex proved superior to the in situ
formation of the catalyst system with loadings as low as 1% still
leading to synthetically useful yields (Fig. 32).

Exploration of the reaction scope showed that both primary
and secondary bromide were tolerated, while tertiary alkyl chlor-
ides also provided some level of the desired products (Fig. 33). The
alkyl bromides proved to be better coupling partners than the
iodides, which in turn were superior to the chloride derivatives
(127), though the latter proved superior in the coupling of ben-
zylic substrates (128) owing to a lesser propensity to undergo

Fig. 37 Optimal conditions/scope of the Bedford conditions

Fig. 38 π-Coordination of the ligand tethering the substrate facilitating C-Cl bond
activation
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homocoupling via radical recombination. The intermediacy of
carbon-based radical intermediates was further supported in experi-
ments involving radical clock-based intermediates. A degree of
functional group tolerance was tolerated on the alkyl halides. For
the boronate esters, electron-rich systems demonstrated reduced
efficiency due to slower transmetalation rates, and while alkenyl
boronic esters underwent the desired reaction, both heteroaro-
matic and substrates featuring enolizable protons failed to react.
It is important to note that observed modest yields are often due to
catalyst deactivation with minimal side-product formation. Given
this, filtration and re-subjecting the mixture to the reaction condi-
tions was shown to lead to a 10–25% improvement in yield.

Mechanistically although it is likely that the reaction proceeds
through Fe(II)/Fe(III)-based intermediates, previous hypotheses
involving an Fe(I)/Fe(II)/Fe(III) pathway cannot be ruled out
[116] (Fig. 34). The current reaction exhibits two key features
that differentiate it from previously reported iron-catalyzed
Suzuki-Miyaura couplings utilizing alkyllithium reagents and mag-
nesium additives in the nature of the ligand employed as well as the
involvement of the amide base. The latter is proposed to play a
number of roles including being involved in the formation of an
anionic cyanoBOX ligand, preventing aggregation of iron species as
well as in situ formation of an iron-amide species (A) to facilitate
transmetalation. The authors however do note that it is unlikely
that the current reaction proceeds through borate-based species
given that these are observed to play an inhibitory role in reaction
progress in this system.

To illustrate the practicality of the new methodology, a
two-step synthesis of cinacalcet (a calcimetic for the treatment of
secondary hyperparathyroidism) was developed featuring the iron-
mediated Suzuki-Miyaura reaction as the initial step in which the
difference in reactivity between alkyl bromides and chlorides in 133
is exploited. The reaction proceeds in 55% yield with only 10% of
the bis-arylated product being observed. A high-yielding alkylation
of a commercially available amine 135 completes the synthesis of
the API in 41% overall yield (Fig. 35). This route is shorter than any
of the previously reported approaches to this molecule and notably
avoids the use of either noble metal catalysts [117] or pyrophoric
organometallic reagents [118].

While there are several reports on the iron-catalyzed Suzuki-
Miyaura coupling for the synthesis of pharmaceutically relevant
biaryl motifs, the reaction remains problematic, and there are sig-
nificant concerns specifically around reproducibility [119]. Of the
cases described, the coupling of 2-halobenzyl halides with activated
boronate esters appears to be robust leading to the desired cross-
coupling product along with minor amounts of the bi-aryl-coupled
side product [120, 121]. Bedford and co-workers hypothesized
that the success of this reaction was based on the ability of the
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substrate to “direct” the activation of the aryl-X bond at the iron
center, though noted that reports showed that other classic ortho-
directing groups based on tertiary amine, ether, ester, carbamate, or
imine functions all failed to give the desired cross-coupling prod-
uct. Inspired by these results, they highlighted aryl chloride sub-
strates with an N-pyrrole amide (137) (or related) directing group
as being able to successfully participate in the iron-catalyzed
Suzuki-Miyaura reaction with activated organoborates (138)
[122] (Fig. 36).

Optimization studies demonstrated that judicious choice of the
ligand was critical and while both amine- and phosphine-based
ligands were ineffective, N-heterocyclic carbene (NHC) ligands
proved beneficial. Herein, the nature of the substitution pattern
of the N-aryl groups proved important with modest steric bulk at
the 2,6-positions providing the best results. Both FeBr2 and FeBr3
were able to catalyze the reaction with no conversion being
observed in the absence of iron with the boronate nucleophile
acting as a reducing agent for the iron. Chloro proved to be the
best halide substituent, and while the 2-bromo analogue also gave a
modest yield of the desired coupling product, increased amounts of
the hydrodehalogenated side product were observed. This became
the major product with the 2-iodo species, while the 2-fluoro
proved resistant to the reaction conditions. None of the desired
coupling product was observed for either the 3- or 4-chloro deri-
vatives supporting the directing role of the N-pyrrole amide func-
tion. A range of functional groups could be successfully
accommodated on the aryl chloride with the reaction also able to
tolerate a modest degree of steric hindrance (Fig. 37). Use of a
2-chloropyridine derivative also furnished the desired product
though the other heterocycles examined failed to react.

MgBr2 as an additive was critical for the success of the reaction.
Other bromide salts also provide product with varying degrees of
success as does MgCl2 though the theory that the additives may
form intermediates facilitating the transmetalation to the iron is to
be a large degree discounted by the observation that both Zn- and
Al-based nucleophiles fail to participate in the reaction when repla-
cing the B-based species. The loading of MgBr2 is also important to
control as although the bromide is clearly necessary for activity,
above a certain point, it plays an inhibitory role on the reaction.
Mechanistic studies based on kinetic analyses (including the delin-
eation of a clear catalyst induction period) and kinetic isotope
effects (KIE) enable a simple model for a catalytic cycle to be
developed, a critical feature of which is the π-coordination of the
pyrrole ligand that is proposed to tether the substrate in the coor-
dination sphere and facilitate activation of the C-Cl bond (148)
(Fig. 38). Cleavage of this bond is hypothesized to occur via single-
electron transfer (SET) rather than classical oxidative addition with
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this theory supported by addition of TEMPO as a radical trap being
able to inhibit the reaction.

3.6 Alkyl-Alkyl

Coupling

Iron-catalyzed C(sp3)-C(sp2) bond formation has been extensively
explored allowing for coupling of alkyl iodides [123, 124], bro-
mides [123–132], chlorides [123, 133–135] thioethers, and sul-
fones [136]. These reactions have also been shown to tolerate a
wider range of nucleophiles beyond Grignard reagents into zinc
reagents [137], organolithium reagents [128], and various metal-
lates [134, 135, 138] (e.g., borates, aluminates, and indates).

Generalities of these reactions are noted through the literature.
These couplings have been shown to proceed via a radical oxidative
addition of the alkyl halide [124, 130, 132–134, 138] to iron, and
thus stereochemical integrity of the starting halide is not main-
tained [123, 128, 129]. The radical nature of these reactions has
been taken advantage of in tandem ring-closure/coupling reactions
allowing for the synthesis of substituted heterocycles [134]. Analo-
gous to the benefit of NMP to vinylation and arylation discussed
above, TMEDA and HMTA have been shown to be advantageous
additives in the majority of reports [123, 125, 129, 130,
137]. When reacting with an alkenyl nucleophile (80), the olefin
geometry within the organometallic can also be maintained using
organozinc [137], borate nucleophiles [134, 136], or carefully
controlled Grignard formation [125] (Fig. 39).

From a selectivity perspective, conditions which allow for the
alkylation of aryl and vinyl nucleophiles have been shown to be
orthogonal to those needed for vinylation or arylation [126, 130,
132]; thus cycloheptyl bromide is coupled in high yield to deliver
152; however iodobenzene (54) remains intact under identical
conditions (Fig. 40). Fürstner has also shown couplings catalyzed
by [Li(TMEDA)2[Fe(C2H4)4] demonstrate an impressive func-
tional group tolerance (e.g., isonitriles, esters, TMS-alkynes,
nitriles, and more) in the coupling of alkyl iodides and bromides
[128]. [Li(TMEDA)2[Fe(C2H4)4] can be prepared on large scale
but is air sensitive. As an alternative, preparation of [(FeCl3)2(T-
MEDA)3)] as a bench-stable solid allows for a highly practical route
toward cross-coupled products with low catalyst loadings and on
large scale [129] (Fig. 41).

These reactions also display their usefulness in substrates (155)
that would be inert to typical SN2 reactivity that will undergo
coupling in good yield [132, 133] (Fig. 42).

Perhaps the most challenging iron-catalyzed coupling reaction
is that of C(sp3)-C(sp3) bond formation due to competing homo-
coupling, β-elimination, and disproportionation which hinder pro-
ductive reactivity of unactivated alkyl electrophiles. The Chai group
made a seminal contribution and demonstrated that in the presence
of Fe(OAc)2 and the bulky, bidentate bisphosphine Xantphos,
unactivated alkyl bromides (157) could be successfully coupled to
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alkyl Grignard reagents in moderate yields (Fig. 43) [139]. Expan-
sion of this chemistry by Nakamura has resulted in a tandem
hydroboration/iron-catalyzed Suzuki-Miyuara coupling of the
resulting tetraalkylborates [140].

From the standpoint of an enantioselective cross-coupling cat-
alyzed by iron, the literature is much sparser. Only one report of a
catalytic, enantioselective coupling of an organometallic compound
has been published [141]. This reaction generates α-aryl esters
from α-chloroesters with moderate enantioselectivities and is com-
plimentary to the couplings presented by nickel and cobalt.

Fig. 39 Beneficial effects of TMEDA/HMTA as additives in Fe-mediated couplings

Fig. 40 Orthogonal reactivity in the Fe-catalyzed alkylation of aryl and vinyl halides

Fig. 41 [(FeCl3)2(TMEDA)3)], a bench-stable solid as a cross-coupling catalyst

Fig. 42 Fe-mediated cross-coupling of tertiary alkyl chlorides

Fig. 43 Xantphos-mediated coupling of unactivated alkyl bromides
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4 Copper-Mediated Cross-Couplings

4.1 Introduction Copper represents a highly attractive option for cross-coupling
chemistries due to its low cost, high natural abundance, and low
toxicity, and its use in organic synthesis predates the disclosure of
the Mizoroki-Heck reaction by almost 100 years. The Glaser
homocoupling of alkynes was first reported in 1869 with a catalytic
version reported by Hay in 1962 [142]. The unsymmetrical cou-
pling of alkynes (Castro-Stephens reaction) was reported in 1963
[143]. Further classical examples of copper-mediated transforma-
tions include the Rosenmund-von Braun cyanation of aryl bro-
mides [144] and Hurtley’s C-arylation of CH-acids with o-
bromobenzoic acid in the presence of sodium ethoxide [145]. In
addition, the Ullmann coupling primarily for the formation of C-N
and C-O bonds enjoyed extensive use until the development of
Pd-based methods, though has also undergone a significant renais-
sance in recent years with catalytic methods enabling milder condi-
tions being reported as well as the development of the Chan-Lam
coupling [146]. Typically, these pioneering copper-based reactions
required stoichiometric amounts of the Cu source, as well as forc-
ing reaction conditions, and thus became somewhat neglected as
Pd-based paradigms emerged as a highly versatile source of bond-
forming catalysis.

The use of copper has also been widely recognized as advanta-
geous in tandem with several Pd-based methodologies. For exam-
ple, the addition of Cu(I) salts has long been known to accelerate
the Stille reaction purportedly through the scavenging of Pd-based
ligands thus facilitating the rate-determining transmetalation
[147]. To develop a purely Cu-based version of this reaction, highly
polar solvents have been shown to favor Sn/Cu transmetalation,
while both use of excess Cu and addition of reagents to scavenge
excess Sn reagents have been explored as strategies to successfully
drive the reaction to the desired cross-coupled product [148]. Sev-
eral examples of Cu-based Stille couplings have been reported in
total syntheses [149, 150]. Similarly, the intermediacy of Cu acet-
ylides has long been implicated in the venerable Pd-catalyzed Sono-
gashira coupling with the polymeric, insoluble nature of these
species often being cited as a barrier to the development of a
protocol for this transformation based on copper catalysis alone
[151]. Recognizing this, numerous reports of palladium-free Sono-
gashira reactions have been reported often featuring the addition of
ancillary ligands to solubilize and break up copper acetylides, thus
enabling a Cu(I)/Cu(III)-based catalytic cycle to operate
[152, 153].

Despite the wealth of reports of copper-based coupling che-
mistries [154, 155], this section will focus on examples of the
couplings of Grignard and organoboron-based reagents. The
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coupling of the former was first reported by Kharasch using Co salts
[156] with Tamura and Kochi describing the first examples of
copper-catalyzed cross-couplings of Grignard reagents with alkyl
halides in 1971 [157].

4.2 Alkyl-Alkyl Bond

Formation with

Grignard Reagents

Early studies on the formation of carbon-carbon bonds utilizing
copper-based reagents focused on the use of either “lower-order”
cuprates (R2CuLi.LiX commonly referred to as Gilman reagents) or
“high-order” cuprates (R2CuCNLi2) wherein R can be saturated
alkyl, allylic, vinyl or aryl groups [158, 159]. Whereas Gilman
reagents only reliably couple with primary alkyl halides and sulfo-
nates, the use of the higher-order cuprates increases the scope to
couplings with secondary alkyl halides. However, drawbacks do
exist in utilizing these reagents based mainly on typically excess
cuprate being required to drive the reaction even though the
reagents themselves contain two potentially transferable R groups.
Furthermore, the greater accessibility of Grignard reagents com-
pared to the corresponding organolithiums led to the natural pro-
gression to investigate the copper-catalyzed cross-coupling of these
reagents with various electrophilic species. In connection with
synthetic studies around the design of meta-cyclophanes (159) as
components for molecular devices, Burns and co-workers studied
the synthesis of a versatile bis-anisole fragment (160) based on the
coupling of a bis-electrophilic alkyl component (161) of varying
chain lengths to link twomolecules of 2-bromoanisole (162) [160]
(Fig. 44).

Problems were rapidly encountered attempted to utilize
2-lithiated anisoles in the coupling processes, and this approach
would likely be further complicated by the need for downstream
elaboration to access the target cyclophanes. Given this, several
systems utilizing Grignard reagents in tandem with copper catalysis
were evaluated to mediate the desired coupling. Initial studies
evaluated the coupling between two equivalents of
(2-methoxyphenyl)magnesium bromide with
1,3-dibromopropane to form the desired bis-anisole (165)
(Fig. 45). The commonly utilized catalysts Li2CuCl4 and CuBr
(with and without HPMA as an additive) were initially assessed in
the coupling though led only to poor yields of the bis-coupled
product (~ 15–20%) even when excess Grignard reagent was used
though these pilot studies did indicate a correlation between cata-
lyst solubility and reaction efficiency with high yields of the mono-
coupled anisole (> 80%) being obtained with the more soluble
copper-based species.

With this hypothesis in mind, attempts were made to prepare a
more soluble Cu(II) catalyst through exchanging Cl ligands with
Br, I, and/or SPh ligands, which are known to stabilize the active
Cu(I)-coupling catalyst. This is further supported by NMR studies
on the reaction using Li2CuCl4, which demonstrated two distinct
rates of reaction based on the nature of the Cu species in the
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Fig. 44 Retrosynthetic analysis of metacyclophanes 159

Fig. 45 Model reaction for the formation of the bis-anisole 165

Fig. 46 Initial coupling with the Burns catalyst system

Table 3
Variation of electrophile 169 in catalyst screenings

Entry X ¼ Catalyst Conc. (M) Yield (%)

1 Br Li2CuCl4 0.5 54

2 I Li2CuCl4 0.5 57

3 OTs Li2CuCl4 0.5 70

4 Br CuBr-SMe2/LiBr/LiSPh 0.5 57

5 I CuBr-SMe2/LiBr/LiSPh 0.5 59

6 OTs CuBr-SMe2/LiBr/LiSPh 0.5 77

7 OTs CuBr-SMe2/LiBr/LiSPh 1.0 60

8 OTs CuBr-SMe2/LiBr/LiSPh 0.1 75

9 OTs CuBr-SMe2/LiBr/LiSPh 0.05 31
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reaction. Addition of Li salts (either the iodide or bromide) to
CuBr2 led to discernible color changes to the solutions with also
enhanced yields of the desired bis-coupling products being
obtained (~ 50–60%) when the bis-tosylate was employed as the
electrophile though only after relatively long reaction times
(3–4 days) and with high catalyst loadings (12–15%).

Mixing CuBr2 with LiSPh in THF at room temperature led to a
yellow solid containing a Cu(I) species, which is presumably
formed through reduction of thiophenol leading to concomitant
formation of the corresponding disulfide. Given that the thiophe-
nol acts both as a ligand and the reducing agent, an alternative
preparation was devised to avoid issues with control of the stoichi-
ometry. To achieve this, one equivalent of CuBr-SMe2 was mixed
with one equivalent of each LiBr and LiSPh in THF forming a
yellow suspension after 15–30 min. Mixing the reactants at 0 �C led
to a homogeneous solution, which was maintained for several hours
prior to any signs of precipitation. This solution (or suspension)

Fig. 48 Temperature/concentration and additive effects

Table 4
Temperature/concentration and additive effects

Entry Catalyst Temp. (�C) Additive Yield (%)

1 Li2CuCl4 25 0.5 52

2 CuBr-SMe2/LiBr/LiSPh 25 0.5 55

3 Li2CuCl4 45 0.5 21

4 CuBr-SMe2/LiBr/LiSPh 45 0.5 33

5 CuBr-SMe2/LiBr/LiSPh 0 6% HMPA 57

6 CuBr-SMe2/LiBr/LiSPh 25 6% HMPA 78

7 CuBr-SMe2/LiBr/LiSPh 25 6% HMPA 87

8 Li2CuCl4 67 6% HMPA 80

9 CuBr-SMe2/LiBr/LiSPh 67 6% HMPA 80

10 CuBr/HMPA 67 6% HMPA 44

Fig. 47 Screening Cu-based catalysts against various electrophiles
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proved to be more effective (80% yield) at coupling the anisole-
based Grignard reagent (163) with the bis-tosylate (167) (derived
from the 1,3-disubstituted propane) than any of the previously
studied catalyst systems (Fig. 46).

Fig. 49 Optimal conditions/scope of the Burns conditions

Fig. 50 Cu-mediated cross-coupling of alkyl fluorides

Fig. 51 Variation of the Grignard reagent 93 in the coupling of alkyl fluorides

Fig. 52 1,3-Butadiene as an additive for the coupling of unactivated secondary alkyl iodides
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Based on this promising result, a more comprehensive study of
the newly developed catalyst system was undertaken with the spe-
cific aim to benchmark its performance against both Li2CuCl4 and
CuBr (in THF/HMPA). Model studies on the reaction between
decylmagnesium bromide (168) and electrophiles based on
1-substituted propane (importantly using one equivalent of each

Fig. 53 Optimal conditions/scope of the 1,3-butadiene assisted coupling of
secondary alkyl iodides

Fig. 54 Copper-catalyzed couplings for the synthesis of dienes and enynes

Fig. 55 Use of 1-phenylpropyne as an additive in the coupling of alkyl chlorides/tosylates
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coupling partner) were carried out to identify the optimal condi-
tions for establishing the scope of the coupling chemistry (Fig. 47)
(Table 3). The nature of the electrophile (169) was shown to be
important, and while both the bromide and iodide coupled in
modest yields, the tosylate was shown to be superior (compare
entries 4, 5, and 6). In equivalent cases, the new catalyst system
gave ~5–10% higher yields than Li2CuCl4 with the typical
by-products observed being Wurtz-type dimers (5–10%),
thiophenol-substituted electrophiles (0–3%), and quenched
Grignard reagent. Control of the Grignard reagent concentration
was also shown to be a key factor, and although synthetically useful
yields could be obtained at 1.0 M, the highest yields were achieved
at concentrations between 0.1 and 0.5 M. As noted previously, the
nature of preparation of the new catalyst did not impact the out-
come of the reaction.

Fig. 56 “Radical-clock” experiment for the copper-mediated cross-coupling

Fig. 57 Comparative performance of electrophiles 203 in the Cu-mediated coupling

Fig. 58 Reactivity differences enable selective Cu-mediated couplings
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Both the Li2CuCl4 and the CuBr.SMe2/LiBr/LiSPh systems
show a significant sensitivity to temperature with yields dropping
using the later in the model coupling from 77% (0 to 18 �C—warm-
up protocol) to 33% (45 �C reaction temperature) (Fig. 48,
Table 4) (compare entry 2 and 4). Temperatures below 0 �C proved
not to be practical due to a slow reaction rate. Addition of HMPA
(6% by volume) as a cosolvent proved to not only be able to increase
the coupling yields at ambient temperature (87% at 25 �C) but also

Fig. 59 Mechanistic studies on additive effects in copper-catalyzed alkyl-alkyl cross-couplings

Fig. 60 NMP as an additive in the coupling of alkynyl halides
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Fig. 61 Optimal conditions/scope of the alkyl/alkynyl coupling reaction

Fig. 62 Copper-mediated synthesis of arylacetylenes

Fig. 63 Mechanistic hypotheses for the coupling of haloalkynes

New Directions in Coupling Chemistry 443



Fig. 64 Slow addition to facilitate “additive-free” alkyl-alkyl cross-couplings

Fig. 65 Proposed mechanism to explain the benefits of slow Grignard addition

Fig. 66 Optimal conditions/scope of the “slow addition” protocol
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enhance the catalyst’s stability/efficiency at elevated temperatures
(80% at 67 �C) with a faster reaction rate (3–4 h as opposed to 24 h)
(entry 9). Interestingly, addition of the HMPA cosolvent led to a
slightly lower yield for the reaction at 0 �C (entry 5).

Fig. 67 Benzonitrile as an additive for the coupling of tertiary Grignard reagents

Fig. 68 Ligand-free copper-catalyzed alkyl-aryl cross-coupling

Fig. 69 Copper-mediated coupling of alkenyllithium reagents

Fig. 70 Optimal conditions/scope of coupling of functionalized alkyl electrophiles
221
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Fig. 71 Functional group tolerance in the CuCl-mediated cross-coupling

Fig. 72 Liu conditions for the coupling of sterically congested electrophiles

Fig. 73 Optimal conditions/scope of the Liu conditions

Fig. 74 Cross-coupling proceeds with clean inversion of configuration
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Scope-wise the newly developed catalyst system showed a defi-
nite edge in reactivity in the coupling of one equivalent of primary,
aromatic, vinyl, and allylic Grignard reagents with one equivalent of

Fig. 75 Oxidative homocoupling of Grignard reagents mediated by 242

Fig. 76 Oxidative cross-coupling of densely functionalized systems

Fig. 77 Mechanistic proposal for the oxidative cross-coupling
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Fig. 78 Inter- and intramolecular copper-catalyzed reductive cross-coupling

Fig. 79 Synthesis of key synthon 257

Fig. 80 Labeled stearic acid targets

Fig. 81 Effect of electrophile leaving group in cross-coupling
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primary alkyl tosylates with more consistent yields also being
obtained compared to previously studied systems (Fig. 49). In
addition, the coupling of secondary and tertiary Grignard reagents
was shown to be possible in equivalent yields to that realized by the
Gilman reagents with the benefit herein that only a stoichiometric
amount of the organometallic reagent is used. Further extension of
the methodology to the coupling of secondary electrophiles with
primary Grignard reagents led to only modest yields of the desired
products, though a dramatic improvement could be realized

Table 5
Leaving group/chain length and additive loadings in Cu-mediated coupling

Entry X ¼ CuCl2 (mol%) Acetylene (mol%) R ¼ RMgBr (equiv) Yield (%)

1 Br 2 10 C6H13 1.5 50

2 Br 5 20 C6H13 2 80

3 OTs 5 20 C6H13 2 96

4 OTs 5 20 C14H29 2 98

Fig. 82 Synthesis of 2,3-labeled stearic acid derivative 258

Fig. 83 Synthesis of 16,17-labeled stearic acid derivative 260

Fig. 84 Effect of protecting group in the coupling of 264
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switching to the less sterically encumbered mesylates in a similar
manner to that previously described for “higher-order” cuprates.

Incorporation of an ester into the electrophile highlighted an
aspect of chemoselectivity of the CuBr.SMe2/LiBr/LiSPh catalyst
with smooth coupling being realized (in a similar manner to a
cuprate addition) and no addition into the carbonyl moiety in
contrast to the same reaction conducted in the absence of the
catalyst. Extensive 1HNMR andUV/Vis spectrophotometric stud-
ies indicate that in solution there is a complicated mixture of Cu
species featuring ligation with thiophenol, THF, and LiBr in vari-
ous aggregated forms.

Carbon-fluorine bonds are the strongest single bonds in
organic compounds, and given this, examples of sp3 C-F bond
fission mediated by transition metal complexes are rare. Kambe
and co-workers have developed a nickel- and copper-mediated
coupling of alkyl fluorides (178) with Grignard reagents (177)
[161]. Key to the success of these reactions was the addition of
1,3-butadiene as an additive with the copper salts (CuCl or CuCl2)
showing the highest activities among the catalysts evaluated while
also completely suppressing by-product formation (Fig. 50).

n-Octyl fluoride (178) was shown to react with a range of
primary and secondary Grignard reagents in the presence of
1,3-butadiene though for the reactions of tertiary alkyl and phenyl
Grignard reagents, the additive had little effect with good yields of
the desired coupling product being obtained in its absence
(Fig. 51). The corresponding alkyl bromides were also shown to
be successful substrates under the developed conditions, while alkyl
chlorides gave only poor yields of the coupling products.

The use of 1,3-butadiene as an additive was also extended to
the copper-mediated coupling reaction between unactivated sec-
ondary alkyl iodides and alkyl Grignard reagents [162]. This reac-
tion leads to the formation of tertiary, stereogenic carbon centers
and is typically more challenging to achieve in a selective manner.
Model studies on the reaction between 4-phenylbutan-2-yl iodide
(181) and n-BuMgCl (182) in the presence of a stoichiometric
amount of 1,3-butadiene catalyzed by CuI led to the desired

Fig. 85 Synthesis of “middle”-labeled stearic acid derivatives 259
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product in 90% yield with only trace amounts of the side products
resulting from elimination and reduction (<2% total) (Fig. 52).
Repeating the reaction in the absence of the additive led to a
significant decrease in yield (56%) with a corresponding increase
in by-product formation (~23% total). Other additives were also
shown to be successful in mediating the reaction though were not
as effective as 1,3-butadiene, while the amount of this additive
could be reduced with synthetically useful yields still being obtained
from the reaction.

A range of secondary iodides and Grignard reagents were suc-
cessfully evaluated in the process with the reaction shown to be
tolerant of a moderate degree of steric hindrance around the react-
ing centers as well as several functional groups (alkene, ketal)
(Fig. 53). The corresponding secondary alkyl bromides were not
successful substrates for the reaction.

Preliminary studies on the mechanism of the transformation
suggest that it proceeds through an ionic mechanism through the
formation of magnesiocuprates from the Grignard reagent and the
copper catalyst with the additive hypothesized to stabilize the
cuprate intermediate and thus prevent β-elimination. Experiments
involving a radical clock-based substrate indicate that free alkyl
radicals are not formed, and this observation enables the chemistry
to be extended to the preparation of dienes (195) and enynes
(197) through incorporation of unsaturation in both reacting
substrates (Fig. 54).

One gap in the initial copper-mediated cross-coupling meth-
odology for the reaction of alkyl halides and sulfonates with
Grignard reagents was the lack of applicability to the cheap, readily
available alkyl chlorides owing probably to the strength of the C-Cl
bond relative to the C-Br and C-I congeners. Screening additives in
the reaction between n-nonyl chloride (198) and n-BuMgCl
(182), Kambe and co-workers reported that high yields of the
desired coupling product could be obtained in the presence of the
additive 1-phenylpropyne in THF at reflux [163] (Fig. 55).

The reaction was successful with either CuCl or CuCl2 as the
catalyst and proceeded at room temperature though more slowly.
Several other additives were also evaluated with 1,3-butadiene and
styrene shown to be far less effective, while steric hindrance around
the triple bond of the alkyne was also found to have an impact on
the reaction. It is hypothesized that the role of the 1-phenylpro-
pyne is through coordination to the Cu(I) ion preventing the
decomposition of the thermally unstable alkylcopper
(I) intermediates in the catalytic cycle. Increased concentrations
of the alkyne additive were shown to lower the initial rate of the
coupling reaction, and this is proposed to be due to a shift in the
equilibrium toward bis(alkyne)copper (I) complexes that represent
potential resting states of the catalyst (vide supra). Substrate studies
indicate that a radical mechanism is not involved with inversion of
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configuration observed during the cross-coupling process suggest-
ing primarily an SN2 mechanism (Fig. 56).

Examination of independent reactions of the alkyl electrophiles
(203) indicated that the reactivities increased in the order: chloride
< fluoride < mesylate < tosylate < bromide with the slightly
enhanced reactivity of the alkyl fluoride compared to the
corresponding chloride being attributed to the formation of a
strong Mg-F bond during the reaction (Fig. 57).

These reactivity differences enabled site-selective sequential
cross-coupling reactions to be carried out on dihaloalkanes (205)
while selectivity could also be realized between primary and sec-
ondary halides in the same substrate (207) (Fig. 58).

Kambe and co-workers have carried out extensive mechanistic
studies on the effects that additives such as 1-phenylpropyne and
1,3-butadiene have on the copper-catalyzed alkyl-alkyl coupling
reaction as well as evaluating the influence of catalyst loadings on
both the rate and reaction profile [164, 165]. These demonstrate
that very high TONs of up to 106 and TOFs of 104 h�1 are
attainable for the transformation. The loading of the additive was
shown to be a key parameter as although this suppresses not only
catalyst degradation but also the side reactions though increasing
the loading of 1-phenylpropyne also leads to a decrease in reaction
rate suggesting that higher concentrations generate Cu complexes
coordinated to two acetylene molecules that represent a resting
state of the catalytic system. Prolonging the reaction time though
leads to >80% conversion to the desired product. Initial formation
of an alkyl copper species (A) through reaction of a copper salt and
Grignard reagent is followed by further reaction with the Grignard
to form an intermediate dialkyl cuprate (B) that undergoes nucleo-
philic substitution with the alkyl halide through an ionic mecha-
nism with the desired coupling product formed via reductive
elimination of two cis-oriented alkyl groups from C with the con-
comitant regeneration of the alkyl copper species (Cycle A)
(Fig. 59). Alternatively owing to the thermal instability of the
alkyl copper species, this can undergo β-hydrogen elimination to
give the olefin and a copper hydride (D) that can also react with the
alkyl halide to give the reduced alkane by-product (Cycle B). Cata-
lyst degradation is triggered through the disproportionation or
homolysis of either Cu-H (D) or Cu-X (E) forming Cu(0) that
leads to deactivation through aggregation as well as promoting
further side-product formation through dehydrohalogenation and
homocoupling processes (Cycle C). Sequestering of the Cu-H (D)
by the additive through formation of a vinyl- or allyl-copper inter-
mediate that can regenerate the alkyl copper species (A) through
transmetalation was investigated and shown to be feasible though is
not thought to be the main mechanism by which an additive
suppresses catalyst degradation. The additives are believed to coor-
dinate to Cu thus preventing β-hydrogen elimination (Cycle B)
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while also potentially accelerating formation of the dialkyl cuprate
complex (B) (Cycle A). Additional observations demonstrate that
catalyst deactivation is accelerated at higher catalyst loadings
though while running the reaction with low Cu loadings alleviated
this issue, selectivity control was an issue in the absence of an
additive. While these studies provide some guidance as to obtaining
optimal yields for the coupling process, the precise mechanistic
details remain elusive owing to the ease of one-electron redox,
aggregation, and the disproportionation of copper species.

Couplings between alkyl and alkynyl reagents can be achieved
through two distinct pathways. Whereas alkylation of a metal acet-
ylide with a primary alkyl halide can be used, drawbacks of this
method include poor functional group compatibility as well as
limited substrate scope particularly due to competing elimination
reactions. Reversing the polarity of the coupling partners and react-
ing an alkynyl halide with an alkyl-metal reagent represents an
alternative approach, and while potentially offering a wider scope
in terms of substrate compatibility, reports of this coupling para-
digm are somewhat sparse.

Cahiez and co-workers sought to develop the copper-catalyzed
variant of this coupling through model studies on the reaction
between n-BuMgCl (209) and heptynyl bromide (210) [166]. Pre-
vious reports had indicated that only low yields could be obtained
with halogen/magnesium exchange being the predominant reac-
tion. However, a 73% yield could be obtained using CuCl2 as the
catalyst simply by controlled syringe-pump addition of the
Grignard reagent into the reaction mixture. The influence of
ligands/additives (10 mol%) was also investigated, and while the
previously described 1-phenylpropyne led to a slight increase in
yield, σ-donor ligands such as TMEDA, (EtO)3PO, Me2S, and
NMP (for which loadings as low as 4 mol% were similarly effective)
led to excellent yields. Use of the bidentate phosphine ligand dppe
shut down the reaction completely, while a monophosphine PPh3
led to an 84% yield of the desired coupling product (Fig. 60).

A range of aliphatic internal alkynes were prepared in good to
excellent yields under the optimal conditions (3 mol% CuCl2, 4 mol
% NMP) from the reactions between primary and secondary (acy-
clic/cyclic) Grignard reagents with alkynyl bromides with good
functional group compatibility observed with respect to both reac-
tion components (Fig. 61). The reaction failed for alkynyl bromides
derived from arylacetylenes with Br/Mg exchange being observed
though this issue could be resolved using the corresponding alkynyl
chlorides in the reaction with herein the additive NMP no longer
required. Primary, secondary, and even tertiary Grignard reagents
all participated effectively in this reaction, which offers an alterna-
tive to the classical Sonogashira coupling. The versatility of this
chemistry was further demonstrated with the preparation of a range

New Directions in Coupling Chemistry 453



of functionalized arylacetylenes starting initially from
2-bromobenzonitrile.

A related approach to arylacetylenes (219) was also developed
through the arylation of alkynyl bromides (218) (Fig. 62). The
conditions developed for the analogous alkylation reaction proved
to be effective with a slightly higher loading of the NMP additive
used. Grignard reagents featuring both electron-donating and
electron-withdrawing groups were successful substrates with
Br/Mg exchange rarely encountered as a problem, while a range
of functional groups were tolerated on the alkynyl bromide.

A mechanistic hypothesis is provided suggesting that initially a
cuprate derivative (A) is formed from the Grignard reagent, which
then undergoes carbocupration with the haloalkyne to form an
unstable vinylcopper-base species (C) through the proposed inter-
mediacy of a metallacyclopropene (B) (Fig. 63). β-Halogen elimi-
nation then generates the product and an organocopper species (D)
that can react with further Grignard reagent to regenerate the
cuprate. The ability of σ-ligands to promote the transformation is
attributed to their ability to favor complexation of the Cu(I) species
to the triple bond by increasing the electron density of the copper
atom.

While numerous additives have been disclosed to promote the
Cu-catalyzed alkylation of Grignard reagents, Cahiez and
co-workers have reported on a ligand-free methodology, which
focuses on the slow, controlled addition of the organometallic
reagent to the reaction to achieve robust, consistent yields
[167]. Investigating the coupling reaction between n-BuMgCl
(182) and 1-bromooctane (220) in the presence of 3 mol%
CuCl2 demonstrated that while a 94% yield of dodecane could be
realized through syringe-pump addition of the Grignard reagent
over 1 hour, this yield dropped precipitously to 32% on addition
from a dropping funnel over 15 min (Fig. 64).

Consideration of the reaction mechanism enables an explana-
tion for the dramatic effect that the rate of addition of the Grignard
reagent has on the reaction outcome. Initial reaction of the
Grignard leads to a cuprate (A) through transmetalation, which is
followed by reaction with the alkyl halide to generate a transient Cu
(III) species (B) that undergoes reductive elimination to generate
the product (Fig. 65). Studies indicate that the reaction of the alkyl
halide with the intermediate cuprate species is likely the slow step
(and this is purportedly accelerated when additives are utilized in
the reaction thus negating the need for slow addition) and there-
fore for efficient reaction to occur control of the amount of the
Grignard reagent present is critical to prevent any excess reacting
with the intermediate cuprate (A) in unproductive side reactions
(elimination, Mg/X exchange, formation of higher-order
cuprates).
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A range of copper sources were also effective catalysts, and the
modified reaction protocol was demonstrated with several primary
Grignard reagents and primary alkyl bromides as substrates
(Fig. 66). For the latter, several common functional groups were
well tolerated, and steric hindrance at the β-position did not affect
the coupling efficiency. Alkyl chloride though was not a suitable
coupling partner.

The coupling of s-BuMgCl with octyl bromide (220) was also
shown to be successful, and this reaction was used to highlight the
critical influence of temperature (5–10 �C was optimal) on the
reaction as well as the ability of benzonitrile to function as a simple
and inexpensive ligand to promote the reaction. Use of this ligand
was also shown to be effective in the coupling of tertiary Grignard
reagents (226) (Fig. 67).

Direct coupling of aryl Grignard reagents with primary alkyl
bromides under ligand-free conditions was also demonstrated with
now the reactions being conducted at 50 �C due to the enhanced
stability of the organometallic reagents and without the need for
slow addition as the Grignard does not react directly with the alkyl
halide leading to side products (Fig. 68).

With alkenyl Grignard reagents, only modest yields could be
obtained (~40%) owing to the poor reactivity of the intermediate
vinylic copper species as well as the constraints on the temperature
owing to the slow reaction rate in contrast to the rate of decompo-
sition of the intermediate. However, the analogous alkenyllithium
reagents (230) proved to be effective coupling partners with excel-
lent yields being obtained with and without copper catalysis with
relatively fast reaction times (Fig. 69).

Alkyl- and aryl-lithium reagents were also demonstrated to be
suitable coupling partners with either primary alkyl bromides or
chlorides. Again, reactions occurred with or without CuCl2 as the
catalyst though higher yields (with the effect much more pro-
nounced for the alkyl chlorides) were obtained uniformly in the
presence of the catalyst.

One of the drawbacks of a number of protocols developed for
copper-catalyzed alkyl-alkyl cross-couplings is the limited synthetic
applicability in cases involving functionalized alkyl electrophiles.
Reporting on model studies between a series of functionalized
alkyl bromides (221) and a tertiary alkyl Grignard reagent, Hu
and co-workers demonstrated that excellent yields of the desired
coupling products could be obtained for substrates featuring a
range of functional groups (ester, acid, nitrile, alcohol, etc.) using
a catalytic amount of CuCl at room temperature with no additive
and THF as the solvent [168] (Fig. 70).

Several heterocyclic motifs were also well tolerated, and while
ketone-containing substrates proved to be more challenging, addi-
tion of NMP as an additive enabled synthetically useful yields of
these coupling products to be obtained. Aldehyde, nitro, and
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succinimide groups were not compatible with this method. Alkyl
iodides and tosylates were also successful substrates though alkyl
chlorides and secondary alkyl halides could not be coupled. This as
well as the lack of reactivity of aryl bromides allows selective and
sequential functionalization to be achieved to rapidly build up
molecular complexity (Fig. 71).

Primary, secondary, and tertiary acyclic and cyclic Grignard
reagents were all shown to couple successfully though preliminary
attempts to extend the reaction to an enantioselective variant using
a chiral ligand failed. Control studies show that the reaction most
likely proceeds through an SN2 mechanism.

While several methodologies have been disclosed for the
copper-mediated cross-coupling of alkyl halides with Grignard
reagents, challenges still exist specifically in the reactions of the
more sterically congested secondary alkyl electrophiles with sec-
ondary alkyl nucleophiles, thus somewhat limiting the overall utility
of the methodology in the assembly of complex carbon skeletons.
The combination of “CuBr/LiSPh/LiBr/THF” [160] has been
shown to mediate the cross-coupling of secondary alkyl sulfonates
with primary Grignard reagents with the NMR-driven hypothesis
being that the active species consisted of Cu ligated with LiBr in
aggregated forms. Inspired by these studies, Liu and co-workers
investigated the cross-coupling between 4-phenylbutan-2-yl tosy-
late (231) and cyclohexylmagnesium bromide (232) with the
intention of developing a general catalyst system to mediate this
reaction in a stereo-controlled fashion [169] (Fig. 72). Initial stud-
ies using CuI as the catalyst in a mixed solvent system of
THF/HMPA with TMEDA as an additive to suppress side reac-
tions lead only to low yields of the desired product. Further opti-
mization revealed the beneficial effect of Li-based additives, and
while LiCl and LiBr had little effect on the reaction, LiI, LiOtBu
and LiOMe all gave an increase in yield, while HMPA was shown
not be essential for the reaction. CuI was demonstrated to be the
optimal Cu source, and while other additives (PBu3,
1-phenylpropyne, NMP) previously shown to be successful in
Cu-mediated cross-couplings were also shown to promote the
reaction, TMEDA was the best. Switching the secondary alkyl
electrophile to the corresponding bromide was also successful,
but the reaction failed for the iodide, chloride, and mesylate.

Scope studies indicate that the new protocol tolerates a range of
synthetically useful functional groups including olefins, alcohols,
and heterocycles on the alkyl bromide or tosylate and that acyclic
and cyclic Grignard reagents are successful substrates (Fig. 73). In
addition, the conditions can also be applied to the coupling of
tertiary alkyl Grignard reagents. Several interesting chemoselectiv-
ity aspects of the reaction are also presented with both alkyl tosy-
lates and bromides reacting in the presence of an aryl bromide while
a secondary tosylate undergoes selective cross-coupling in the
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presence of a primary alkyl chloride (note the catalysts is active
enough to promote cross-couplings of primary alkyl chlorides
with secondary Grignard reagents) enabling site-selective sequen-
tial cross-coupling reactions to be performed.

Evaluation of the reaction on chiral secondary alkyl tosylates
derived from the corresponding easily accessible chiral alcohols
showed that the cross-coupling occurs with inversion of configura-
tion through an SN2 process thus enabling the stereo-controlled
formation of C-C bonds (Fig. 74).

Oxidative coupling reactions of various organometallic
reagents represent an alternative strategy for C-C bond formation
though while numerous examples of oxidative homocouplings of
Grignard reagents have been developed, examples of the
corresponding cross-couplings remain scarce. Shi and co-workers
have developed a mild methodology for the Cu-mediated cross-
coupling of Grignard reagents employing di-tert-butyldiaziridi-
none (242) as the oxidant [170].

Initial model studies focused on the homocoupling of phenyl-
magnesium bromide and demonstrated that a wide range of transi-
tion metal catalysts (including several copper sources) were able to
successfully mediate the reaction. As expected, only trace amounts
of the homocoupled product were observed in the absence of either
the oxidant or the metal catalyst with the transformation extended
to a range of (hetero)aryl-, benzylic-, alkyl-, and alkynyl Grignard
reagents with excellent yields being uniformly obtained (Fig. 75).

For the challenging cross-coupling, CuBr.SMe2 was shown to
be the catalyst of choice with the reaction successfully demon-
strated for the formation of C(sp2)-C(sp2), C(sp)-C(sp2), and C
(sp)-C(sp3) bonds with good yields being obtained. Alkyl Grignard
reagents possessing β-hydrogens were well tolerated with the
desired cross-coupling products being formed with high selectivity.
The reaction was demonstrated on gram scale and further utilized
for the derivatization of densely functionalized substrates (247)
(Fig. 76).

Mechanistically, the reaction is proposed to proceed through
insertion of CuX into the N-N bond of the diaziridinone (A) to
form a four-membered Cu(III) species (B) (and/or Cu
(II) nitrogen radical,C) that undergoes sequential transmetalations
with the Grignard reagents followed by reductive elimination from
D to yield the cross-coupled product (Fig. 77).

In contrast with the methodologies presented so far, direct
reductive cross-coupling between two organic halides presents
practical advantages in avoiding the prior preparation and handling
of sensitive or expensive organometallic reagents. Several metals
have been shown to successfully mediate these transformations
though the majority tend to be aryl-alkyl coupling, thus avoiding
the challenges of the homocoupling of both alkyl halides in the
reductive alkyl-alkyl cross-coupling.
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Liu and co-workers have developed a copper-catalyzed reduc-
tive cross-coupling between non-activated alkyl tosylates and mesy-
lates (249) with alkyl or aryl bromides (250), which can be
extended to an intramolecular variant for the construction of oxy-
gen-containing heterocycles (253) [171] (Fig. 78). Initial studies
on the reaction between (3-bromopropyl)benzene and bromocy-
clohexane employing previously developed conditions (CuI/T-
MEDA/LiOMe/THF) for the cross-coupling of an alkyl halide
with an alkyl Grignard reagent with the addition of Mg powder as
a reductant lead encouragingly to a moderate (54%) yield of the
desired cross-coupled product though synthetic utility was limited
owing to formation of significant quantities of the corresponding
homocoupled products. Optimization efforts failed to alleviate this
issue though switching one of the reaction components to the
corresponding alkyl pseudohalide and addition of a phosphine
ligand represented a viable path forward for reaction development
with synthetically useful yields being obtained for a range of
substrates.

The utility of copper-based couplings for alkyl-alkyl bond for-
mation is exemplified by studies by Murata and co-workers on the
syntheses of selectively labeled fatty acid derivatives [172]. Within
this work, the goal was to access a range of stearic acids bearing
labeled positions with a 13CHD-13CHD moiety incorporated into
the aliphatic chain to enable the investigation of the conformations
of these molecules and their ensuing impact on protein-lipid inter-
actions. Primarily a modular approach was desired employing a
versatile, readily available selectively labeled synthon, which could
be diversified in a robust manner.

Construction of a suitable four-carbon synthon was achieved
through the use of two molecules of [2-13C]-bromoacetic acid
(254) to form the desired 13C-13C spin pair, while the threo-con-
figuration for C2/C3 of the common intermediate was achieved
through syn-selective deuteration of the precursor olefin (255).
Conversion of the unprotected alcohol to either the bromide or
tosylate (257) enabled the effect of leaving group to be assayed in
the subsequent coupling chemistry (Fig. 79).

With the requisite synthons in hand, strategies were developed
in order to incorporate into specific positions within the stearic acid
molecule to potentially allow discrimination between the gauche+
(G+) and gauche- (G�) conformations of the alkyl chain utilizing
the labeled butylene unit. Specifically, the plan was to introduce this
moiety adjacent to the acid head group (258) (2,3-labeled), at the
opposite termini (260) (16,17-labeled), and to develop a versatile
approach to introduce the fragment throughout the chain (259)
(“middle”-labeled stearic acid) (Fig. 80).

Direct coupling followed by a deprotection/oxidation would
enable access to the 2,3-labeled stearic acid. Model studies on the
coupling of the bromide with a shortened alkyl chain
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(C6H13MgBr) demonstrated that judicious modification of the
conditions of Kambe in using increased loadings of both the
CuCl2 catalyst and 1-phenylpropyne additive allowed high yields
(80%) to be obtained (Fig. 81, Table 5, entry 2).

However, in contrast to the original report, the tosylate-based
synthon proved to be a superior coupling partner to the bromide
providing quantitative yields for both the model short and longer
(C14H29) alkyl chains (entry 3 and 4). Routine deprotection and
oxidation provided the 2,3-labeled stearic acid in 66% overall yield
(Fig. 82).

Coupling the labeled butylene-based synthon to the fatty acid
head group though proved to be more challenging specifically
given the propensity of carboxylic acids to bind to metals. A typical
approach to overcome this is to utilize the corresponding ester
though herein various methodologies to couple this failed leading
to a strategy being adopted in which a protected alcohol is
employed as the coupling partners with subsequent oxidation
steps providing the desired acid. Reports of the copper-mediated
coupling Grignard reagents, which are freshly prepared prior to
use, featuring heteroatoms are relatively rare, and in the current
study, three common protecting groups (THP, PMB, Bn) were
evaluated (Fig. 83). Each of these was subjected to a model reaction
to test coupling with the tosylate under the previously identified
conditions followed by desilylation, and while the THP derivative
led only to modest yields, both the Bn- and PMB-protected groups
proved to be sufficiently robust to provide the desired protected
products in >90% yield over the two steps. Utilizing the slightly
superior Bn-protecting group in the starting material with the
appropriate chain length enabled the desired 16,17-labeled stearic
acid to be synthesized in 65% overall yield over six steps.

With strategies devised to introduce the labeled fragment in
close proximity to both termini of the stearic acid, attention shifted
to the regiocontrolled incorporation of this fragment throughout
the rest of the molecule. To achieve this, a hybrid approach was
developed using two copper-mediated cross-couplings in tandem
with a range of standard deprotection/activation and oxidation
reactions with the aforementioned four-carbon-labeled synthon
(264) forming the core of this modular strategy. Operationally
the fragment that would eventually become the acyl termini was
coupled first to avoid both volatility issues and potential problem-
atic separations if the sequence were to be reversed. Evaluation of a
series of protected Grignard reagents identified the Bn group as
superior in terms of coupling efficiency (Fig. 84).

Initial coupling with the Bn-protected hydroxyl chain followed
by desilylation and tosylation provided the precursor (272) for the
second coupling step to attach the tail. Coupling and debenzylation
led to the stearyl alcohols (274) that could be oxidized to the
desired acid using Jones reagent with three differentially labeled
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stearic acids being obtained in ca. 65% yield over the six-step
sequence demonstrating the overall versatility of the Cu-catalyzed
coupling in the assembly of biorelevant molecules (Fig. 85).

4.3 Reactions of

Organoboron Reagents

Despite the utility of the copper-mediated cross-coupling reaction
developed using Grignard reagents, enabling similar processes
using organoboron reagents presents several advantages most nota-
bly the greater commercial availability of such compounds as well as
the higher-functional group tolerance displayed in their reactions.
Liu and co-workers have disclosed a copper-catalyzed cross-cou-
pling of organoboron compounds (275) with primary alkyl halides
(276) and pseudohalides [173] (Fig. 86). Model studies on reac-
tion of n-dodecyl-p-toluenesulfonate with a range of organoboron
species derived from phenylboronic acid demonstrated that CuI
was a competent catalyst with the use of LiOtBu as the base crucial
for high yields to be obtained. With respect to the nature of the
nucleophile, boronic acids, esters (Bpin and neopentyl), and cyclic
boroxine derivatives all successfully coupled with a range of func-
tional groups being tolerated on the aromatic nucleus including
halogens creating the potential for further downstream cross-
coupling processes. A reactivity profile was established for the
various leaving groups (I > Br > OTs > OMs > Cl) thus allowing
both selective and sequential transition-metal-mediated cross-
couplings to be achieved.

Coupling of alkyl-boron derivatives was also shown to be pos-
sible but required the use of 9-BBN-derived reagents (282)
(Fig. 87). Mechanistically, the reaction is believed to proceed via
an SN2-type substitution with the LiOtBu acting in a dual capacity
with the Li+ stabilizing the organocopper intermediates while the
tBuO- anion facilitates the transmetalation through coordination
to the boron atom.

The transmetalation of an organoboron species to generate an
organocopper-based intermediate represents a paradigm shift when
envisioning a catalytic cycle for a copper-mediated variant of the
classical Suzuki-Miyaura aryl-aryl bond formation. In contrast to
the Pd-mediated process, initial transmetalation generates a nucle-
ophilic Ar-Cu(I) species (A) that can react with an electrophilic aryl
halide to give an intermediate Cu(III)-based species that upon
reductive elimination provides the desired product while regener-
ating the Cu(I) catalyst (Fig. 88).

Brown and co-workers have exploited this reactivity and
through a model reaction between the neopentyl-ester of p-tolyl-
phenylboronic acid (275) and iodobenzene identified copper chlo-
ride with the ligand Xantphos as an effective system to mediate the
process in an efficient manner [174] (Fig. 89). Several features
emerged from studies on the scope of the reaction with aryl bro-
mides being unreactive while boronic acids rapidly decomposed
through a copper-mediated protodemetalation process. Alternative
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Fig. 86 Optimal conditions/scope of the Liu conditions for the coupling of
organoboron compounds 275

Fig. 87 Liu conditions for the coupling of alkylboron compounds using 9-BBN derivatives

Fig. 88 Mechanistic hypothesis for aryl-aryl bond formation through formation of
an organocopper-based intermediate A
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boronic esters (Bpin) were suitable substrates though led to lower
yields. Both electron-donating and electron-withdrawing substitu-
ents were tolerated on either of the coupling partners, while

Fig. 89 Optimal conditions/scope of the Brown conditions for aryl-aryl bond formation

Fig. 90 Mechanistic proposal for the development of a three-component coupling
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sterically hindered boronic esters also underwent the coupling
process albeit under slightly modified conditions.

While initial mechanistic studies suggest that radical intermedi-
ates are not involved, the intermediacy of RCu(I) (R¼ aryl or vinyl)
(A) species generated by a transmetalation process led to a hypoth-
esis for the development of a new three-component reaction. Spe-
cifically, if the RCu(I) species (A) could be generated through

Fig. 91 Three-component coupling in the synthesis of tamoxifen 295

Fig. 92 Allenes in the copper-catalyzed three-component coupling reaction

Fig. 93 Copper-mediated intramolecular diarylation of alkenes

Fig. 94 Ligand screen in the intramolecular diarylation of alkenes
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Fig. 95 Optimal conditions/scope of the intramolecular diarylation reaction

Fig. 96 Linker-substitution enables high diastereoselectivity to be achieved

Fig. 97 Influence of the ligand on the reaction of 2-substituted alkene derivatives
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migratory insertion across C-C π-bonds and then react with an aryl
halide, then an overall carboboration procedure could be achieved
(Fig. 90).

Fig. 98 Optimal conditions and proposed mechanism for the cyclization of styrene-based derivatives

Fig. 99 Enantioselective induction through use of a chiral diphosphine ligand

Fig. 100 Optimal conditions/scope of the enantioselective intramolecular diarylation process

New Directions in Coupling Chemistry 465



Initial studies indicated that the vinyl-copper bond (the inter-
mediacy of such a vinyl-copper species (A) is confirmed by

Fig. 101 Enantioselective synthesis of a CB2 receptor agonist 326

Fig. 102 Coupling of heteroaromatic and electron-deficient aryl bromides: Optimal conditions/scope

Fig. 103 Cy3PCuCl-mediated cross-coupling of aryl iodides

466 Gary M. Gallego et al.



subsequent mechanistic studies) generated through the migratory
insertion of a Cu/Bpin complex could be subsequently coupled
with an aryl iodide leading to highly substituted alkene derivatives
(290). The optimal catalyst was shown to be [Cy3PCuCl] with the
reaction proceeding under relatively mild conditions with a range
of aryl iodides. Internal alkynes performed best with symmetrical
derivatives giving the product as a single alkene isomer, while
unsymmetrical derivatives gave high levels of regioselectivity in
the case of aryl/alkyl substitution though with two aryl substitu-
ents, the observed regioselectivities were poor. Terminal alkynes
reacted badly leading to the disubstituted vinyl borane as the major
product due to protonation of the intermediate vinyl copper spe-
cies. The overall key to the success of the reaction is due to the
superior rate of the initial insertion to the alkyne compared to the
reaction with the aryl iodide. The synthetic utility of the process is
demonstrated through its application to an efficient synthesis of the
estrogen receptor antagonist tamoxifen (295) (Fig. 91).

Switching to [IMesCuCl] as the catalyst enabled the carbo-
boration of allenes (296) to be achieved leading to the formation
of stereodefined vinyl boronic esters (298) with coupling of the
iodide occurring at the least-substituted position (Fig. 92). This as
well as the exclusive formation of the (Z)-alkene suggests that
migratory insertion of pinB-CuIMes across the allene occurs from
the least hindered π-face to generate the least-substituted allyl-
copper complex.

While the Cu-mediated reactions are successful for both
alkynes and allenes, alkenes have proven more challenging to func-
tionalize through an analogous migratory insertion/cross-cou-
pling-type process. Successful application of this strategy would

Fig. 104 Cross-coupling of primary and secondary alkylboron reagents with 337
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enable direct functionalization of both positions of the π-bond, and
this allows the one-step conversion of readily available alkenes into
significantly more complex structures.

The first successful reports to achieve this utilized a dual-metal-
base system with a Pd catalyst required to facilitate reaction with the
aryl halide. Brown and co-workers reported an extension of this
approach with a solely copper-mediated diarylation of alkenes for
the synthesis of both benzofuran- and indoline-based scaffolds
[175] (Fig. 93). Many methods to develop such reactions have
relied on the careful design of the substrates to either suppress or
take advantage of β-hydride elimination pathways though in the
studies of Brown et al., there is not an issue due to the intermediacy
of C(sp3)-Cu complexes.

Optimization studies on the easily prepared borane (302) to
form the benzofuran framework revealed that the nature of the
ligand was critical to the outcome of the reaction. While in the
absence of or using a monodentate phosphine ligand led to the
direct cross-coupling product (304), bidentate phosphine systems
gave a predominance of the desired (~10:1) benzofuran product
(303) (Fig. 94). Both steric bulk of the ligand and the molar excess
employed by the Ar-I substrate were shown to be key factors in
optimizing the ratio of desired cyclic product formed though it was
shown to be important to balance these with respect to overall
yield. Excess iodide could be recovered after the reaction, while
surprisingly it was shown that yield increased with decreased cata-
lyst loadings.

From a substrate perspective, a range of electron-deficient,
electron-rich, and heteroaryl iodides were well tolerated, while
variation of the tether demonstrated that both O- and N-linkages
underwent the reaction, but attempts to form either carbocycles or
six-membered rings failed (Fig. 95). Substitution on the linker was
shown to be feasible with the cyclic products formed with high
levels of diastereoselectivity presumably due to a pre-transition state
formed with migratory insertion occurring from the less hindered
face of the alkene.

Substitution on the linker was shown to be feasible with the
cyclic products formed with high levels of diastereoselectivity pre-
sumably due to a pre-transition state (310) formed with migratory
insertion occurring from the less hindered face of the alkene
(Fig. 96).

Substitution of the olefin moiety was also investigated with the
possibility for the formation of quaternary centers. Alkyl-
substitution at the 2-position (312) further confirmed the critical
influence of the ligand on the reaction pathway with direct cross-
coupling (313) being obtained in the presence of Cy3PCuCl, while
the 3,30-disubstituted benzofuran (314) was obtained in excellent
yield using the bidentate phosphine-copper-based system (Fig. 97).
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For 1,2-dialkyl-substituted alkenes, only cross-coupling was
observed though for the analogous styrene-based systems, the
desired cyclized products were formed with the level of diastereos-
electivity achieved increasing with the steric bulk of the aryl iodide
used (Fig. 98). The origin of the diastereoselectivity is believed not
to be due to equilibration of an intermediate C(sp3)-Cu complex to
a thermodynamic minimum but arises instead from a syn-migratory
insertion followed by a stereoretentive coupling with the aryl
iodide. These results suggest that radical intermediates are not
involved, while mechanistic studies utilizing deuterium labeling
indicate that the reaction proceeds via carbometalation of an
Ar-Cu complex across and alkene followed by cross-coupling with
Ar-I.

A natural extension of this work would be to test the ability of
chiral diphosphine ligands to induce enantioselectivity into the
transformation [176]. Initial evaluation of DuPhos-based ligands
showed that although these were capable of mediating the reaction,
only modest levels of enantioselectivity were achieved and while
increasing the steric bulk of the ligand system increased the ee, this
was accompanied by a decrease in yield. Pleasingly use of both
QuinoxP* and BenzP* ligands led to good yields and enantioselec-
tivity with the latter being shown to be superior (Fig. 99). Interest-
ingly these high levels of enantioselectivity could be maintained
while lowering the catalyst loadings from 5 to 3 mol% and were
achieved despite the high temperature required for reactivity.

From a scope perspective, a variety of aryl iodides were able to
furnish the 2,3-dibenzofurans with uniformly good selectivities
(Fig. 100). Notably both heterocyclic systems and sterically hin-
dered aryl iodides also performed well while the reaction could also
be extended to 2-bromopyridines. Both electron-rich and electron-
poor substituents on the arylboronic ester were tolerated though
the reaction failed for ortho-substituted derivatives.

Again indane- and six-membered ring products could not be
formed, and the reaction was also unsuccessful with alkenes sub-
stituted at the terminal position. However sterically bulky alkyl
substituents were tolerated on the 2-position of the alkene with
very little deviation in the enantioselectivities with this hypothe-
sized to be due to the key enantiodetermining event being the
migratory insertion with the orientation of the CH2O substituent
toward the smaller methyl group of the catalyst in the pre-transition
state driving the selectivity, while the alkyl substituent points away
from the steric bulk of the catalyst. The protocol was applied to a
concise synthesis of a CB2 receptor agonist (326) (Fig. 101).

Given the success of using heteroaromatic bromides (specifi-
cally 2-pyridyl) derivative in the migratory insertion/cross-
coupling cascade to access benzofurans, Brown and co-workers
initiated an investigation to see whether these substrates could
serve as competent electrophiles in more general cross-coupling
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reactions with organoboron compounds [177]. Key within this
study looking to expand the scope of the transformation was look-
ing to identify a cheaper ligand alternative to Xantphos, reducing
the equivalents of base and running the reaction at increased
concentrations.

Model studies on the reaction between 2-bromopyridine and
the Bpin ester of p-tolylboronic acid demonstrated that Cy3PCuCl
represented a cheaper alternative to XantphosCuCl to effectively
mediate the coupling with loadings as low as 0.5 mol% shown to be
adequate (though typically 2 mol% was used). From a concentra-
tion perspective, the reaction could be run at up to 1 M in toluene
though at higher scale and concentrations proved difficult to stir. A
range of boronate ester derivatives including cyclic boroxines were
well tolerated though neither boronic acids nor potassium trifluor-
oborates were suitable nucleophiles. From a substrate perspective,
electron-rich, electron-poor, heterocyclic, and sterically hindered
boronic esters were tolerated though some issues with functional
group tolerance were encountered with ketones and nitriles. While
2-bromopyridines, 2-bromoisoquinolines, and 2-bromopyrazines
were all successfully coupled, 3- and 4-bromo-substituted systems
failed to react under the current conditions. The reaction though
could be extended to electron-deficient aryl bromides, while CuCl
alone was shown to be an effective catalyst for the coupling of
2-bromopyridine though was inferior to Cy3PCuCl and was inef-
fective for aryl bromides (Fig. 102).

Application of the newly developed system to the Xantphos-
based conditions previously disclosed for the coupling of aryl
iodides demonstrated that for all the substrate classes (electron-
rich, electron-deficient, hindered, and heterocycles) moderate to
good yields of the desired products could be generated (Fig. 103).

Alkyl-based boron reagents continued to present challenges
with the various reports utilizing the more sensitive alkyl-9-BBN
derivatives to realize cross-couplings. In the current study, it proved
possible to successfully couple alkyl Bpin substrates (338) using
SIMesCuCl as the catalyst at elevated temperatures with both
2-bromopyridines and aryl iodides. Application of these conditions
for secondary organoboron derivatives did however require revert-
ing to the use of alkyl-9-BBN (340) derivatives for successful
couplings to be realized though notably no n-alkyl side products
(potentially arising from β-hydride elimination/re-insertion path-
ways) were observed under these conditions though aryl iodides
now failed to react (Fig. 104).

4.4 Copper-

Catalyzed Suzuki-

Miyaura/Hiyama

Reactions

While several reports have emerged describing the Cu-catalyzed
Suzuki-Miyaura coupling, these examples are typically limited to
the coupling of non-heteroaryl boronic acids with non-heteroaryl
iodides [119]. Furthermore, the attractive nature of using earth-
abundant copper sources to mediate this transformation is
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somewhat offset by low catalytic turnovers often requiring high
loadings of both catalysts and ligands (10–20 mol%), and even
stoichiometric amounts in some cases, as well as limited mechanistic
insight into these processes thus hindering hypotheses for better
catalyst design.

Giri and co-workers have reported on the development of a
copper-catalyzed Suzuki-Miyaura coupling, which overcomes
many of these limitations in terms of substrate scope and proceeds
effectively with low catalyst loadings (2 mol%) [178]. In addition,
detailed mechanistic studies including the isolation and characteri-
zation of several discrete reaction intermediates were carried out
enabling the delineation of a possible catalytic cycle.

Fig. 105 Initial conditions for the Suzuki-Miyaura reaction

Fig. 106 Optimal conditions/scope of the Giri conditions
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Previous work on the copper-mediated Hiyama coupling (vide
infra) revealed that P,N-based ligands (specifically o-(diphenylpho-
sphino)-N,N-dimethylaniline) were effective in catalyzing the reac-
tions of ArSi(OEt)3 with aryl iodides in the presence of cesium
fluoride (CsF). Direct application of these conditions to the
Suzuki-Miyaura coupling of phenylboronic acid neopentyl glycol
ester (276) with iodotoluene (342) leads to the formation of the
desired product in 61% yield (Fig. 105).

Optimization studies demonstrated that use of more electron-
rich and sterically hindered P,N-based ligands led up to 95% yield
being realized with CsF shown to be by far the most effective base
for the transformation. CuI was chosen as the copper source
though Cu(Ot-Bu) could also be utilized, and while a range of
phenyl boron-based reagents could be employed interchangeably
(including the parent boronic acid), notably the corresponding
MIDA esters failed to react.

The optimal conditions were applied to a series of reactions
between non-heterocyclic aryl boronate esters and
non-heterocyclic aryl iodides and provided products in good to
excellent yields with both EDGs and EWGs being tolerated on
either/both coupling partners (Fig. 106). In addition, the

Fig. 107 Mechanistic studies of intermediates in the Cu-mediated Suzuki
coupling

Fig. 108 Copper-mediated Hiyama coupling
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reactions were highly chemoselective for aryl iodides with other
halogens being well tolerated providing a functional handle for
further product elaboration. Similar functional-group compatibil-
ities were observed for aryl-heteroaryl and heteroaryl-heteoaryl-
based couplings though in these cases it was shown that high yields
could be obtained even in the absence of the ligand.

Mechanistic studies were carried out involving the synthesis
and characterization of a series of ligated Cu complexes, stoichio-
metric and catalytic reactions, as well as extensive 1H, 19F, 11B, and
31P NMR studies. These led to a proposed catalytic cycle, which
features CsF-mediated conversion of a ligated Cu-I complex (A) to
the corresponding Cu-F-based species (B) that undergoes trans-
metalation with the aryl boronate ester to give C prior to coupling
with the aryl iodide. Although this is supported by both X-ray and
NMR evidence, an alternative scenario featuring a fluoride activa-
tion of the boronate ester prior to transmetalation cannot be
excluded (Fig. 107).

Despite their low toxicity and ease of both synthesis and
handling, organosilicon compounds are far less frequently used in

Fig. 109 Optimal conditions/scope of the copper-catalyzed Hiyama coupling
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metal-mediated coupling process than the corresponding organo-
boron reagents, and when employed the so-called Hiyama coupling
is typically conducted with Pd catalysts either with or without a
fluoride source. While Cu salts have been shown to improve the
yield of Pd-based Hiyama couplings, and an isolated example of a
Cu salt [CuOC6F6]-promoting reactions between a limited scope
of aryl silicon reagents and aryl iodides has been reported, investi-
gations into a Cu-catalyzed Hiyama coupling have been limited.

Giri and co-workers investigated the copper-mediated coupling
of arylsilicon reagents with p-iodotoluene (342) and found that
when PhSi(OEt)3 (353) was used as the coupling partner, a syn-
thetically useful yield (60%) of the desired biphenyl-based product
could be obtained using CuI as the catalyst, a P,N-based bidentate
ligand in the presence of CsF [179] (Fig. 108). Interestingly,
acceptable levels of the product were still obtained either with
structurally similar P,N-based ligands (45–50%) or even in the
absence of the ligand (40%). DMF was shown to be the best solvent
for the transformation, and of the aryl halides evaluated, only the
iodide underwent reaction. While other copper sources were effec-
tive in the reaction, replacement of CsF with reagents such as LiF,
NaF, or TBAF led to only trace yields of the product. Similarly
switching from the aryltrialkoxysilanes to the corresponding aryl-
trialkylsilanes gave no reaction.

Investigation of the scope of the reaction demonstrated an
interesting phenomenon with regard to whether the P,N-based
ligand was included or not. Whereas in the case of aryl-aryl cou-
plings when use of the ligand increased the yields by ca. 20–54%
relative to it being omitted, both aryl-heteroaryl and heteroaryl-
heteroaryl couplings showed an opposite effect with ligand inclu-
sion leading to 14–34% decreases in yield (Fig. 109). A hypothesis
for this observation is provided in that in cases featuring the
heteroaryl-based substrates, the substrate present in excess acts as
secondary ligands binding to the Cu, which is already ligated to the
P,N ligand thus inhibiting the necessary approach of the C-I bond
of the heteroaryl iodide required for reaction. In all cases, a range of
functional groups are well tolerated on both reaction partners
including both chlorides and bromides, while varying the electron-
ics of either (hetero)aryl ring had little impact on the reaction
efficiency or yield.

Mechanistic studies involving studying the reactivity of an
independently synthesized [CuPh] species with iodotoluene
demonstrated the key roles of CsF in not only facilitating the
transmetalation of the organosilicon reagent with CuI but also in
breaking up poorly reactive Cu-based aggregates while the ligand
was shown to reduce homocoupling. Radical probe experiments
suggest that the reaction does not involve aryl radical
intermediates.
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5 Transition-Metal-Free Cross-Couplings

The focus of this chapter and indeed much of current cross-
coupling research has centered on the study of C-C and C-N/O
bond forming reactions employing cheap and abundant metals,
e.g., Ni, and Fe, Cu. An undercurrent to the development of
these coupling methodologies can be seen in recent research
aimed at developing transition metal-free approaches to these valu-
able disconnections. This emerging area has recently been reviewed
[180]. The reader is directed to this review and the references
provided within for an extensive overview. The Barluenga coupling,
however, is of particular importance to the practicing medicinal
chemist due to the ubiquitous nature of commercially available
boronic acids/esters and their inherent stability [181–184]. There-
fore, the latest developments and potential pharmaceutical applica-
tions will be presented here.

Classical methods for the formation of C-C bonds via the union
of stabilized α-diazo carbonyl compounds and organoboranes were
first demonstrated in pioneering works by Hooz [185] and Brown
[186] (Fig. 110a). Related transformations exploiting tosylhydra-
zones and alkyl lithium reagents (365) as coupling partners were
developed by Vedejs [187]. This approach was later modified to
incorporate silylated tosylhydrazones (364) as reported by Myers
[188] which ultimately lead to broader substrate scope (Fig. 110b).
Contemporaneous studies by Wang et al. demonstrated the use of
aryl and vinyl boroxines as competent coupling partners for α-diazo
carbonyl compounds [189]. Later in 2009, the Barluenga group
reported on the cross-coupling of readily available tosylhydrazones
(367) and boronic acids (368) whereby the reactive diazo inter-
mediates are generated under the reaction conditions employing
potassium carbonate as a basic additive [190] (Fig. 110c).

The optimized Barluenga coupling conditions tolerate the use
of unhindered aryl, alkenyl, and aliphatic boronic acids delivering
the coupled products in good to excellent yields. Additionally, a
one-pot protocol, in which the requisite tosylhydrazone is gener-
ated in situ, was shown to deliver high yields of cross-coupled
products thus setting the stage for broad adoption of this method-
ology in a parallel medicinal chemistry setting (Fig. 111a). A
detailed study of the substituent effects when employing alkenyl
boronic acids has also been reported [191]. Lastly, studies demon-
strating the in situ generation of diazo species directly via diazoti-
zation with sodium nitrite have provided unique approaches to
metal-free trifluoroethylation (373) [192, 193] and α-arylation of
α-amino esters/nitriles (376) [194] (Fig. 111b, c).

A mechanistic understanding of this process can be gleaned
from early studies by Bamford and Stevens on the thermal decom-
position of sulfonylhydrazones to diazomethanes in basic media
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[195]. Once the diazo species has been generated, two pathways
have been proposed for the fate of this highly reactive species
(Fig. 112). Nucleophilic addition to the aryl boronic acid could
be envisaged to provide a diazoboronate complex A (Associative
Pathway). Then 1,2-migration of the aryl group with concomitant
extrusion of gaseous nitrogen would deliver a tertiary boronate
species B with in situ protodeborylation furnishing the observed
coupling product. Alternatively, α-elimination of nitrogen could
give rise to a singlet carbene C (Dissociative Pathway). Complexa-
tion of the aryl boronic acid to give D followed by a 1,2-shift
(to give B) and subsequent deborylation is also reasonable. Mecha-
nistic details have been difficult to obtain due to the high reaction

Fig. 110 Transition-metal-free cross-coupling of diazo-based compounds

Fig. 111 In situ formation of diazo compounds for cross-coupling
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temperatures and transient nature of the reactive species involved in
this process.

The simplicity of the Barluenga coupling and the commercial
availability of the coupling partners make this process particularly
attractive for library synthesis. In fact, Nakagawa and co-workers at
Pfizer set out to investigate this coupling for the preparation of
drug-like/drug fragment-like molecules containing hydrogen
bond donors/acceptors with high polar surface area in a parallel
synthesis format [196] (Fig. 113a). Here they showed successful
examples employing sulfonylhydrazones containing azetidine,
imidazole, and pyrrolopyridine functional group arrays. In the
same vein, the direct coupling of heterocyclic motifs such as pyrro-
lidines, piperidines, and oxetanes has been demonstrated by the Ley
group [197] (Fig. 113b). These efforts have greatly expanded the
chemical space accessible using the Barluenga coupling
methodology.

As previously stated, one of the proposed mechanistic pathways
for the Barluenga coupling invokes the intermediacy of highly
reactive carbene species. Naturally, this hypothesis has garnered
interest from the synthetic community toward further development
of this chemistry in flow. Kirschning and Kupracz have reported a
two-step flow synthesis wherein tosylhydrazones are formed in the
first flow step and subsequently coupled to boronic acids in the
second reactor [198]. Most recently, the Ley group has developed
an extremely mild protocol whereby a solution of hydrazone can be
oxidized by MnO2 to the reactive diazo species under flow condi-
tions and coupled directly to boronic acids via translocation at
room temperature [199].

Fig. 112 Possible mechanistic pathways for the cross-coupling of diazo compounds
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5.1 General

Procedure

A reaction tube was charged with potassium carbonate (1.5 mmol),
dioxane (4 mL), boronic acid (1.5 mmol), and tosylhydrazone
(1.0 mmol). The reaction was refluxed at 110 �C with stirring.
The reaction was monitored by GCMS. When the reaction was
complete, the crude mixture was allowed to reach room tempera-
ture and the solvent was removed. Dichloromethane and a
saturated solution of NaHCO3 were added and the layers were
separated. The aqueous phase was extracted three times with
dichloromethane. The combined organic layers were washed with
two portions of a saturated solution of NaHCO3 and one portion
of brine and then dried over MgSO4 and filtered. The solvent was
removed under reduced pressure. Where necessary, products were
purified by chromatography on silica gel or alumina.

6 Conclusions

Although not comprehensive, the intention of the present chapter
has been to illustrate not only examples of the uses of base metals
such as Ni, Fe, and Cu to mediate carbon-carbon bond formations
but also the challenges that still exist for this methodology to
acquire the same widespread utility that palladium-mediated
cross-couplings occupy within the pharmaceutical industry today.
Pivotal to achieving this aim is to understand and exploit the
different mechanistic paradigms involved in these transformations.
While palladium-based C-C coupling reactions typically proceed
through a three-step Pd(0)/Pd(II) cycle (oxidative addition, trans-
metallation, and reductive elimination), nickel (0) complexes prefer
to react through one-electron redox steps. With regard to ligands,

Fig. 113 Synthetic applications of the Barluenga coupling
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palladium chemistry is dominated by bulky phosphine and N-het-
erocyclic carbene ligands for the Pd(II)-based precatalysts, while
the analogous Ni(II) systems require stronger reductants to be
converted to low-valent nickel, thus reducing the substrate scope
of many relevant processes.

While base metals represent attractive alternatives to the use of
platinum group metals for catalysis owing to lower cost, reduced
toxicity, enhanced reactivity, and higher natural abundancies, key to
their successful use will be a broader understanding and application
of the fundamental differences in electronic structure and bonding
most notably the largely varying redox potentials, free reaction
energies for both homolytic and heterolytic M-L bond dissociation
and the relative stabilities, and accessibility of ground and excited
spin states, respectively. The examples presented herein already
demonstrate the promise of this methodology and better under-
standings of the reaction manifolds coupled with innovative ligand
design and/or coupling with emerging technologies such as the
renaissance of electrochemistry should lead to the development of a
plethora of new industrially applicable methodologies in the not
too distant future.

References

1. Johansson Seechurn CCC, Kitching MO,
Colacot TJ, Snieckus V (2012) Palladium-
catalyzed cross-coupling: a contextual histori-
cal perspective to the 2010 Nobel prize.
Angew Chem Int Ed 51:5062–5085

2. Cooper TWJ, Campbell IB, Macdonald SJF
(2010) Factors determining the selection of
organic reactions by medicinal chemists and
the use of these reactions in arrays (small
focused libraries). Angew Chem Int Ed
49:8082–8091

3. Roughley SD, Jordan AM (2011) The medic-
inal chemist’s toolbox: an analysis of reactions
used in the pursuit of drug candidates. J Med
Chem 54:3451–3479

4. Magano J, Dunetz JR (2011) Large-scale
applications of transition metal-catalyzed cou-
plings for the synthesis of pharmaceuticals.
Chem Rev 111:2177–2250

5. Bryan MC, Dunn PJ, Entwistle D, Gallou F,
Koenig SG, Hayler JD, Hickey MR,
Hughes S, Kopach ME, Moine G,
Richardson P, Roschangar F, Steven A, Wei-
berth FJ (2018) Key Green Chemistry
research areas from a pharmaceutical manu-
facturers’ perspective revisited. Green Chem
20:5082–5103

6. Wilke G (1988) Contributions to organo-
nickel chemistry. Angew Chem Int Ed
27:185–206

7. Jana R, Pathak TP, Sigman MS (2011)
Advances in transition metal (Pd,Fe,Ni)-
catalyzed cross-coupling reactions using
alkyl-organometallics as reaction partners.
Chem Rev 111:1417–1492

8. Tasker SZ, Standley EA, Jamison TF (2014)
Recent advances in homogeneous nickel catal-
ysis. Nature 509:200–309

9. Ge S, Hartwig JF (2012) Highly reactive,
single-component nickel catalyst precursor
for Suzuki-Miyaura cross-coupling of hetero-
aryl boronic acids with heteroaryl halides.
Angew Chem Int Ed 51:12837–12841

10. Negishi E-I, Baba S (1976) Novel stereose-
lective alkenyl–aryl coupling via nickel-
catalysed reaction of alkenylanes with aryl
halides. J Chem Soc Chem
Commun:596–597

11. Kocienski P, Dixon NJ (1989) Stereoselective
synthesis of homoallylic alcohols by migratory
insertion reactions of higher-order cyanocup-
rates and nickel-catalysed coupling reactions
involving enol carbamates. Synlett:52–54

12. Dankwardt JW (2004) Nickel-catalyzed
cross-coupling of aryl Grignard reagents with
aromatic alkyl ethers: an efficient synthesis of
unsymmetrical biaryls. Angew Chem Int Ed
43:2428–2432

New Directions in Coupling Chemistry 479



13. Lin B-L, Liu L, Fu Y, Lu S-W, Chen Q, Guo
Q-X (2004) Comparing nickel- and
palladium-catalyzed Heck reactions. Organo-
metallics 23:2114–2123

14. Rudolph A, Lautens M (2009) Secondary
alkyl halides in transition-metal-catalyzed
cross-coupling reactions. Angew Chem Int
Ed 48:2656–2670

15. Ishiyama T, Abe S, Miyaura N, Suzuki A
(1992) Palladium-catalyzed alkyl-alkyl cross-
coupling reaction of 9-alkyl-9-BBN deriva-
tives with iodoalkanes possessing beta-
hydrogens. Chem Lett:691–694

16. Zhao J, Fu GC (2003) Cross-couplings of
unactivated secondary alkyl halides: room-
temperature nickel-catalyzed Negishi reac-
tions of alkyl bromides and iodides. J Am
Chem Soc 125:14726–14727. and references
cited therein

17. Zhao J, Fu GC (2004) Suzuki cross-couplings
of unactivated secondary alkyl bromides and
iodides. J Am Chem Soc 126:1340–1341

18. Powell DA, Fu GC (2004) Nickel-catalyzed
cross-couplings of organosilicon reagents
with unactivated secondary alkyl bromides. J
Am Chem Soc 126:7788–7789

19. Powell DA, Maki T, Fu GC (2005) Stille
cross-couplings of unactivated secondary
alkyl halides using monoorganotin reagents.
J Am Chem Soc 127:510–511

20. Owston N, Fu GC (2010) Asymmetric
alkyl—alkyl cross-couplings of unactivated
secondary alkyl electrophiles: stereoconver-
gent Suzuki reactions of racemic acylated
halohydrins. J Am Chem Soc
132:11908–11909

21. Lu Z, Wilsily A, Fu GC (2011) Stereoconver-
gent amine-directed alkyl–alkyl Suzuki reac-
tions of unactivated secondary alkyl
chlorides. J Am Chem Soc 133:8154–8157

22. Zultanski SL, Fu GC (2011) Catalytic asym-
metric gamma-alkylation of carbonyl com-
pounds via stereoconvergent Suzuki cross-
couplings. J Am Chem Soc
132:15362–15364

23. Wilsily A, Tramutola F, Owston NA, Fu GC
(2012) New directing groups for metal-
catalyzed asymmetric carbon—carbon bond-
forming processes: stereoconvergent alkyl-
alkyl Suzuki cross-coupling of unactivated
electrophiles. J Am Chem Soc
134:5794–5797

24. Choi J, Fu GC (2012) Catalytic asymmetric
synthesis of secondary nitriles via stereocon-
vergent Negishi arylations and alkenylations
of racemic alpha-bromonitriles. J Am Chem
Soc 134:9102–9105

25. Zultanski SL, Fu GC (2013) Nickel-catalyzed
carbon—carbon bond-forming reactions of
unactivated tertiary alkyl halides: Suzuki ary-
lations. J Am Chem Soc 135:624–627

26. Lamoureux G, Artavia G (2010) Use of ada-
mantane structure in medicinal chemistry.
Curr Med Chem 17:2967–2978

27. Cornella J, Zarate C, Martin R (2014) Metal-
catalyzed activation of ethers via C-O bond
cleavage: a new strategy for molecular diver-
sity. Chem Soc Rev 43:8081–8097

28. Snieckus V (1990) Directed orthometalation.
Tertiary amide and O-carbamate directors in
synthetic strategies for polysubstituted aro-
matics. Chem Rev 90:879–993

29. Macklin TK, Snieckus V (2005) Directed
ortho metalation methodology. The N,
N-dialkyl aryl O-sulfamate as a new directed
metalation group and cross-coupling partner
for Grignard reagents. Org Lett 7:2519–2522

30. Rosen BM, Quasdorf KW, Wilson DA,
Zhang N, Resmerita A-M, Garg NK, Percec
V (2011) Nickel-catalyzed cross-couplings
involving carbon-oxygen bonds. Chem Rev
111:1346–1416

31. Hie L, Ramgren SD, Mesganaw T, Garg NK
(2012) Nickel-catalyzed amination of aryl sul-
famates using an air-stable precatalyst. Org
Lett 14:4182–4185

32. Shumasaki T, Tobisu M, Chatani N (2010)
Nickel-catalyzed amination of aryl pivalates by
the cleavage of aryl C-O bonds. Angew Chem
Int Ed 49:2929–2932. See this reference and
references cited therein

33. Mamoru T, Takahira T, Ohtsuki A, Chatani N
(2015) Nickel-catalyzed alkynylation of ani-
soles via C-O bond cleavage. Org Lett
17:680–683

34. Tobisu M, Yamakawa K, Shimasaki T, Chatani
N (2011) Nickel-catalyzed reductive cleavage
of aryl-oxygen bonds in alkoxy- and pivalox-
yarenes using hydrosilanes as a mild reducing
agent. Chem Commun 47:2946–2948
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tifs de Grignard en Presence de sels de Metal
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Chapter 14

Flow Chemistry as an Enabling Technology for Synthetic
Organic Chemistry

Nicholas E. Leadbeater

Abstract

Continuous-flow processing is proving to be an enabling technology for synthetic organic chemists. After
an introduction to the advantages and disadvantages of flow processing and an overview of the equipment
currently available, the use of flow chemistry in a range of avenues of organic chemistry is showcased.
Attention is focused on areas such as hazardous transformations, multistep synthesis, photochemistry,
electrochemistry, and organocatalysis. The scope of the chapter is also broadened to techniques used for
monitoring flow processes and the incorporation of flow chemistry into the undergraduate teaching
laboratory.

Key words Flow chemistry, Continuous manufacturing, Scale-up, Hazardous chemistry, Oxidation,
Organometallic, Organolithium, Oxidation, Organofluorine chemistry, Solid-supported reagents,
Heterogeneous catalysis, Photochemistry, Organocatalysis, Gases, In-line spectroscopy, Reaction
monitoring, Electrochemistry, Education, Undergraduate laboratory

1 Introduction

Looking back in history, most manufactured products were made
individually by hand. Craftsmen would use their skills and tools to
create the constituent parts and then would assemble them into the
final product. This approach was both time-consuming and labor
intensive. The Venetian Arsenal, dating to about 1104, took a
different approach. Ships under construction were moved down a
canal and outfitted by various expert tradesmen on the way. At its
peak, over 16,000 people were employed and they were capable of
producing one ship each day. This was an example of a production
line in operation. Moving to the twentieth century, the Ford motor
company perfected the production line. They put constituent parts
of a car together in succession and then arranged the flow of these
units at the right time and in the right place to a moving final
assembly line from which came the completed car. As a result of

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_14,© Springer Science+BusinessMedia, LLC, part of Springer Nature 2022

489

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1579-9_14&domain=pdf
https://doi.org/10.1007/978-1-0716-1579-9_14#DOI


these optimized production methods, cars came off the line in
3-min intervals. They were able to increase production eightfold
while using less manpower. Today, automation features front and
center in many aspects of advanced manufacturing.

A similar story is unfolding in chemistry. Historically, all reac-
tions were performed in batch. Reagents would be added to a flask,
and this often either heated or cooled for prolonged periods before
the reaction was deemed complete. This is time-consuming, labor
intensive, and often energy inefficient. In addition, by-products can
be formed over time, thus compromising yield. By turning to
continuous-flow processing, reactions can often be streamlined,
multiple steps can be linked together, and reactions that were
otherwise impossible or else highly challenging in batch are now
available for chemists to use [1–9]. In addition, there is better
control of heating and mixing, allowing for reactions to be per-
formed under very precise and reproducible conditions.

Flow chemistry is not, however, a panacea. Just as it is not
possible to transition the manufacture of a Steinway piano (which
takes over a year to make by hand from over 12,000 constituent
parts) to a fast-moving production line, there are some chemical
reactions that are just not amenable to flow chemistry. For example,
reactions that involve the manipulation of solids and reactions that
are by their very nature slow pose significant challenges although
solutions, certainly for the former, are already on the way [10–
14]. Another issue is simply unfamiliarity. From the time they first
start practical work as a student, chemists are trained to perform
their reactions in batch. Moving to flow processing requires them
to learn new skills, albeit simple now that modern flow apparatus is
available and to overcome the barrier of believing the way that they
have always done things is the only way.

All things considered, the inherent advantages of safety, process
intensification, and efficiency mean that flow processing can be a
great asset when trying to develop greener, more sustainable
approaches to preparative chemistry [15–18]. The objective of
this chapter is to highlight some of the key advantages and applica-
tions of flow processing, as well as showing how the technology can
be incorporated into education at the undergraduate level thereby
training and broadening the mindset of future chemists.

2 Equipment

Flow chemistry equipment can be as simple as a syringe pump and a
length of tubing.Much of the early work using flow processing, and
indeed many examples today, involves the use of homemade appa-
ratus. Coils of tubing placed in hot water or oil, or in cryogenic
baths, allow for heating and cooling, respectively, and simple
plumbing allows for addition and mixing of reagents along the
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way. With the increasing interest in flow chemistry, a number of
companies now produce equipment of various shapes and sizes
[19]. With this, parameters such as temperature, residence time,
mixing, and reagent stoichiometry can be accurately monitored and
controlled. In addition, scientific flow equipment is built with safety
in mind. This is important, especially when performing reactions
for the first time or indeed for extended times or when potentially
hazardous reagents are generated or used. Europe leads the way
when it comes to flow chemistry equipment. There is a particularly
high concentration of flow chemistry companies (Syrris, Uniqsis,
and Vapourtec) based around Cambridge, UK, close to the labora-
tories of Professor Steven Ley, one of the pioneers of flow chemis-
try. Two companies are based in the Netherlands (Chemtrix and
Future Chemistry) and one in Hungary (ThalesNano). As well as
making flow reactors and pumps, many of the companies also offer
additional tools such as gas-loading modules, photochemical
devices, and supported catalyst cartridges.

3 Flow Chemistry as a Tool for Single Chemical Transformations

Continuous-flow processing is used extensively for performing
single-step reactions. Indeed a cornucopia of examples exist in the
literature [1–9]. Perhaps the most popular are those reactions that
traditionally require prolonged times at elevated temperatures or
those performed using microwave heating [20] such as cycloaddi-
tions and metal-catalyzed couplings [21]. By being able to operate
safely and easily at high temperatures and under pressure using a
flow approach, reaction times can be reduced and yields often
improved [22–26]. A case in point is the solvent and catalyst-free
Huisgen cycloaddition of 2,6-difluorobenzyl azide (1) with
methyl-3-methoxyacrylate (2), followed by the elimination of
methanol to yield the 1,4-triazole 3, a key intermediate in the
synthesis of the antiepileptic drug rufinamide (Scheme 1). In
batch, this reaction takes 28 h to reach completion and requires
heating to 135 �C [27], with the dipolarophile, 2, being added in
batches over the period of the reaction. Moving to flow, the reac-
tion can be performed at 220 �C in a capillary reactor (750μm ID
and 4.7 m long) with a residence time of 10 min [28]. The product
is obtained in an isolated yield of 84%. However, since the reaction
is performed solvent-free and the product is a crystalline solid with
a melting point of 136–137 �C, the issue of clogging, a bug-bear of
flow chemistry, needs to be addressed. While the product is a liquid
in the reaction zone (220 �C), once it exits there is the potential for
blocking the tubing. In addition, since the entire flow process is
performed under pressure (~70 bar), the material has to exit
through a back-pressure regulator (BPR). The use of a BPR,
while an integral part of many flow processes, has the effect of

Flow Chemistry as an Enabling Technology for Synthetic Organic Chemistry 491



increasing the tendency for clogging. The buildup of solids behind
the BPR occurs rapidly, rendering the process inoperable. To over-
come this problem, one approach is to intercept the product stream
upon exiting the heated zone with a flow of a suitable solvent, thus
solubilizing the product and allowing it to pass through the BPR
unimpeded [29]. In the case of 3, by introducing a stream of
acetonitrile or methanol, the product can be sufficiently solubilized
to allow it to pass through the BPR, held at 60 �C, into a collection
vessel. Upon cooling, the product crystallizes out in pure form.

While reactions using flow processing can be performed at
elevated temperatures, they can also be performed under
sub-ambient conditions. Often it is not necessary to cool reactions
to the same degree as required in batch because of the differences in
heat transfer between a flask and a narrow-gauge tube [30–
32]. One example is the Swern oxidation. This reaction converts
primary alcohols to the corresponding aldehydes in the presence of
an amine base using DMSO activated by an electrophile such as
oxalyl chloride or trifluoroacetic anhydride (TFAA). It avoids the
use of toxic metals such as chromium, and the aldehyde products
do not react further to give carboxylic acids. However, a significant
drawback to the reaction is that it is very temperature dependent. In
batch, the reaction must be kept below �60 �C when using oxalyl
chloride as the activator or �30 �C when using TFAA. This pre-
vents side reactions, in particular the generation of mixed thioace-
tals. By performing the reaction in flow (Scheme 2), it is possible to
operate at �10 �C using oxalyl chloride without compromising the
selectivity of the reaction [33]. A solution of the requisite alcohol
and DMSO is first mixed with oxalyl chloride in flow, generating
the dimethylchlorosulfonium ion, 4, in situ which then reacts with
the alcohol to yield an alkoxysulfonium ion, 5. The reactant stream
is then intercepted with a flow of triethylamine to deprotonate
5 and leads to product formation.

The Swern oxidation can even be performed at room tempera-
ture using flow processing [34]. The key to this success is the use of
fast flow rates and short pathlengths. This technique has been
dubbed “flash chemistry” because from start to finish the reaction
is performed on the second or sub-second timescale [35–37]. This

Scheme 1 The preparation of 3, a key intermediate in the synthesis of rufinamide
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is not as daunting as it may at first appear. For example, the mean
residence time in a tube reactor of length 10 mm at a flow rate of
1 m/s is 10 ms. By being able to operate at these flow rates,
unstable intermediates can be quickly transferred to subsequent
steps, and, as a result, many of the issues associated with
by-product formation can be mitigated. Flash chemistry is generally
performed using tubing of internal diameter 1 mm or less, and
highly efficient mixing, achieved using T-shaped micromixers, is
also an important component for its success [38, 39]. In the case of
the Swern oxidation (Scheme 3), DMSO is first reacted in flow with
TFAA at room temperature for 0.01–2 s before a stream of the
alcohol is introduced. Between 1 and 2 s further downstream,
triethylamine is introduced, and the reaction mixture flowed
through a coil heated to 30 �C for a further 7 s before exiting the
reactor.

Flash chemistry can also be used for performing reactions
without the need for protecting groups, offering another greener
advantage over conventional batch approaches [40]. Reactions
involving organolithium reagents exemplify this [41–44]. Ketones
react very rapidly with organolithium reagents and so are generally
protected prior to reaction at another site in the molecule. How-
ever, using flash chemistry aryllithium species bearing ketone func-
tionalities can be generated and then quenched with electrophiles
without concomitant reaction at the carbonyl group (Scheme 4)
[45]. The flow of aryllithium intermediate, which is produced by
lithium halogen exchange from the corresponding aryl iodide by
reaction with mesityllithium, is intercepted by a stream of the
electrophile within 0.003 s of their generation. The reaction is

Scheme 2 The Swern oxidation performed in flow at �10 �C
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performed at �70 �C. Longer residence times or higher tempera-
tures lead to decomposition and side reactions of the aryllithium
species.

The concept is further exemplified in the reaction of difunc-
tional electrophiles with one stoichiometric equivalent of phenyl-
lithium [46]. It is possible to add the organolithium species
selectively to the more reactive electrophilic site using flash chemis-
try. For example, when using 4-benzoylbenzaldehyde (6), phenyl-
lithium selectively reacts with the aldehyde functionality. The
reaction is not only more selective but also significantly higher
yielding than the batch equivalent (Scheme 5).

One final example that shows the power of flash chemistry is
the diisobutylaluminum hydride (DIBAL-H) reduction of esters to
aldehydes [47]. In batch this reaction is often shunned since over-
reduction of the ester to the alcohol is frequently observed. Indeed,
it is not unusual for chemists to circumnavigate the problem by
reduction of the ester to a primary alcohol and then re-oxidation to
the aldehyde. However, using flow processing it is possible to
perform the selective reduction of the ester to the aldehyde in
one step and in high yield. Key to the success of the methodology
is performing the reaction in the sweet spot of reaction time and
temperature. A residence time of 60 s or less in a coil cooled to
between �40 �C and �78 �C proves optimal (Scheme 6); the exact
conditions for each substrate being individually optimized by

Scheme 3 The Swern oxidation performed at room temperature using “flash chemistry”

Scheme 4 Generation and quenching of organolithium species using “flash chemistry”
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performing a series of reactions at different retention time/reactor
temperature combinations and the data compiled in a contour plot.
Overall, the flash chemistry approach brings back to life a useful
chemical transformation that has been avoided by chemists for
many years.

4 Flow Chemistry as a Tool for Safely Performing Hazardous Chemistry

When considered for batch processing, there are some reactions
that are quickly taken off the table due to safety concerns. Only the
foolhardy would consider performing reactions on anything more
than a small scale using reagents such as hydrazoic acid, phosgene,
hydrogen cyanide, diazomethane, or elemental fluorine. However,
when using a flow approach, the hazards can be mitigated by the
fact that only small volumes of reactants and reagents are exposed
to one another at a given time. A particularly valuable aspect of flow
chemistry is that hazardous intermediates can be generated, used,
and quenched all within one reactor. This on-demand preparation
of the reagent means that they do not need to be transported or
stockpiled. As illustrated in Scheme 7, all of the reagents above have
been safely used in synthetic chemistry by leveraging the inherent

Scheme 5 The selective reaction of phenyllithium with a difunctional electrophile

Scheme 6 DIBALH reduction of esters to aldehydes using “flash chemistry”
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advantages of flow processing. Employment of a flow approach in
nitration reactions has also garnered significant attention because
these reactions are dangerous, exothermic, and often non-specific
when using traditional batch reactors. Toluene [51–53], phenol
[54], benzaldehyde [55], and salicylic acid [56] have all been
mono-nitrated in flow, often employing the standard conditions

Scheme 7 Illustrating the use of hazardous reagents such as hydrazoic acid [48–50], phosgene [48–50],
hydrogen cyanide [48–50], diazomethane [48–50], or elemental fluorine [48–50] using flow chemistry
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of nitric acid and sulfuric acid, but the reaction times are shorter
and the product purity far superior than when using batch
conditions.

Upping the ante even more, flow chemistry has been used to
perform reactions using hydrazine, a reagent that is both explosive
and challenging to handle. When using it in the Wolff-Kishner
reduction of aldehydes and ketones to the corresponding alkanes,
a further issue arises. The reaction requires the use of strong base
and heating at temperatures in excess of 200 �C. Over time this can
etch glass reaction vessels. Compounding the problem, metals are
known to catalyze the decomposition of hydrazine, so contact with
stainless steel should be avoided. This makes batch processing very
challenging. Moving to flow chemistry could mitigate some of the
hazards associated with the use of hydrazine, such as buildup of
anhydrous hydrazine in the headspace of a reaction vessel. How-
ever, the problem of vessel compatibility still remains. Most flow
apparatus uses either glass, steel, or thermally sensitive polymer
tubing. All of these are incompatible with the reaction conditions
required. One solution has been to fabricate and use a microreactor
made of silicon carbide [57]. This ceramic material has exceptional
chemical compatibility, temperature stability, and thermal conduc-
tivity. Using this approach, the Wolff-Kishner reaction can be per-
formed effectively in flow, not only shortening reaction times but
also reducing the amount of hydrazine required for the reaction
(Scheme 8). Hydrazine has also been used as a precursor to diimide
(N2H2) for transfer hydrogenation of alkenes to alkanes in flow
[58]. Diimide is highly unstable at temperatures greater than
�180 �C, making it very hard to handle and use effectively in
batch mode. However, by using a flow approach, the diimide can
be generated on demand in a reaction with oxygen and immediately
consumed by the alkene reagent, thereby offering a valuable, high
yielding, and highly selective, route to alkanes.

5 Flow Chemistry as a Tool for Multistep Organic Synthesis

Just as the automobile industry uses production lines for the
assembly of cars from multiple components, chemists can use flow
processing as a molecular factory. Concatenating synthetic trans-
formations in a streamlined flow has proven to be a very valuable
approach to building up molecular complexity [59]. Starting with a

Scheme 8 The Wolff-Kishner reduction of aldehydes and ketones
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simple case in point, and building on a previous discussion in this
chapter, rufinamide has been prepared in three steps (Scheme 9)
[60]. Azide 1 is prepared by an SN2 reaction of the requisite benzyl
bromide with sodium azide. The stream of 1 is then mixed with a
flow of propiolamide (7), itself prepared in the reaction of methyl
propiolate with aqueous ammonia. The [3 + 2] cycloaddition of
1 and 7 is performed in a coil of copper tubing. The release of trace
amounts of ionic copper complexes into the reaction stream cata-
lyzes the click reaction. Of note is that the desired cycloaddition
product is generated with greater than 20:1 regioselectivity. From
start to finish, the total residence time of the synthesis is approxi-
mately 11 min, and rufinamide is obtained in 92% overall yield. In a
similar vein, flow approaches have been taken to the synthesis of (E/
Z) tamoxifen [61] and amitriptyline [62], both of which are impor-
tant pharmaceuticals.

In batch, multistep synthesis often involves the isolation and
purification of intermediates along the way. When considering flow
chemistry, a similar approach often has to be taken. One option is to
perform a step in flow, isolate the product using conventional
techniques, and then continue on to the next step. Indeed, this is
what is generally done since many flow reactions require some sort
of purification step. But offline product purification is time-
consuming and also defeats part of the object of using flow chemis-
try in the first place, namely, ease and speed of operation. In-line
separation and purification offers a much more streamlined
approach [63–68]. One example of this in action is in the prepara-
tion of 3,3,3-trifluoromethylpropenes from trifluoromethyl
ketones by a Peterson olefination approach (Scheme 10). In

Scheme 9 Preparation of rufinamide
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batch, the approach involved Grignard addition of (trimethylsilyl)-
methylmagnesium chloride to the trifluoromethyl ketone followed
by dehydrative desilylation of the α-trifluoromethyl-β-hydroxysilyl
alcohol using a catalytic amount of TMSOTf [69]. Moving to flow
poses a challenge [70]. The first step of the reaction is performed in
a Lewis basic solvent (diethyl ether or THF), but these solvents
have a severely detrimental effect on the dehydrative desilylation
step. Therefore an in-flow solvent switch is required prior to intro-
ducing the TMSOTf, at the same time removing magnesium
by-products formed in the Grignard addition step. To achieve
this, a membrane-based liquid-liquid separator is used [71]. A
schematic for the flow approach is shown in Fig. 1. The strategy
taken is to perform the Grignard reaction in THF in one flow coil,

Scheme 10 Preparation of 3,3,3-trifluoromethylpropenes

Fig. 1 The flow configuration used for the preparation of 3,3,3-trifluoromethylpropenes, involving in-line
separation
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introduce a stream of dilute tetrafluoroboric acid (to quench the
Grignard reaction) followed by 9:1 hexane/dichloromethane, and
then send this mixture into the aqueous/organic separator. The
aim is to have the intermediate alcohol remain in the organic phase
while at the same time partitioning the THF into the aqueous
phase, along with the magnesium by-products. The separation is
effective with the alcohol remaining entirely in the organic phase.
However there is also a significant amount of THF left in the
organic phase as the increased ionic strength of the aqueous stream
decreased the solubility of THF. To circumvent this issue, a flow of
deionized water is introduced into the organic stream leaving the
first separator and then the resultant mixture passed through a
second separator to remove more of the THF. The organic phase
is then flowed into a reactor, together with a stream of TMSOTf
and the desilylation successfully performed. Overall, the flow
approach is not only faster but also 11–25% higher yielding than
the corresponding batch methodology.

The same separator has been used in an expedited synthesis of
ibuprofen (Scheme 11) [72]. Three chemical transformations are
performed in a total of 3 min (1 min/step), each with a yield in
excess of 90%. The in-line separator is used to purify the product
from a Friedel-Crafts acylation. The approach also showcases some
of the previously discussed advantages of flow chemistry, namely,
that the use of solvent can be minimized and aggressive reagents, in
this case neat ICl and a solution of AlCl3 in propionyl chloride, can
be employed without incident.

Moving beyond liquid-liquid extraction, immobilized scaven-
gers packed in columns and cartridges are also of great benefit to
provide in-line purification of a flow stream [73–75]. Using these,

Scheme 11 Rapid preparation of ibuprofen in flow
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by-products or excess reagents can be sequestered from solution,
and it is possible to avoid traditional work-up protocols, thereby
allowing progression of the pure product flow stream to the next
step of the synthetic process. An example of supported reagents in
action is the preparation of alkynes from aldehydes using the Best-
mann-Ohira reagent (8) [76]. After exiting the reactor coil, the
product mixture is passed through a series of three scavenger
columns. First, a tube is packed with benzylamine resin at 70 �C
to remove any unreacted aldehyde, then supported sulfonic acid
removes the base from the mixture and protonates any phosphoric
groups arising from 8, and finally an immobilized amine removes
any acid material formed in the prior step (Scheme 12).

In a similar vein, supported catalysts [77–80] and reagents
[76, 81–83] prove valuable in this endeavor. In essence, as the
reagents pass through a bed of supported material, they “see” an
excess of the catalyst or reagent and so reactions can take place very
rapidly. In addition, by minimizing the components in solution at
any one time, in-line product purification is again facilitated. Bring-
ing all these concepts together, natural products and medicinally
important compounds have been prepared using flow chemistry
with no purification between steps [84]. These include the alkaloid
oxomaritidine (9) synthesized in seven steps (five supported
reagents, one supported catalyst, and one scavenger; along with a
solvent switch) [85], and (R)-rolaripram (10), an anti-
inflammatory drug, prepared in four steps (all using supported
catalysts) [86]. The latter is particularly attractive since it employs
only supported catalysts. While supported reagents and scavengers
streamline a synthetic process, they need to be replaced (or in some

Scheme 12 Synthesis and in-line purification of alkynes from aldehydes
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cases regenerated) over time by simple virtue of their nature.

It is also possible to marry flow processing with conventional
batch chemistry or purification for targets of high molecular com-
plexity. Take for example (+)-dumetorine (11) which can be
prepared in a synthetic strategy comprising of five synthetic steps
using packed columns of reagents or scavengers, and one off-line
chromatographic separation of diastereoisomers [87]. The overall
yield for the entire sequence is 30%, compared to just 1% for the
batch-only predecessor. Likewise, spirangien A methyl ester (12)
and spirodienal (13) have been prepared in an approach that inte-
grates the best of both worlds: batch and flow processing [88].

Another concern when performing multistep synthesis is mon-
itoring the efficiency of each individual step. Any issues upstream in
the process will impact subsequent steps. This is an issue of increas-
ing importance as industry starts to implement flow processes on a
manufacturing scale. The Federal Drug Administration (FDA) is on
board with continuous processing, but of importance is the analysis
of the product stream to demonstrate consistency in terms of
performance. To this end, a number of spectroscopic tools have
been interfaced with flow chemistry apparatus [89–91]. These
include infrared [92–97], UV-visible [98, 99], NMR [100, 101],
Raman [102–105], and mass [106–109] spectroscopy. This opens
the avenue for fast, reliable assay in comparison with the traditional
approach in which performance is evaluated based on off-line prod-
uct analysis. In addition, being able to monitor reactions in real
time opens avenues for rapid experimentation with a feedback loop
for “on the fly” optimization of conditions.
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6 Emerging Opportunities Using Flow Chemistry

6.1 Reactions

Involving Gases

Interfacing gaseous reagents with flow processes is an area of grow-
ing interest. The small volumes of flow reactors ameliorate the
hazards of high-pressure gas reactions and enable improved mixing
with the liquid phase. Historically, reactions involving gases have
relied on plug-flow approaches in which gas bubbles are introduced
to a liquid stream. This has a number of drawbacks. An excess of gas
is required since its dissolution relies on interfacial contact of the
gas bubbles with the liquid phase. Also, obtaining consistent bub-
ble flow is challenging since the size and regularity of gas bubbles
fluctuate with changes in system pressure, temperature, and solu-
tion viscosity. A way to alleviate some of the operational issues is to
employ a “tube-in-tube” approach, which comprises an outer
PTFE tube and a gas-permeable Teflon inner tube [110]. The
reagent stream flows within the inner membrane tubing, while
the gas fills the PTFE outer tubing. Diffusion through the inner
tube membrane allows for the transfer of gas into the reagent
stream. This has been successful for numerous reactions including
the ozonolysis of alkenes [111], carboxylation of Grignard reagents
with carbon dioxide [62, 112], Heck reactions using ethene [113],
direct C-H bond functionalization [114], Wacker oxidation [115]
using oxygen, and both homogeneous [116] and heterogeneous
[117] hydrogenation reactions (Scheme 13). It has also been
employed as a tool for removing gas from solution during the
course of a reaction [118] as well as for the generation and
subsequent consumption of anhydrous diazomethane [119]. The
first generation of tube-in-tube design, while excellent for ambient

Scheme 13 Selected applications of a tube-in-tube gas reactor
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reactions, is not amenable to operation at elevated temperatures.
This is firstly because the liquid runs through the inner tube and so
is difficult to heat externally. Secondly, the gas-permeable Teflon
tube is not particularly robust. The reaction is thereby limited by
the quantity of gas that can be loaded into the solution in the tube-
in-tube unit prior to entering the heated zone. This can necessitate
running reactions at more dilute concentrations to match the con-
centration of reagent and gas or performing multiple passes
through the entire system to ensure complete consumption of
starting materials. These issues have been overcome in a variant of
the design. A coil of stainless steel tubing is used through which
liquid flows on the outside of a gas-permeable inner membrane
[120]. Using this, both gas input and heating can be performed
simultaneously. Examples using hydrogen [121], carbon monoxide
[122], and oxygen [123] have all been reported. Reactions can be
performed at significantly higher concentrations than were possible
before due to the fact that the supply of gas in solution can be
continuously replenished as it is consumed. Hydrogenation reac-
tions are run at 3 M and carbonylations at 1 M. On the flip side,
while the inner gas-permeable membrane is more rugged, it is not
as porous as in the first-generation design, thus limiting the size of
the gas that can be used to small diatomic molecules like hydrogen,
carbon monoxide, and oxygen.

6.2 Continuous-Flow

Photochemistry

By bringing together flow chemistry and other tools, new vistas in
synthetic chemistry are being discovered. One example is at the
nexus of photochemistry and flow processing. In theory, photo-
chemistry is an ideal synthetic tool for green chemistry, as was
noted almost a century ago [124]. However, performing photo-
chemical reactions in batch is not trivial, especially when working
on a scale greater than milligrams. One of the key issues when using
an immersion-well (batch) reactor is that light penetration to the
surrounding solution is limited by the absorption of the substrate
and the solvent and falls off rapidly with distance from the lamp.
Generally, 90% of the light is absorbed within 0.01–1 mm of the
lamp meaning that the majority of the reaction mixture is not being
irradiated at any one time and good stirring is essential with long
reaction times often being a consequence. In addition, immersion-
well lamps generate a significant amount of heat, meaning that the
reaction mixture often has to be cooled. Flow chemistry addresses
all of these challenges. Due to the narrow tubing or microchannel
chips that are used, light penetrates the entire cross section of the
reaction mixture, and reaction times can be reduced from hours to
minutes. Heat transfer is also not an issue due to the high surface
area to volume ratio, so cooling the reactor is often not necessary. It
is therefore no wonder that flow photochemistry is seeing a huge
uptick in popularity [125–127]. Some of the pioneering work was
undertaken using a homemade assembly of an immersion-well
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lamp, around which UV-transparent tubing was wrapped [99, 128,
129]. It is possible to perform photocycloadditions in shorter times
and higher yields than the corresponding batch approach
(Scheme 14). More recently, photochemical accessories for com-
mercially available flow reactors have come on to the market; both
lamps and wavelength filters being available. The field has rapidly
developed, and flow photochemistry has been used for transforma-
tions as varied as C-H bond activation, radical reactions, cycliza-
tions, rearrangements, glycosylations, and the synthesis of polymer
colloids. Perhaps the poster child for modern flow photochemistry
is the continuous route to the antimalarial drug artemisinin
(Scheme 15) [130, 131]. The route begins with dihydroartemisinic
acid (14), a starting material that is available on large scale via
fermentation. The first step of the process is a photochemical
singlet oxygen-based ene reaction to yield a peroxide. The reaction
is performed using tetraphenylporphyrin (TPP) as an oxygen sensi-
tizer. The oxygen is introduced into a dichloromethane stream of
14 and sensitizer in a plug-flow approach before the mixture then
passes through a tube wrapped around an immersion-well lamp.
Under these conditions, 1.5 mmol of the peroxide product is
produced per minute, in 91% conversion and 75% yield. The per-
oxide is then combined with trifluoroacetic acid and undergoes a
Hock cleavage followed by further oxidation with oxygen gas to
yield artemisinin in 69% yield from 14. This corresponds to a
throughput of 165 g of artemisinin per day. Similar approaches

Scheme 15 Preparation of artemisinin using flow chemistry

Scheme 14 Cycloadditions performed photochemically in flow
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have also been developed using liquid carbon dioxide and aqueous
ethanol as the solvent instead of dichloromethane, with an eye to
greener processing [132].

Flow photochemistry is not limited to UV irradiation. It is
finding application in the field of visible light photoredox catalysis
[133]. The paucity of visible light absorption by many organic
molecules limits the application of photochemistry in synthesis.
This barrier can be overcome by employing visible light absorbing
photocatalysts and utilizing their electron/energy transfer pro-
cesses to sensitize organic molecules to carry out reactions
[134, 135]. The most commonly used photocatalyst is Ru
(bipy)3Cl2 (bipy ¼ 2,2-bipyridine). The excited-state species [Ru
(bipy)3]

2+* can be easily oxidized or reduced by a quencher in
solution. Oxidative quenching of [Ru(bipy)3]

2+* generates [Ru
(bipy)3]

3+, a strong oxidant, while reductive quenching generates
[Ru(bipy)3]

+, a strong reducing agent. Therefore, depending on
the conditions used, [Ru(bipy)3]

2+* can be employed as either a
single-electron oxidant or reductant. Since Ru(bipy)3Cl2 has a very
high extinction coefficient, flow chemistry again shines through as a
valuable tool, with light-emitting diodes (LEDs) being the irradia-
tion source of choice. An example of the tool in action is the
reductive dehalogenation of 15 to yield 16 (Scheme 16)
[136]. Flow processing reduces the reaction time as well as elim-
inating by-product 17 generated in the corresponding batch
process.

6.3 Continuous-Flow

Electrochemistry

Just as the use of photochemistry as a synthetic tool is being
revolutionized by the application of flow processing, the same is
true for electrochemistry, though in this case the transition is still
somewhat in its infancy [137, 138]. However, there is a common
thread between the two. Electrochemical reactions offer a clean
route for synthesis; electrons can be added or removed from sub-
strates under mild conditions without the need for chemical oxidiz-
ing or reducing agents [139, 140]. Expensive equipment is not
necessary; electrochemical synthesis can even be performed using a
simple 6 V battery [141]. Batch electrochemistry does however
have its drawbacks. For the technique to work well, supporting

Scheme 16 Cycloadditions performed photochemically in flow
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electrolytes often have to be used to dissipate charge beyond the
very close proximity of the electrodes and hence ameliorate the
large current gradient as a function of distance. These electrolytes
must be removed after the reaction, often increasing the complexity
of product isolation. In addition, conventional electrochemical
reactors are operated in a galvanostatic mode (controlling the
current). A high current is used but the potential on the electrodes
cannot be controlled. Overvoltage and undefined current density
distribution along the electrodes can lead to side products being
formed, as well as eroding the electrode itself over time. Flow
chemistry, specifically that using microreactors, can address these
and other issues [142–145]. The distance between the anode and
cathode can be very small, meaning that charge can be dissipated
across the entire cross section of the reaction mixture, often with-
out the need for supporting electrolytes. Another benefit of the
small sample volume in the electrochemical cell is that reactions can
be performed in a potentiostatic mode (controlling the potential
difference between the electrodes by means of a third, reference,
electrode), thus increasing the selectivity of the reaction (less side
products formed) and prolonging the lifetime of the electrodes.
Flow electrochemistry can be employed for a range of transforma-
tions (Scheme 17), examples being di- and trifluoromethylation by
means of a decarboxylative dimerization reaction (Kolbe electroly-
sis) [146], reductive deprotection of the isonicotinyloxycarbonyl
(iNoc) group [147], the oxidation of cyclic amines [148], and a
range of benzylic compounds [149], as well as the synthesis of drug
metabolites [150]. It is also possible to use electrochemistry and
flow processing for the catalytic 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) oxidation of alcohols, with the oxidant being
regenerated electrochemically [151].

Electrochemistry has also been married with flash chemistry to
perform rapid, selective synthesis [152]. Just as highly reactive
organolithium intermediates are generated and then quickly con-
sumed before they become miscreant, electrochemically generated
intermediates can be produced and used in the same way. A case in
point is the Friedel-Crafts reaction of N-acyliminium ion 19 with
1,3,5-trimethoxybenzene (Scheme 18) [153]. The cation 19 is
generated by the anodic oxidation of carbamate 18. The solution
containing 19 is flowed in to a micromixer in which the arene
reactant is introduced. After a residence time of 0.03 s, triethyla-
mine is flowed in as a quencher. Using this approach, the very rapid
monoalkylation reaction takes place, but there is not enough time
for a second, slower alkylation to take place.

6.4 Continuous-Flow

Organocatalysis

At first glance, the phrase “organocatalysis in flow” seems a misno-
mer. Organocatalytic reactions, while highly specific and useful, are
notoriously slow [154]. Reactions can take hours, if not days, to
reach completion in many cases. Therefore flow chemistry, with
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prospective residence times as long as this, does not seem to be a
method of choice. However, flow chemistry can be used
[155, 156]. By passing through slightly heated reactor coils,
times for homogeneous organocatalyzed reactions can be decreased
to a level where reasonable reagent throughput can be obtained.
Take for example the aldol reaction. Using proline-derived tetra-
zole catalyst 20, it is possible to perform the reaction between
acetone and 4-nitrobenzaldehyde in flow at 60 �C with a residence

Scheme 17 Reactions performed electrochemically in flow

Scheme 18 Combination of electrochemistry and flash chemistry
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time of 20 min (Scheme 19) [157]. At room temperature in batch,
the reaction takes 40 hours and the product is obtained in a similar
yield. However, a bone of contention voiced by defenders of batch
chemistry is that the reaction would have gone equally as fast in a
flask if run at the same temperature [158]. It does—in the same
yield and enantioselectivity.

Where flow processing begins to pull ahead of analogous batch
reactions in homogeneous organocatalysis is when the synergy with
photochemistry is leveraged. Either by concatenating a photo-
chemical transformation, such as a cyclization, together with an
organocatalyzed step [159, 160], or by using an organic dye as a
photosensitizer in the presence of an organocatalyst [161], novel
chemistry can be performed.

Flow chemistry truly comes in to its own when immobilized
organocatalysts are used, and it is this area that has seen the most
attention [162]. In essence, when passing a stream of reagents
through a bed of supported catalyst, the reaction mixture sees a
superstoichiometric quantity of the organocatalyst. As a result,
issues associated with catalyst loading that are seen in batch do
not exist in flow and reaction times can be significantly shortened.
Another benefit is that the catalyst can, in principle, be reused
multiple times. This is important given the complexity (and hence
cost) of many organocatalysts. Again, a case in point is the asym-
metric aldol reaction between acetone and 4-nitrobenzaldehyde,
this time using a supported tripeptide as the organocatalyst
[163]. A residence time of 6 min is enough to give product yields
and selectivities on par with those in a batch reaction taking 6 hours
(Scheme 20). The field of flow organocatalysis does have a way to
go before it will be widely applicable. Deactivation of supported
organocatalysts with time is an issue that needs to be addressed. In
addition, many of the examples in the literature have been “opti-
mized to order,” in that they work well for the particular substrate
being showcased, but the conditions are not widely applicable to a
range of starting materials. That said, this is often a shortfall in the
methodology and not on the applicability of flow to it.

Scheme 19 Homogeneous asymmetric aldol reaction performed in flow
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6.5 Automation Real-time monitoring of flow chemistry can lead to the diagnostic
capture of information for use in controlling reaction parameters.
One issue when performing multistep flow reactions is that of
dispersion. As a reaction mixture passes along a length of tubing
in a flow reactor, the material in the center of the tube begins to
move faster than that near the walls. This is the result of a phenom-
enon known as “laminar flow” (Fig. 2). This is a problem because it
means that some of the fluid takes longer to travel through the
reactor than the rest. When a flow reactor is used to process a finite
volume of reagents, the leading and trailing ends of the product
emerging from the end of the reactor will have mixed to some
extent with the fluid (usually solvent) that preceded or followed
it. This means that there are zones at the leading and trailing ends
of the product stream in which the concentration of product is
variable and a steady-state portion between these in which the
concentration is constant. When performing multistep processes,
metering in reagents at the right time and at the right concentration
becomes increasingly hard due to this dispersion. This can lead to
compromised yields and product purification issues. However,
using in-line IR monitoring interfaced with the appropriate soft-
ware, it is possible to control pumps to dispense reagents in real

Scheme 20 Asymmetric aldol reaction performed in flow using a supported
organocatalyst

Fig. 2 Laminar flow of a liquid in a tube
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time based upon the concentration of reaction intermediates
[164]. This enables precise mixing with perfect timing, thus greatly
increasing product quality and enabling chemical flow processing to
be used in extended reaction sequences. Gases can also be accu-
rately metered by employing in-line IR monitoring. For example,
the uptake of CO in palladium-catalyzed alkoxycarbonylation reac-
tions can be quantified by monitoring the intensity of the CO
stretching frequency at 2142 cm�1 [165].

Building on this concept, it is possible for flow processes to be
self-optimizing [166, 167]. In essence, this involves performing the
reaction and then varying parameters such as stoichiometry, tem-
perature, and residence time, until optimal conditions are found.
These iterations can be performed automatically by means of feed-
back loops between in situ reaction monitoring tools and the flow
apparatus [95, 168–171]. Reaction monitoring is not limited to the
use of spectroscopic tools. Something as simple as a webcam can be
employed to observe changes and feedback to the flow equipment.
For example, in an aqueous-organic extraction using a gravity
separator, a webcam can be used to monitor the level of the phase
boundary (Fig. 3) [172, 173]. The extraction involves an upper
organic phase that passes on to the next step of the reaction and an
aqueous phase that is pumped off to waste. If the level rises too
high, the pump removing the aqueous phase can be speeded up or,
if the level falls too low, the pump can be slowed down. A similar
approach can be used to monitor reservoirs of reagents that are
built up during the process of a multistep synthesis [174]. For
instance, if an intermediate is generated at one flow rate, and then

Fig. 3 Monitoring an in-line separation using a webcam
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taken on to the next step of the synthesis at a slower flow rate, a
reservoir helps buffer this change. Feedback loops are valuable in
monitoring and maintaining the levels of these holding tanks.
Turning to another tool, balances can be used to monitor the
quantities of feedstocks present, the information then being used
to ensure that pump flow rates are accurate and stoichiometric
ratios consistent over extended periods [173]. Since all of these
tools are computer controlled, they can be networked and overseen
by a human operator anywhere in the world [175, 176]. It gives a
whole new perspective to preparative chemists who can rightly
claim they can do their work from home (or the beach).

6.6 Flow Chemistry

in the Undergraduate

Teaching Laboratory

A look at a standard organic chemistry laboratory manual shows
that while a range of reactions are covered, they represent only a few
of the many possibilities. In addition, the equipment used in under-
graduate organic chemistry laboratories has not changed signifi-
cantly in the last 50 years. This is of course very different to
industrial chemistry facilities and most academic research labora-
tories where state-of-the-art equipment is often found. With flow
chemistry being an enabling technology of the future, and with
undergraduates being the chemists of the future, it is important to
develop laboratory-based materials for incorporation of flow chem-
istry into the undergraduate teaching laboratory. This is beginning
to happen, but there are some key metrics that come up in every
discussion. The initial cost of the apparatus is often considered to
be the major obstacle. The cheapest option may be a “build-your-
own” design, but this can be time-consuming and also takes the
instructor into areas of uncertainty when it comes to safety and
reliability. That said, it does open up interesting opportunities for
collaborations between chemistry and chemical engineering stu-
dents, developing an in-house system together. Many of the com-
mercially available flow reactors are out of the budget of an
undergraduate teaching laboratory, especially if multiple units are
needed to accommodate the number of students in the laboratory
at any one time. Another issue faced with many of the systems is
that there is a fairly steep learning curve for their effective use.
Priming pumps, avoiding clogging due to particulate matter, and
ease of operation of the user interface are all concerns when consid-
ering undergraduate students with little to no background with
these types of equipment. To address this, two equipment manu-
facturers in particular have developed “undergraduate-friendly”
versions of their equipment. One is based on a microreactor plat-
form [177]. It operates at flow rates of 0.012–2.9 mL/min and at
temperatures up to 200 �C. A series of seven experiments have been
developed for use in a teaching setting [178]. They range from a
simple aldol condensation to a more complex Wittig reaction using
either homogeneous or biphasic conditions, as well as a Swern
oxidation and the synthesis of silver nanoparticles. The reactions
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take between 4 and 8 h to perform, which in some regard is too
long for a regular undergraduate laboratory period. In another
example of the use of microreactors in the teaching laboratory,
two series of experiments have been developed to show the advan-
tages of flow chemistry as well as, in one case, a direct comparison
between batch and flow processing [179, 180]. The other approach
is to perform reactions on a larger scale. A flow chemistry manufac-
turer has developed a unit comprised of two or three self-priming
peristaltic pumps (Fig. 4) [181]. Flow rates range from 0.1 to
10 mL/min, and a variety of reactors can be used with the system,
the most commonly used for educational purposes being 10 mL
PFA coils capable of operation up to 150 �C. An advantage of this
from an undergraduate laboratory setting is that throughput can be
higher and students can make more material per unit time,
shortening reaction times and ameliorating the effects of loss of
small quantities of product in transfers or work-up stages. A set of
ten experiments has been developed for incorporation into the
undergraduate laboratory [182]. As before, each experiment is
designed to highlight a particular concept in organic chemistry.
Many of the experiments reinforce material that is covered in
mainstream organic chemistry courses, such as cycloadditions, rear-
rangements, and the reaction chemistry of carbonyl compounds. It
also extends the scope of experiments undergraduates can perform

Fig. 4 The Vapourtec E-series system showing (a) the whole system, (b) the pump modules, and (c) a reactor
coil in position (Reproduced with permission from Vapourtec Ltd)
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in a laboratory class to “Nobel prize-winning” examples, such as
ring-closing metathesis and metal-catalyzed couplings.

7 The Matter of Scale

Continuous-flow processing has been, and is still, performed on
immense scales in the petrochemical arena. Here there are stringent
environmental regulations, many competitors, and small profit
margins meaning that processes have to be high-performing,
cost-effective, safe, and atom efficient in order to be viable. How-
ever, the range of reactions performed is focused on a few processes.
For flow chemistry to be adopted widely in the fine chemicals
industry, the wider array of reactions used on a day-to-day basis
need to be performed on scales commensurate with the quantities
of material required. But scale-up of flow processes is often an easier
prospect than considering the corresponding batch approach. In
batch, if a process is transitioned from the discovery lab to the
production facility, the reaction conditions often need to be mod-
ified to take into account changes in mixing and heating or cooling
characteristics. However, in flow, processes can be very effectively
scaled without having to go to great lengths re-optimizing reaction
conditions. To increase the scale of a microscale flow reactor while
still taking advantage of the very efficient mixing and heat transfer,
one option is to just run multiple reactors simultaneously, that is, to
scale the process out. A bank of reactors can be assembled and used
as a factory for the production of significant quantities of material.
A case in point (and a pause for thought) is the production of
nitroglycerin on a scale of 10 kg/h using microreactor technology
[183]. This poisonous, explosive compound (which is notably for
medical use and not nefarious activity) is prepared by a highly
exothermic nitration process that runs efficiently and safely in the
microreactor assembly.

The other option is to scale up by increasing the reactor length
and diameter. This helps overcome some of the technical challenges
of scaling out, namely, the cost of the individual reactors and the
challenge of pumping liquid evenly through a bank of microreac-
tors. It is also still possible to ensure effective heat transfer and
mixing when using wider-bore tubing, with the correct engineering
in place. Returning to the theme of organolithium chemistry, one
example is in the case of 21 which can be formylated on the
kilogram scale using two 6 mL volume stainless steel coil reactors
of 0.25 in. diameter immersed in a dry ice/acetone bath
(Scheme 21) [184]. A stream of the lithium salt of 21, formed in
batch by the reaction of 21 with MeLi, is first combined with a flow
of n-butyl lithium to form a dianion in the first flow reactor. After a
residence time of 2 s, a stream of N,N-dimethylformamide (DMF)
in THF is introduced and the reaction mixture passed through a
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second reactor coil for a residence time of 2.5 s before being fed
into an aqueous quench solution. Even at a flow rate of 175 mL/
min, efficient cooling can be maintained and 1 kg of 18 can be
processed per hour. The purity of the product is notably higher
than that from a corresponding batch approach; the level of deb-
rominated side product was markedly lower (4% in flow vs 7–8% in
batch).

Sometimes the best option is to scale up and out. Nitration
chemistry provides an example. In the nitration of an undisclosed
symmetric terminal diol, a two-phase organic/aqueous reaction
mixture is ideal for performing the reaction on a small scale in a
microreactor where both heat transfer and efficient mixing are
possible (Scheme 22) [185]. When it comes to increasing the
throughput, one option is to use a large number of microreactors,
but the quantity required is financially prohibitive. The other
option is to use a wide-bore tube, but as tube diameter is increased,
mixing becomes less efficient as does heat transfer, both of which
are essential in a biphasic, highly exothermic reaction like this. The
solution is to use a number of medium-bore tube reactors, each of
them with a working volume of 150 mL and capable of processing
13 kg of material per hour. Using this approach over 25 metric
tonnes of product has been prepared in a single campaign. Another
significant benefit of using flow processing is that the mono-
nitrated product can be made selectively.

8 Concluding Remarks

Continuous-flow processing is a real game changer in synthetic
chemistry. The examples showcased in this chapter are really only
the tip of the iceberg. Flow chemistry is opening avenues for safer,

Scheme 21 Scale-up of an organolithium reaction in flow

Scheme 22 Scale-up and scale-out of a nitration reaction in flow
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easier, more automated preparation of a wide array of chemicals.
This whole book is centered on the tenets of green chemistry, their
application to drug synthesis, and the transition from academia to
industry. Flow processing fits very well in this regard. It offers the
best, safest, and easiest way to perform a range of transformations
that in batch would be prohibited on any reasonable scale or at least
very dangerous. Also, the interweaving of work performed in aca-
demic laboratories with that undertaken in an industrial setting has
been shown. Reactions and technology developed in a university
can be readily adopted in industry, and the reverse has been true
too. Scale-up, scale-out, or a combination of the two can be used to
turn a process making a few milligrams into one making several
kilograms or more.

The synergistic combination of flow chemistry and other
enabling tools has been highlighted. Both photochemistry and
electrochemistry have huge potential as clean, green ways to per-
form synthetic chemistry in a very selective manner, but when
weighed on the scales of efficiency in batch, they are found wanting.
By using flow chemistry, a paradigm shift is observed and new vistas
for synthetic chemistry become open. This is exemplified by the
generation of compounds bearing adjacent quaternary chiral cen-
ters by means of a continuous-flow photodecarbonylation reaction
of solid ketone precursors (Scheme 23) [186]. Nanocrystals of
acyclic, homochiral, hexasubstituted ketones are suspended in
water and flowed past two UV lamps where the decarbonylation
reaction occurs generating a product bearing two adjacent stereo-
genic, all-carbon substituted quaternary centers, in quantitative
chemical yield and 100% diastereoselectivity and enantiomeric
excess.

The drive toward automation has also been discussed. It is
possible to perform in-line extractions or separations and even
chromatography [187]. The reactions can be monitored in real
time using an arsenal of spectroscopic tools, as well as something
as simple as a webcam. Flow chemistry can also be a mini-factory,
with multiple chemical steps being performed in sequence, opening
the avenue for building molecular complexity in a novel manner.
Pushing the boundaries of this concept, one recent example is the
end-to-end integrated continuous manufacturing plant for aliskiren

Scheme 23 Photodecarboxylation of nanocrystalline ketones in flow
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hemifumarate (22) [188–190]. The plant started with an advanced
intermediate (23), two synthetic steps away from the final active
pharmaceutical ingredient, and ended with finished tablets. Flow
processing is used for synthesis, purification, formulation, and final
tablet production in one controlled sequence.

A life-cycle analysis of a number of flow processes has been
undertaken and the results compared with those from batch
approaches for the same reactions [191–195]. On the whole, flow
chemistry comes out on top, with energy demand being substan-
tially lower. Economics are also in the favor of flow processing.
Once the capital equipment has been purchased, costs are lowered
due to the decrease in personnel required to operate a large-scale
continuous process compared to running the reactions in batch.
That said, flow chemistry is not a magic bullet. There are drawbacks
in some cases, as discussed at various junctures of this chapter.
Additionally, flow chemistry cannot make a poorly designed syn-
thetic route to a target product better, though can potentially make
it safer and easier.

In closing, just as the factory production line has revolutio-
nized the manufacturing of consumer goods, continuous-flow pro-
cessing is changing the way that chemists in drug discovery and
beyond are thinking of performing their reactions. It is opening
avenues to new chemical space and doing so in a safe, easy, and
reliable way. This, in addition to the increased level of automation
that is possible, means that it will not be long before we see
compact and efficient systems comprising of flow reactors, in-line
purification tools, and reaction monitoring modules that a chemist
can walk up to and say “make me my molecule,” be they in an
academic laboratory, an industrial setting, or even in a remote
location where the compound is needed [48–50].

Acknowledgements

The students in our laboratory involved in flow chemistry projects
are thanked for their hard work and dedication. Our efforts have
been funded by the National Science Foundation (CAREER Award
CHE-0847262) and the University of Connecticut. We also thank
Vapourtec Ltd. for equipment support as well as input on a number
of projects.

Flow Chemistry as an Enabling Technology for Synthetic Organic Chemistry 517



References

1. Darvas F, Dormán G, Hessel V (eds) (2014)
Flow chemistry: volume 1 (fundamentals) and
volume 2 (applications). DeGruyter, For
books on flow chemistry see this reference

2. Reschetilowski W (ed) (2013) Microreactors
in preparative chemistry: practical aspects in
bioprocessing, nanotechnology, catalysis and
more. Wiley-VCH, For books on flow chem-
istry see this reference

3. Wiles C, Watts P (2011) Micro reaction tech-
nology in organic synthesis. CRC Press, For
books on flow chemistry see this reference

4. Luis SV, Garcia-Verdugo E (eds) (2010)
Chemical reactions and processes under flow
conditions. RSC Green Chemistry, For books
on flow chemistry see this reference

5. Gutmann B, Cantillo D, Kappe CO (2015)
Continuous-flow technology—a tool for the
safe manufacturing of active pharmaceutical
ingredients. Angew Chem Int Ed. https://
doi.org/10.1002/anie.201409318, For
selected recent reviews, see this reference

6. Jensen KF, Reizman BJ, Newman SG (2014)
Tools for chemical synthesis in microsystems.
Lab Chip 14:3206–3212, For selected recent
reviews, see this reference

7. Baxendale IR (2013) The integration of flow
reactors into synthetic organic chemistry. J
Chem Technol Biotechnol 88:519–552, For
selected recent reviews, see this reference

8. Protasova LN, Bulut M, Ormerod D,
Buekenhoudt A, Berton J, Stevens CV
(2013) Latest highlights in liquid-phase reac-
tions for organic synthesis in microreactors.
Org Process Res Dev 17:760–791, For
selected recent reviews, see this reference

9. McQuade DT, Seeberger PH (2013) Apply-
ing flow chemistry: methods, materials, and
multistep synthesis. J Org Chem
78:6384–6389, For selected recent reviews,
see this reference

10. Deadman BJ, Browne DL, Baxendale IR, Ley
SV (2015) Back pressure regulation of slurry-
forming reactions in continuous flow. Chem
Eng Technol 38:259–262. See this reference,
for example

11. Hartman RL (2012) Managing solids in
microreactors for the upstream continuous
processing of fine chemicals. Org Process
Res Dev 16:870–887. See this reference, for
example

12. Browne DL, Deadman BJ, Ashe R, Baxendale
IR, Ley SV (2011) Continuous flow proces-
sing of slurries: evaluation of an agitated cell

reactor. Org Process Res Dev 15:693–697.
See this reference, for example

13. Hartman RL, Naber JR, Zaborenko N, Buch-
wald SL, Jensen KF (2010) Overcoming the
challenges of solid bridging and constriction
during Pd-catalyzed C�N bond formation in
microreactors. Org Process Res Dev
14:1347–1357. See this reference, for
example

14. Roberge DM, Ducry L, Bieler N, Cretton P,
Zimmermann B (2005) Chem Eng Technol
28:318–323. See this reference, for example

15. Vaccaro L, Lanari D, Marrocchi A, Strappa-
veccia G (2014) Flow approaches towards
sustainability. Green Chem 16:3680–3704.
For reviews see this reference

16. Wiles C, Watts P (2014) Continuous process
technology: a tool for sustainable production.
Green Chem 16:55–62. For reviews see this
reference

17. Wiles C, Watts P (2014) Continuous flow
reactors: a perspective. Green Chem
16:38–54. For reviews see this reference

18. Newman SG, Jensen KF (2013) The role of
flow in green chemistry and engineering.
Green Chem 15:1465–1472. For reviews see
this reference

19. Fekete M, Glasnov T (2014) Technology
overview /overview of the devices. In:
Darvas F, Dormán G, Hessel V (eds) Flow
chemistry: volume 1. DeGruyter. For an over-
view of equipment currently available, see this
reference

20. Glasnov TN, Kappe CO (2011) The
microwave-to-flow paradigm: translating
high-temperature batch microwave chemistry
to scalable continuous-flow processes. Chem
Eur J 17:11956–11968

21. Noel T, Buchwald SL (2011) Cross-coupling
in flow. Chem Soc Rev 40:5010–5029

22. Hessel V, Kralisch D, Kockmann N, Noël T,
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Chapter 15

Reaction Optimization: A High-Throughput Experimentation
Approach

Simon Berritt, Jason R. Schmink, and Ana Inés Bellomo Peraza

Abstract

This chapter reviews the various technologies and applications of high-throughput experimentation (HTE)
in developing or optimizing chemical reactions. A brief history of HTE and current technology is pre-
sented, followed by an overview of HTE examples from the literature from 2007 to 2015, many of which
were developed at the laboratories of Merck and Company and the University of Pennsylvania.

Key words High-throughput Experimentation (HTE), Catalysis, Microscale, Transition metal,
Cross-coupling, Palladium, Ligands, Optimization

1 Introduction

For all practical purposes, the 1980s marked the decade in which
scientists’ long-standing desire to survey broad swaths of the chem-
ical landscape finally became a reasonable goal. While researchers
had always imagined the possibility of screening hundreds,
thousands, or even hundreds of thousands of sets of possibilities,
the logistics of scientific research in the past made this no more than
a pipe dream. However, the end of the twentieth century marked a
period of significant improvement of three specific areas of industry,
without which scientists would still be running only a handful of
reactions at a time. First, and most important, the development and
continual improvement of the PC and its associated software was
crucial for the development of today’s modern chemistry labora-
tory. The PC is so important that it plays a significant role in each
discrete step of modern screening approaches. Next, on the hard-
ware side, the miniaturization and automation of the modern labo-
ratory has played a large role in our ability to screen thousands of
sets of conditions at a time. Lastly, it is hard to envision the logistics
of high-throughput chemistry and biochemistry without multi-
channel pipettes and automated HPLCs.

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
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Over the past decades, “chemical screening” has itself evolved
to suit the specific needs and desires of particular areas of research,
and one only needs to consider the plethora of catchphrases asso-
ciated with chemical screening to fully appreciate the evolving
utility and application. The earliest chemical screening is most
commonly referred to as high-throughput screening or HTS. Orig-
inally carried out in 96-well plates, today’s modern HTS lab is fully
automated and run in 384-, 1536-, or 3456-well plates. It is no
surprise that the first area to develop screening approaches was one
in which there are relatively few variables to consider. As a typical
example, HTS generally seeks to answer only whether a specific
molecule inhibits (or not) an enzyme (or cell line, embryo, etc.). To
answer this question, a protein in buffered aqueous solution is
dosed across all 96 wells before layering atop each well a different
small molecule inhibitor. The one-dimensional nature of the ques-
tion lends uniformity and hence simplicity!

As years passed, many scientists saw the potential within high-
throughput methods and began to apply portions of the technique
to slightly different areas, and as time passed, biochemists passed
the baton to medicinal chemists. To improve the efficiency of drug
discovery, high-throughput methods evolved to include a variety of
experimental techniques in which thousands of compounds could
be created rapidly using parallel synthesis. However, as the com-
plexity of the system increased (i.e., more variables), additional
obstacles had to be overcome. Where the biochemists had the
advantage of needing a platform suitable for a single set of condi-
tions (buffered water, room temperature, perhaps some amount of
organic co-solvent), medicinal chemists needed to be able to
change the reaction environment as they explored different che-
mistries. That said, the same set of reaction conditions could be
used for each well in order to produce a collection of closely related
organic compounds [1]. Interestingly, an argument can be made
that the biochemists’ newly found ability to rapidly screen large
libraries of compounds put pressure on medicinal chemistry to
make larger, more diversified small molecule libraries at an even
faster rate, thus leading to the birth of parallel synthesis. Like
medicinal chemists before us, organic chemists are now borrowing
from our biochemistry (enzymatic catalysis) [2] and medicinal
chemistry (library synthesis) [3] colleagues, working to develop
screening approaches to expedite the development of new meth-
odologies. The focus of this chapter will be on the recent develop-
ments in high-throughput experimentation (HTE). HTE was
conceived as a valuable tool to accelerate the discovery and imple-
mentation of efficient new methodologies. Much of this develop-
ment was fostered on the process chemistry side within industry.
Where parallel synthesis seeks to use a previously developed proto-
col in order to make new compounds, HTE aims to rapidly develop
the best conditions to affect a discrete transformation, often times
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on a very specific and/or problematic substrate. HTE allows for the
rapid refinement of existing protocols, can assist in the develop-
ment of completely new reaction parameters, and often affords
nonobvious lead “hits” that might have been otherwise unexplored
using more traditional approaches. With HTE, there is a wide range
of variables being examined simultaneously, and as such, the logis-
tical difficulty of implementing this approach increases geometri-
cally when compared to high-throughput screening or even parallel
synthesis. When employing HTE, a scientist may simultaneously be
examining five to six discrete variables (e.g., solvent, catalyst,
ligand, base, substrate, additive/cosolvent, etc.) within the same
plate. The logistics to support such a platform were difficult to
develop, and it can be argued that continued improvements are
still needed. Largely, issues of mass transfer have been the most
problematic. With so many variables within a given screen, it is
possible (likely even) that a plate will have some wells that are
homogeneous, some that are heterogeneous, and some that are
biphasic. Similarly, the search for ideal reaction conditions will span
across a range of solvents with very different inherent characteristics
(substrate solubility, product solubility, by-product solubility, boil-
ing point, etc.).

Indeed, while enzymatic catalysis and library synthesis
approaches seem obvious to build upon, the adaptations of these
platforms are not as trivial as they first appear. Both of these
approaches have one very powerful advantage: the platforms need
to accommodate only a single set of reaction conditions! For
instance, enzyme catalysis is run in a buffered aqueous or aqueous
with organic co-solvent media at 5–37 �C. Similarly, library synth-
eses have as their variables only the coupling partners and utilize the
identical set of reaction conditions across the plate. In HTE, the
array of requirements is inverted. We examine a single transforma-
tion across a screen with a diverse set of reaction conditions. This
dynamic situation necessitated significant platform development in
order to make HTE screening as robust as possible and amenable to
the widest range of potential reaction conditions.

This chapter will discuss specifics of the HTE platform, includ-
ing the approach, necessary equipment, and ultimate execution of
large screens. To accompany this discussion of HTE, this chapter
will also touch briefly on a range of similar contemporary screening
approaches. Next, the impact of HTE on “green chemistry” will be
detailed. Finally, a diverse range of recent examples will be outlined,
showing the flexibility and continued evolution of modern screen-
ing techniques in the laboratory.
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2 HTE Screening Platform and Platform Development

As mentioned, HTE presents the opportunity to explore and eval-
uate novel chemistry in a rapid manner, removing the traditional
bottleneck of methodology development: initial reaction optimiza-
tion. There are three crucial components to HTE: (a) the use of
software to design large screens, (b) the robust and reliable physical
reaction platform, and (c) rapid reaction analysis.

2.1 Software While any spreadsheet software could potentially be utilized to
assist the scientist in designing large screens, the wide range of
commercially available software from vendors designed to specifi-
cally aid in the design and execution of large screens make them a
more attractive option. It is often difficult to disentangle much of
the software and hardware advances over the past decade as they’ve
been developed in tandem by companies/institutions such as
Symyx (became Freeslate and now Unchained Laboratories),
HTE (BASF) [4], Chemspeed [5], Avantium [6], and Biotage
[7], among others. While any of the proprietary software applica-
tions could be chosen and discussed, here we will use Library
Studio®, a PC-based virtual laboratory suite that facilitates the
design of large screens, as the backdrop for further discussion.
Library Studio is currently a part of the “Lab Execution and Analy-
sis (LEA)” software available from Freeslate. This software allows a
researcher to design complex high-throughput experiment arrays
using a graphical user interface (Fig. 1). Details such as mass and
moles of reagents, solvent volume(s), catalyst loading and stoichi-
ometry, and reaction volume are calculated by the program, saved,
and easily accessed by the researcher in the future. The software
generates step-by-step recipes that can either be handed off to the
scientist and followed manually, or as is becoming more customary,
can be inputted into automated solid and/or liquid handling
robotics, which dose the reaction plates.

2.2 Platform In HTE, we strive to envision the screening platform as a scaled-
down version of the round-bottom flask. This allows us to access
any conditions that we would conceivably use at the lab bench on a
more traditional scale. This approach, in turn, necessitates a general
platform and one that must fulfill all of the following requirements:

1. TheHTE platformmust be able to accommodate the full range
of conceivable reaction conditions employed by the bench
chemist.

2. The platform must operate with high fidelity across the screen.

3. The results obtained on the small scale (<1–20 μmol) must
scale with high correlation to synthetically useful scales, e.g.,
1–100 plus mmol.
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The platform must be able to accommodate the full comple-
ment of solvents regularly utilized by bench chemists and must
operate across a range of temperatures inclusive of both cryogenic
conditions through temperatures that well exceed the boiling point
of a selected solvent. Because these reactions are typically carried
out with between 20 and 100 μL of solvent in 250–8000 μL vials
(Fig. 2), even when operating below a solvent’s boiling point, the
screening platform must guarantee lossless seals on individual reac-
tion vials to prevent evaporation. Next, the platform must effort-
lessly accommodate homogeneous, heterogeneous, and biphasic
reaction conditions, the latter two of which create unique concerns
at the microscale. The platform needs to be prepared in such a

Fig. 1 Screenshot of Library Studio® software program utilized to assist the scientist with experiment design
and execution

Fig. 2 96- and 24-well reactor blocks and three vial sizes (8 mL, 1 mL, and 250 μL)
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manner to allow for anhydrous conditions if needed and to allow
reactions to be run under an inert atmosphere or even run under an
atmosphere of a reactive gas such as H2 or CO.

Next, vial-to-vial fidelity must be achieved. The scientist exam-
ining hundreds of reactions per day needs to be reasonably confi-
dent that when a reaction fails, it did so because the tested reaction
conditions are nonideal and not simply because a catalyst was
incorrectly dosed, solvent was lost, mass transfer was poor, or the
desired temperature on that particular location on the plate was not
achieved.

Validation of reaction scale demonstrated that the platform
would indeed give identical results upon increasing the scale of
reactions. Chemists at Merck & Co. used a relatively nontrivial
Suzuki-Miyaura reaction [8, 9] at three different reaction scales:
250 μL vials/5 μmol, 1 mL vials/20 μmol, and 8 mL vials/
0.16 mmol. A 6 � 2 � 2 screen with six diverse ligands and two

Fig. 3 Validation of HTE reaction scales rank ordered conditions based on 0.16 mmol
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solvents and with and without water was carried out in triplicate. As
Fig. 3 demonstrates, good reproducibility is seen across the three
different reaction scales.

The final crucial criteria inherent in the development of an
HTE platform is that the reaction size must be able to be scaled
such that running 24, 96, or even 1536 reactions does not require
an exorbitant outlay of reagents. Ideally, the chemistry should be
able to be developed using on the order of 0.1–1 mg or less of
substrate per reaction. Without this critical aspect, the HTE
approach would never be widely adopted. In the case study
described above, the excellent fidelity among the different reaction
scales allows the chemist to conduct 24 discrete reactions at the
5 μmol scale, using only approximately 32 mg of material,1 and the
scientist will be confident in the ability to scale the screening hits
with similar results at a preparative scale. Continued improvements
to the platform, robotics, and analytics surrounding HTE have
allowed researchers at Merck to now move into the nanomolar
scale, running plates of 1536 reactions using 0.02–0.05 mg of
material per cell! [10].

3 Brief Summary of Alternative Screening Approaches in Reaction Development

The past decade has seen numerous entries into the field that can be
described broadly as “high-throughput reaction optimization,”
and these reports can be broken into two classes. While recent
screening developments can be compared and contrasted at length,
a helpful understanding of screening approaches can be summar-
ized as “scientist-driven” vs. “chance-driven.” These two
approaches evolved due to the very different end goals of the
scientists who use them. A recent review of the latter approach by
Collins, Gensch, and Glorius does a fantastic job of detailing the
many variations of screening approaches in modern synthetic
laboratories [11]. Experimental scientists at the cutting edge of
research are looking for new chemistry, yet they have no require-
ment for what that new chemistry is. The authors rightfully
acknowledge the importance of happenstance on reaction discov-
ery, and their review details a range of approaches that seek to
amplify serendipity in order to discover new reactions at a
faster rate.

The so-called “multidimensional” [12–15] or “accelerated ser-
endipity” [16] approaches will often yield interesting leads, in turn
leading to the development of novel, high-impact, and even trans-
formative science. Indeed, when driven by the desire to “discover
something new,” there may be no more powerful approach than

1 1 Based on small molecule with molecular weight of 523.3 at 0.1M concentration.
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these full-spectrum pursuits coupled with a well-trained scientist.
However, for the chemist faced with a specific task, one that is
looking to optimize a discrete transformation in order to advance
a particular project, this approach is not a viable strategy. The
scientist looking to improve the outcome for a particular step in
the synthesis of kilogram quantities of a small molecule therapeutic
relies upon literature precedent and the screening of a directed
subset of reaction parameters and far less upon serendipity.

The final consideration when considering the myriad “screen-
ing” approaches is that many of these reported approaches tend to
be quite reaction specific and/or reaction-type specific. While these
works have contributed greatly to scientific advancement, what
most lack is the use of broadly applicable techniques and/or
approaches that are scientist-driven. The broader chemistry com-
munity is slow to adopt those reports that are too reaction specific
because it is recognized that the technology has a narrow range of
potential applications.

In contrast, the HTE platform was purposefully developed with
the notion, indeed the absolute requirement that a wide variety of
chemistry conditions could and would need to be screened. The
platform was engineered to handle, among others, heterogeneous
and homogeneous reactions; high temperatures and cryogenic
ones; polar and nonpolar solvents; reactions that run under air,
under a blanket of inert gas, or beneath an atmosphere of reactive
gas; and accommodating reactions that run at both atmospheric
pressure and elevated pressures. The targeted, scientist-driven HTE
platform presented here has the advantages of reliability, scalability,
and fidelity across the platform and is amenable to the entire range
of reaction conditions that a synthetic organic chemist expects to
have in their arsenal at any time in a well-equipped fumehood.

4 Importance of Green Chemistry in HTE

Besides the inherent advantages of rapid reaction optimization,
HTE is exceptionally well suited to develop new methodologies
in a more benign fashion. Green chemistry [17] is becoming a
driving force in synthetic organic chemistry at all levels from acade-
mia to industry, and pushing the boundaries of science with mini-
mal impact to the environment is paramount. It behooves the
serious scientist to be well versed in the tenants of green chemistry
as few research settings don’t stress enough the importance of
judicious solvent selection, toxicity of reagents used, the utility of
catalysis, and how our work impacts the world around us.

Because HTE develops conditions while working on the
2.5–10 μmol scale, it inherently fulfills many of the “12 Principles
of Green Chemistry,” including the minimization of waste (#1),
reduction of required energy (#6), and the minimization of poten-
tial chemical accidents (#12). Furthermore, it is ideally suited to
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examine the use of alternative and more benign reagents (#3) and
the implementation of catalysis for a transformation (#9).

5 The HTE Approach

The development of new synthetic methodologies is a cornerstone
of the twenty-first-century organic chemistry. Arguably, the pri-
mary driving force in the development of new synthetic methodol-
ogies has been the chemist’s ability to take advantage of the flexible
and catalytic approaches afforded by transition metals [18, 19]. The
reactivity of transition metals toward the specific and desired bond-
forming event can be finely tuned by altering the catalyst environ-
ment via the ligand type (e.g., N, P, O), the steric and electronic
properties of the ligand, and even the peripheral reaction condi-
tions such as solvent, base, temperature, additives, and co-catalysts,
among other variables. When one considers the diverse range of
potential metals, ligands, solvents, and bases or other additives that
are routinely employed in catalytic bond-forming events, it should
be no surprise that chemists looking to rapidly optimize transition
metal-mediated approaches have embraced the HTE screening
platform [20].

After a thorough literature search, a synthetic chemist typically
will devise a model reaction on which to develop a new method,
though picking the “best” model reaction on which to develop this
new chemistry is not always obvious. Ideally, the model reaction
should be representative, though should avoid potentially problem-
atic substrates with reactive and/or intolerant functional groups or
ones that might be electronically or sterically unfavorable. Judicious
selection of the correct model reaction therefore presents some-
what of a dichotomy. If the model reaction is too esoteric and the
initial screens yield no results, the scientist is left to wonder: “does
the chemistry not work or does the chemistry not work on this
particular substrate?” Of course, the opposite approach is no
better when benign substrates are selected, which are so bland
(or worse yet, manipulated) that the newly developed conditions
are narrow in scope, and therefore applicable only to very similar
compounds. Finally, we must demand that our newly developed
chemistry shows improved reactivity, is more selective toward our
desired transformation, and is tolerant of a wider range of func-
tional groups than previous approaches.

Often, HTE reaction optimization utilizes an iterative
approach. An initial screen(s) aims to cast a wide net, exploring
diverse conditions. Typically, qualitative/semiquantitative analysis
will yield preliminary hits, and even though these early conditions
may only provide the desired compound in<10% conversion, these
initial results can be used as the basis for the design of a second
iteration of screens and therefore be rapidly improved upon.
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In order to demonstrate the utility and flexibility of the HTE
screening platform, this chapter ends with a diverse range of exam-
ples where the screening approach was utilized to help develop and
optimize advancements in particular projects. We ask the readers to
pay close attention to the publication date of the chemistry pre-
sented. Almost without exception, the reports contained on the
following pages have been published within 5 years of writing this
review. We point this out only to reiterate the value that HTE
techniques have added to research groups both in academia and
industry and to highlight the rapid uptake of this approach by a
wide synthetic community. Stated simply: the HTE approach facil-
itates the discovery of new chemistry, and researchers continue to
find significant value in utilizing this technique.

6 Representative Examples of HTE in New Methodology Development

What follows is a survey of representative examples that highlight
results from both industry and academia. This collection is not
meant to be comprehensive, but rather is meant to convince the
reader of the power and flexibility of the HTE platform as it affords
the scientist a green, rapid, reliable, and systematic approach to
developing new synthetic methodologies. With few exceptions,
we have focused on the most recent examples, and most of the
presented work was published between 2012 and 2015. However,
the rapid uptake of this enabling technology by the wider synthetic
community, especially in the past few years, makes it difficult to
keep up with, much less yet compile a comprehensive review.

HTE was utilized by Kozlowski and co-workers to develop two
related strategies, first using palladium to catalyze the α-arylation of
nitroacetates [21] before expanding the chemistry to include the
coupling with the far less reactive nitromethane. The authors
turned toward HTE to conduct a comprehensive screen of ligands,
suitable bases, and solvents. Twenty-four ligands, four bases
(K3PO4, Cs2CO3, CsHCO3, NaOAc), two solvents (toluene,
dimethoxyethane), and two palladium sources (Pd2dba3lCHCl3,
[PdCl(allyl)2]) were chosen for evaluation. For the α-arylation of
nitroacetates, only three ligands gave rise to any product: Brett-
Phos, Me4tBuXPhos, and tBuXPhos with tBuXPhos providing the
cleanest reaction profile. After the initial leads, iterative screening
led the scientist to disclose the best conditions as outlined in Fig. 4
(top panel) [22]. The t-butyl and methyl ester nitroacetate also
participated in this reaction. The group quickly followed up this
work, demonstrating that the related arylnitromethane moiety
could be accessed by coupling aryl halides directly with nitrometh-
ane under palladium-catalyzed conditions (Fig. 4, bottom
panel) [23].
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In 2013, the group of Patrick Walsh disclosed a route to
synthesize α-benzyl aldehydes by employing a tandem palladium-
catalyzed ring opening of cyclopropanols via a C-C cleavage step
followed by arylation of the palladium homoenolate [24]. HTEwas
used to develop room temperature conditions, which revealed
Q-Phos as the best ligand. Overall, 21 examples were disclosed
with reported yields ranging from 59 to 93% (Fig. 5).

Further work by Walsh and co-workers focused on the devel-
opment of an intermolecular arylations of weakly acidic sp3 C-H
bonds using HTE. Building on earlier work detailing α-arylation of
(η6-tolyl)Cr(CO)3 complexes [25], they recognized the potential
to affect this catalytic transformation stereospecifically. One hun-
dred ninety-two chiral mono- and bidentate phosphine ligands
were screened from which cy-MandyPhos provided the best enan-
tioenrichment. The authors report that using TMEDA to break up
lithium aggregates improves reactivity and allows aryl bromides and
triflates to be coupled to the chromium-complexed arenes in yields
of up to 87% and ee’s up to 92%. This strategy was used to report
the first catalytic asymmetric arylation of these activated benzylic
amines (Fig. 6, top panel) [26]. Building upon this work, the η6-
tolyl chromium scaffold was then shown to participate in the
palladium-catalyzed Tsuji-Trost allylic substitution reaction
[27]. The authors used HTE to screen conditions, finding that
Pd(COD)Cl2, XantPhos, and LiHMDS/Et3N were the optimum
combination of reagents (Fig. 6, bottom panel) [28].

Following this work, Walsh et al. turned their attention to
identifying conditions to effect chromium-free direct C(sp3)-H
arylation of non-activated diarylmethanes, a reaction that the
authors termed a deprotonative cross-coupling process (DCCP).
Iterative HTE screens were conducted leading to the identification
of the optimum conditions which critically highlighted a single
base/ligand pair (KHMDS/NiXantphos) out of a possible 1344
(12 bases � 112 ligands) combinations of the most important

Fig. 4 Palladium-catalyzed α-arylation of ethyl nitroacetate and nitromethane
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variables. The protocol developed enabled the synthesis of a variety
of sterically and electronically diverse aryl- and heteroaryl-
containing triarylmethanes at room temperature (Fig. 7) [29]. Dur-
ing their investigation the authors noted that LiHMDS and
NaHMDS did not give rise to the triaryl product formation. Know-
ing that addition of amine additives increased reaction performance
in their earlier studies, the authors conducted a rapidHTE screen of
mono-and polydentate Lewis base additives [30–32] finding that
running the reaction with the tetradentate amine, 1,1,4,7,10,10-
hexamethyltriethylenetetramine, allowed the chemistry to be
expanded to include heteroaryl bromides [33].

Building on their growing body of examples for the coupling of
weakly acidic substrates, Walsh and co-workers reported a
palladium-catalyzed α-arylation of unactivated sulfoxides (Fig. 8).

Fig. 5 Palladium-catalyzed cyclopropanol ring opening/arylation yielding aryl homoenolates

Fig. 6 Asymmetric α-arylation and allylic substitution reactions of η6-benzyl chromium species

Fig. 7 Arylation of diarylmethanes
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HTE explored a range of strong bases, various solvents, and Pd
(OAc)2 with various ligands. Of the 112 ligands examined, the
indole-based phosphine [34] ligand showed a significant propen-
sity for promoting this transformation. Under the initially opti-
mized conditions, aryl bromides were cross-coupled successfully
with sulfoxides. However, aryl chlorides failed to undergo the
desired cross-coupling, but a modification that included using a
palladium precatalyst, μ-chloro-dimer biphenylamino-palladacyle,
subsequently allowed aryl chlorides to be coupled in moderate
yields.

In 2014, the groups of Walsh [35] and Schmink [36] simulta-
neously and independently reported the palladium-catalyzed cross-
coupling of aryl bromides with 2-aryl-1,3-dithianes (Fig. 9). Both
groups employed HTE screening techniques to examine the ability
of a range of ligands, solvents, and bases to effect the desired
reaction. Though working independently, the groups developed
remarkably similar sets of conditions with both reporting NiXant-
phos as the optimum ligand for their protocols.

In 2014, researchers at Merck & Co. disclosed a protocol that
employed palladium to effect the α-arylation of cyclopropyl nitriles
with aryl and heteroaryl bromides [37]. The initial lead was gener-
ated from a 384-reaction HTE screen that identified racemic
BINAP with Pd2(dba)3 as a promising catalyst system (Fig. 10).
The authors report the cross-coupling leading to 15 diverse hetero-
aryl- and aryl-cyclopropyl nitriles before demonstrating that the
system could also be applied to the corresponding cyclobutyl and
cyclopentyl nitriles.

In 2014, Walsh and co-workers were able to overcome the
tendency for allyl arenes to engage with aryl halides in Heck-type
reactions and instead influence the catalytic system to cross-couple
at the sp3-benzylic position, allowing access to 25 diarylallyl-
methanes [38]. To optimize the desired coupling of aryl bromides
with allyl arenes, the authors utilized HTE screens to investigate
29 different ligands (Fig. 11). Both PCy3 and BrettPhos showed
the highest desired selectivity, though ultimately the less expensive
PCy3 was chosen.

Again seeking to engage weakly acidic C-H bonds in a DCCP,
Walsh and co-workers reported that benzylic phosphine oxides
were suitable substrates to engage with aryl bromides under
palladium-mediated conditions [39]. HTE screens revealed that

Fig. 8 α-Arylation of arylsulfoxides
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XantPhos and NaOtBu were the optimal ligand and base, respec-
tively, for the coupling (Fig. 12). The authors note that the system
is quite sensitive to the cation of the base chosen: while both
NaOtBu and NaHMDS smoothly promoted the desired coupling,
the potassium and lithium variants of both bases were completely
ineffective. This situation is a perfect example of what makes HTE
so valuable. When a researcher can run only a handful of reactions
per day, and no desired cross-coupling is seen with, for example,
LiHMDS, the researcher would likely not think that the next

Fig. 9 Reports demonstrating the polarity-reversed cross-coupling of 2-aryl-1,3-dithianes was optimized
using HTE

Fig. 10 The palladium-catalyzed α-arylation of cyclopropyl nitriles was rapidly developed using HTE

Fig. 11 Arylation of allyl arenes

Fig. 12 Arylation of benzylic phosphine oxides

540 Simon Berritt et al.



experiment should look for the desired reactivity using NaHMDS.
Yet, when screening 384 reactions at a time in the HTE lab, a
researcher is free to screen for reactivity leaving no discrete variable
alone, often leading to surprising and unpredictable results as well
as synergistic interactions between reagents.

Three catalyst systems (Figs. 13–15) capable of coupling sec-
ondary organotrifluoroborates with sterically and electronically
demanding aryl chlorides and bromides were discovered by the
Molander group [40]. This body of work represented the first
comprehensive study of alkylboron coupling to aryl chlorides
focusing on secondary alkylboron partners. Isomerism of more
hindered substrates was problematic and was believed to occur via
a ligand-dependent β-hydride elimination/reinsertion mechanism
(Fig. 13).

HTEwas used to develop two sets of conditions for the Suzuki-
Miyaura reaction (SMR) of diversely functionalized primary alkyl-
trifluoroborates (Figs. 14 and 15) [41]. Aryl bromides, iodides, and
triflates were effective coupling partners. Conditions previously
used for the cross-coupling of secondary alkyltrifluoroborates
(Fig. 13) with aryl chlorides were not optimal for the primary
alkyltrifluoroborates (Fig. 14).

Though closely related, the development of cross-coupling
conditions for the alkoxyethyl trifluoroborates and their related
acetals found AtaPhos to be the best-performing ligand. Although
the motifs illustrated in Figs. 14 and 15 appear to be closely related
as primary trifluoroborates, the pendant functionality impacted
their chemical reactivity to such an extent that a unique set of
conditions needed to be developed, demonstrating the value of
parallel experimentation to rapidly identify novel, substrate-specific
results.

Cross-coupling of a diverse range of aminomethyltrifluorobo-
rates [42–44], with aryl and heteroaryl bromides, was next investi-
gated by the group using HTE to access the biologically relevant
methylamine motifs via the SMR [45]. The reported optimum
cross-coupling conditions included the inexpensive P(tBu)3 amino-
biphenyl palladium precatalyst to couple the trifluoroborates with
aryl bromides (Fig. 16).

In 2010, the authors reported on the stereospecific cross-
coupling of enantioenriched non-benzylic secondary alkyl boron
compounds. The Buchwald ligands, SPhos or XPhos, were found
to show high selectivity toward product formation over the unde-
sired β-hydride elimination. Inversion of stereochemistry was
observed, which was speculated to occur due to coordination of
the ancillary amide carbonyl to the diorganopalladium intermediate
(Fig. 17).

In 2012, the Molander group employed HTE techniques to
develop a palladium-catalyzed SMR between potassium 1-(alkoxy/
acyloxy)alkyltrifluoroborates and aryl/heteroaryl chlorides.
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Fig. 13 Cross-coupling of aryl chlorides and bromides with secondary potassium alkyltrifluoroborates

Fig. 14 Cross-coupling of aryl and heteroaryl chlorides, bromides, iodides, and triflates with primary
potassium organotrifluoroborates

Fig. 16 Cross-coupling of aryl and heteroaryl bromides with aminomethyl trifluoroborates

Fig. 17 Cross-coupling of aryl chlorides, bromides, and iodides with secondary potassium organotrifluorobo-
rates containing an ancillary amide, which invokes an unanticipated inversion of stereochemistry at the
reactive center

Fig. 15 Cross-coupling of aryl and heteroaryl chlorides and bromides with primary alkoxyethyl potassium
organotrifluoroborates and related acetals
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Stabilization of the diorganopalladium intermediate through coor-
dination of the benzyl protecting group to the metal center avoided
the non-productive β-hydride elimination pathway. Without the
ancillary amide present, inversion of stereochemistry was also
avoided with 48 diverse examples being reported (Fig. 18).

Workers at Merck & Co. utilized HTE to report the rapid
development of the palladium-catalyzed SMR of nitrogen-bearing
heterocyclic chloromethyl derivatives with aryl and heteroaryl
boronic acids [46]. The authors opted to couple only the most
problematic substrates (heteroaryls featuring basic nitrogens and
boronic acids with multiple electron-withdrawing groups) and to
attempt to reduce the reaction temperature in order to negate
unwanted side reactions. The comprehensive substrate scope and
respectable yields highlight the synthetic utility of this reaction
(Fig. 19).

Two nickel-catalyzed methods for the cross-coupling of alkyl
electrophiles with various potassium aryl- and heteroaryltrifluoro-
borates were reported by Molander et al. [47] Aryltrifluoroborates
and primary or secondary chlorides were effectively coupled using a
NiCl2lglyme/L-prolinol catalyst system. A NiBr2lglyme/batho-
phenanthroline catalyst enabled the chemoselective coupling of C
(sp3)–Br bonds in the presence of C(sp2)–Br bonds (Fig. 20).

A protocol that utilized palladium catalysis to synthesize
α-(hetero)aryl esters and amides through a SMR was disclosed by
the Molander group [48]. Organotrifluoroborate salts were cross-
coupled with α-chloro esters and amides utilizing a Pd-XPhos biaryl
precatalyst. Catalytic amounts of Cu2O improved yields for the
cases in which secondary amides were coupled with trifluoroborate
salts. A variety of functional groups and heterocyclic compounds
were tolerated (Fig. 21).

The Molander group was able to expand considerably the
functionalization of azaborines by using HTE techniques to rapidly
identify reaction conditions to effect the cross-coupling of aryl- and
heteroaryltrifluoroborates, alkenyl trifluoroborates, and acetylenes
using different combinations of palladium/ligand catalysis [49]. In
total, the synthesis of 42 novel compounds was reported in the
2014 publication demonstrating the value of HTE in rapidly
enabling conditions to access new chemical space (Fig. 22).

HTE was utilized to develop conditions to synthesize boronic
acids using palladium catalysis. In four publications, Molander et al.
report a more atom economical approach using XPhos or
CataCXium-A-based precatalyst systems [49–52] (Fig. 23) The
authors affect the new C-B bond using either bis-boronic acid
(BBA) or its synthetic precursor, tetrakis(dimethylamino)diboron,
leading a significant gain in atom economy compared to B2pin2-
based approaches. For both ease of isolation and to preserve the
often-sensitive C-B bond, the boronic acids were directly converted
to their more stable trifluoroborate counterparts (61 diverse
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examples). Sequential palladium-catalyzed borylation followed by
SMR with a second aryl or heteroaryl halide to yield the biaryl
compounds in a single pot sequence was also reported
(26 examples).

A collaboration between researchers at Michigan State Univer-
sity and Merck & Co. disclosed a comprehensive study of
iridium-catalyzed borylation via C-H activation of aryl systems
[53]. Specifically, the authors sought to investigate any synergy
between various components of the reaction such as solvent, ligand,

Fig. 18 Cross-coupling of aryl and heteroaryl chlorides with alkoxy/acyloxy potassium organotrifluoroborates

Fig. 19 Cross-coupling of chloromethyl heterocycles with boronic acids

Fig. 20 Nickel-catalyzed cross-coupling of aryl and heteroaryl organotrifluoroborates with primary chlorides,
bromides, and iodides

Fig. 21 Cross-coupling of aryl and heteroaryl organotrifluoroborates with α-chloro esters and amides
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catalyst/precatalyst, temperature, and order of addition. Given the
multidimensional nature of this study, the authors logistically rea-
soned that HTE techniques could be used to more rapidly explore
the large reaction space of this important transformation. Through
this unbiased approach, the authors made many discoveries with
some expected while others were more surprising. Importantly, this
thorough investigation improved the overall scope of the reaction,
unearthing conditions that would cleanly borylate substrates
known to perform poorly under more traditional sets of conditions
(Fig. 24).

In 2015, researchers at the University of Pennsylvania disclosed
the first selective coupling between a carbon nucleophile and C1-C4

alkyl arenes without the use of a directing group [54]. Here, the
authors use palladium to catalyze a double C-H activation that
shows remarkable selectivity for a terminal methyl activation in
the presence of electronically similar methylene groups as well as
the traditionally more reactive sp2-hybridized C-H bonds. After the
initial discovery of running the reaction in neat toluene, HTE was
used to screen conditions, including alternative metal catalysts,
external oxidants, and the most ideal co-solvents. Kinetic isotope
studies lead the authors to conclude that the reaction proceeds via

Fig. 22 Syntheses of diversely substituted azaborines

Fig. 23 Palladium-catalyzed borylation of aryl and heteroaryl chlorides and bromides using bisboronic acid or
tetrakis(dimethylamino)diboron
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palladium C-H activation rather than a radical-type process
(Fig. 25).

In 2012, researchers used HTE for the optimization of an
unexpected palladium-catalyzed oxidative esterification of alde-
hydes in the presence of alcohols [55]. Aliphatic and aromatic
aldehydes were successfully converted into their corresponding
esters using Pd(OAc)2 and XPhos. This approach utilized a
hydrogen-transfer protocol, employing acetone as a hydrogen
acceptor, providing an inexpensive and sustainable approach that
avoids the need for other oxidants (Fig. 26).

Work from Schmink and Krska focused on acylsilanes as acyl
anion equivalents in the palladium-catalyzed synthesis of diaryl
ketones (Fig. 27) [56]. HTE techniques provided successful reac-
tion conditions, with 1,3,5,7-tetramethyl-6-phenyl-2,4,8-trioxa-6-
phosphaadamantane as the optimum ligand used in conjunction
with a palladacycle precatalyst, leading to the optimal reaction rates
and yields (26 examples).

While optimizing a palladium-catalyzed enantioselective Clai-
sen rearrangement of propargyloxy indoles (Fig. 28), Kozlowski
and co-workers [57] discovered that the reaction rate was greatly
accelerated from 5 days to 2 h using Au(III) and (R)-BINAP-SbF6
providing the product in good yield but with only moderate enan-
tioselectivity. HTE optimization studies did not improve the enan-
tioselectivity, but nevertheless the expedient confirmation of the
best conditions via HTE should be noted.

Researchers at Merck & Co. developed a practical synthesis of
renin inhibitor MK-1597 featuring an asymmetric hydrogenation
[58]. HTE allowed the chemists to carry out >384 combinations

Fig. 24 Iridium-catalyzed C-H activation/borylation

Fig. 25 Oxidative palladium-catalyzed double C-H activation
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of metal precursors, solvents, and chiral ligands, using 500 psi H2,
which led to the identification of one promising catalyst combina-
tion of (COD)Ru(Me-allyl)2 and the Josiphos ligand SL-J212-1
affording the product with >90% ee though with low yield.
Subsequent optimization of this procedure provided 2.3 kg of the
key intermediate in 84% isolated yield and 99% ee (Fig. 29).

An early example of methodology development using HTE by
scientists at Merck & Co. detailed the investigation of conditions
that would selectively effect the SMR preferentially on one of two
electronically similar aryl chlorides [59] (Fig. 30). Researchers
found that the 1,6-naphthyridone dichloride would undergo
cross-coupling with the arylboronic acid with high conversion
and 92% selectivity when employing one of two ligands, either the
tri-ortho-anisylphosphine ligand or the bulky NHC, IMeslHCl.
These ligands were identified in an HTE screen of 31 ligands
providing an early example of one of the most important proof-
of-concept results for the HTE approach and subsequently led to a

Fig. 26 Palladium-catalyzed oxidative esterification of aldehydes employing acetone as a hydrogen acceptor

Fig. 27 Palladium-catalyzed synthesis of diaryl ketones using acyl silanes as an acyl anion equivalent

Fig. 28 Enantioselective palladium catalyzed Saucy-Marbet-Claisen rearrangement
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significant push to further develop and optimize this technology by
a large cohort of scientists and engineers at Merck & Co.

Recent refinements to the HTE platform have allowed scien-
tists to begin screening photoredox chemistry that relies upon an
external light source to initiate a single-electron catalytic cycle with
or without a second metal catalyst. In 2014, workers at Merck &
Co. reported that they had modified the HTE platform to allow for
microscale screening of photoredox chemistry [60]. Here, the
researchers reported the methylation, ethylation, and cyclopropyla-
tion of unactivated heterocycles via a C-H activation process.
Importantly, the researchers focused on elaborated, late-stage
druglike molecules with a diverse range of functional groups
demonstrating the high tolerance of the developed chemistry to
enable the successful functionalization of a range of important
chemical motifs (Fig. 31).

In 2015, Molander and co-workers employed a modified HTE
platform to allow light from a 26 W compact fluorescent bulb to
mediate microscale reactions [61]. In this manner, they developed
conditions to cross-couple secondary alkyl potassium trifluorobo-
rates with aryl bromides using a single-electron-mediated alkyl
transfer process. An iridium complex was utilized to initiate the
single-electron process before a nickel catalyst would mediate the
cross-coupling sequence between the alkyl radical and the aryl
bromide. After optimization, they scaled the reaction to gram
scale and in addition reported the isolation of 28 diverse products
(Fig. 32).

Fig. 29 Asymmetric ruthenium-catalyzed hydrogenation

Fig. 30 Palladium-catalyzed regioselective Suzuki-Miyaura cross-coupling reaction
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7 Outlook

This brief review illustrates how HTE is ideally suited to both
discover and optimize new reaction methodologies. Importantly,
working on the microscale, reactions can be optimized using a
material-sparing approach with regard to reagents and catalysts
while creating minimal waste for disposal. The simplicity of the
screening tools allows even the inexperienced user to quickly set
up an array of conditions to supplement the existing literature or to
develop/optimize novel chemistry. The authors believe that the
next generation of scientist will view this approach as an indispens-
able tool in the synthetic chemist’s toolbox.

8 Conclusion

In conclusion this review highlights the “green” nature of micro-
scale, and now nanoscale reaction optimization, which is becoming
a crucial aspect of chemistry development. With further stringent

Fig. 31 Late-stage functionalization via photoredox catalysis

Fig. 32 Dual metal-catalyzed photoredox cross-coupling of 2� alkyl trifluoroborates and aryl bromides
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regulations always on the horizon, reducing reagent and solvent
usage, especially when scouting out new areas of chemistry, can
only be achieved by scaling down the screening efforts. HTE is
currently and for the foreseeable future will continue to be a
cutting-edge technology able to achieve this.
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Chapter 16

Radiopharmaceutical Discovery with 11CO2-Fixation
Methods Inspired by Green Chemistry

Benjamin H. Rotstein and Neil Vasdev

Abstract

Efforts to use sustainable and abundant feedstocks for chemical synthesis have produced efficient methods
for incorporating carbon dioxide into small organic molecules with high efficiency at ambient temperature
and pressure. These methods have inspired radiochemists to develop strategies for using carbon-11 carbon
dioxide, which is routinely produced directly in a cyclotron beam target, to prepare radiolabeled com-
pounds possessing functional groups such as ureas, carbamates, oxazolidinones, carboxylic acids, esters, and
amides. In turn, novel and clinically relevant radiopharmaceuticals have been developed for targets includ-
ing fatty acid amide hydrolase, monoamine oxidase B, and glycogen synthase kinase 3β. The versatility of
these technologies has also facilitated high-throughput discovery of fluorine-18-labeled radiotracers.

Key words Carbon dioxide, Carbon-11, CO2-fixation, Radiochemistry, Green chemistry, Positron
emission tomography, Radiotracer, Fluorine-18

1 Carbon Dioxide and Practical Radiochemistry

Historically, chemical supply and synthesis have relied heavily on
fossil fuel feedstock, as well as some renewable sources, such as corn
and sugarcane. This situation persists today, though concerns over
depletion of natural resources and the environmental effects of their
consumption have stimulated efforts into developing “carbon-neu-
tral” chemical feedstocks that are sustainable and accessible by
low-energy processes using nontoxic reagents or catalysts [1]. Car-
bon dioxide (CO2), which is readily available as a combustion
product, makes up a significant fraction of Earth’s atmosphere
and is exploited by photosynthesis for growth of plants and algae
[2], representing one such feedstock. CO2 is indeed an economi-
cally viable resource for the preparation of polycarbonates and
polyurethane materials [3]. In part due to “green chemistry” initia-
tives, CO2 has been targeted for use as a C1-source in the prepara-

Paul F. Richardson (ed.), Green Chemistry in Drug Discovery: From Academia to Industry, Methods in Pharmacology and
Toxicology, https://doi.org/10.1007/978-1-0716-1579-9_16,© Springer Science+BusinessMedia, LLC, part of Springer Nature 2022
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tion of intermediates such as methanol [4–6], urea [2], lactones
[7], heterocycles [8–10], biodegradable polymers [11–14], and
other fine chemicals [15, 16].

Though CO2 had been used in chemical synthesis for decades
prior to the advent of green chemistry as an ethos, the renewed
focus on efficient, mild, and versatile methodologies has had a
substantial impact on the utility of this reagent for directly prepar-
ing a wide array of complex functional groups and molecules.
Similarly, carbon-11 (11C, t1/2 ¼ 20.4 min)-labeled CO2 (

11CO2)
has been applied for the synthesis of radiolabeled carboxylic acids
for over 70 years [17], using Grignard reagents, organolithiums, or
other organometallics (Fig. 1). Carbon-11-labeled amides, esters,
acid chlorides, and ketones could also be prepared in this manner,
though substrates are limited to those that can tolerate a highly
basic organometallic. Silanamines represent an alternative fixating
agent for 11CO2 and could be used to generate O-silyl carbamates,
which could then be reduced to 11C-methylamines using lithium
aluminum hydride [18], and these topics have been recently
reviewed [19].

In addition to the limitations of chemical reactivity and func-
tional group compatibility, radiosynthesis must contend with prac-
tical limitations related to the low abundance, short half-life, and
risk of exposure to radioactivity originating from the radionuclide.
11CO2 is now routinely produced in medical cyclotrons and used as
a no-carrier-added (i.e., [11C]CO2) reactant with low mass (typi-
cally ~100 nmol). [11C]CO2 is the limiting reagent when used in
chemical transformations and therefore demands an efficient
method for trapping it in the reaction medium. [11C]CO2 is pro-
duced by proton bombardment of nitrogen gas in the presence of
1% O2 by the 14N(p,α)11C nuclear reaction. Residual oxygen and
by-product nitrous oxide species must either be tolerated by the
reaction or efficiently removed from the gas mixture [20–22]. Due
to the short half-life of carbon-11, its nature as a gaseous reagent at
convenient temperatures for chemical reactions, and associated
radioactivity, automated or semiautomated apparatus are most

Fig. 1 [11C]CO2-fixation using organometallics; M metal, Xn ligands or counterions
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frequently used for handling [23]. Apparatus must be well designed
and constructed to mitigate leaks, control gas flow rates, and facili-
tate relatively rapid radiosyntheses of less than an hour, including
purification and reformulation.

For the abovementioned reasons, chemical transformations
that are of great use for conventional CO2-fixation may be imprac-
tical for radiochemists. Since generating high pressures of
[11C]CO2 is not possible due to low abundance, reactions that
cannot be performed at or near ambient pressure are unlikely to
succeed. An additional concern is related to molar activity, the
concentration of radioactivity relative to mass of the product.
Since highly basic organometallics, such as Grignard reagents and
organolithiums, are susceptible to react with atmospheric levels of
CO2, it may be crucial to store these radiotracer precursors in
carefully controlled environments that prevent formation of
unwanted nonradioactive products. In practice, the organometallic
precursors are usually freshly prepared immediately before use.
Furthermore, since these reagents often produce insoluble
by-products upon quenching, extra considerations must be made
to ensure robust liquid handling of crude reaction mixtures to
facilitate purification.

Reactions developed for CO2-fixation that are designed on the
principles of green chemistry have a high probability of being
amenable for radiochemistry. Foremost, reactions that are opera-
tionally simple and do not require high temperatures or pressure are
more easily adapted for automation and as such likely to be com-
patible with [11C]CO2. Green chemistry promotes reactions that
incorporate a greater proportion of reactants into the final product,
minimize excess solvent and separation reagents, and obviate the
need for protecting groups and derivatives. Similarly, direct incor-
poration of [11C]CO2 into reactants without the need for multistep
syntheses and separations saves valuable time, is easier for automa-
tion, and often translates into a simpler purification of the final
product. Finally, since the foremost application of radiochemistry
with 11C is in vivo imaging with positron emission tomography
(PET), there exists a strong preference for avoiding toxic or haz-
ardous solvents or substances that could potentially contaminate
the final injectable product.

Radiochemical reactions with 11C are seldom purposefully
designed with environmental impact in mind. The scale of these
transformations with short-lived isotopes is such that environmen-
tal impact is minimal, compared to conventional industrial pro-
cesses, and the high energy demands of radioisotope production
are beyond the control of radiochemists. Still, a green chemistry
approach to process design can be highly compatible with radio-
synthesis process design [24, 25]. As will be detailed herein, chemi-
cal methodologies spurred on by an interest in green chemistry
have had a transformative impact on PET radiochemistry.
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2 CO2 as a Feedstock for Small Molecule Carbamates, Isocyanates, and Ureas

Functional groups with high oxidation state carbon centers can be
readily prepared from highly oxidized precursors, such as phosgene
[26] and isocyanates [27, 28]. The search for less toxic and more
environmentally benign alternatives to prepare these functional
groups naturally included readily available carbon dioxide, activated
using strained rings [29–31], metal complexes [32–36], or organic
catalysts [10, 37, 38]. The solubility of CO2 in organic solvents and
in the presence of various bases and additives was also studied
[39]. Critically, nitrogenous bases such as amidines [40, 41] and
guanidines [42], as well as alkali carbonates [43], were found to
efficiently trap CO2 in solution. Each of these bases facilitates
transamidation to amines, though the exact nature of the trapped
species in solution remains the subject of some debate [44–
47]. Initially, crystallogaphic and spectroscopic studies pointed to
bicarbonate salts in solution, which would be formed by hydrolysis
of carbamic intermediates by adventitious water (Fig. 2) [41, 42,
48, 49]. More recent crystallographic studies have characterized
the carbamate zwitterion formed using a bicyclic guanidine
[50]. This species was later demonstrated to be viable as a precursor
for intermolecular formal CO2 insertion into O–H and N–H
bonds [51].

Within the context of synthetic utility, replacing phosgene with
CO2 for the preparation of carbamates was shown to be feasible
using amines and organic or inorganic bases to trap CO2 in solution
[34, 38]. Following addition of alkyl halides, carbamates were
formed though often accompanied by significant fractions of N-
alkylated species [52]. High selectivity for carbamates could be
achieved with pentaalkylguanidines, such as N-cyclohexyl-N0,N0,

Fig. 2 Modes of coordination for organic base trapping CO2 in solution and a selection of alternative bases
useful for CO2-fixation
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N00,N00-tetramethylguanidine (CyTMG), and to a lesser extent ami-
dines, such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
[53, 54]. This selectivity was attributed to the highly polarizable
and sterically hindered cation formed, which produced a more
nucleophilic counterion, as well as the strong basicity of guanidines,
which drives forward the equilibrium of amine and CO2 toward
carbamate anion. Using guanidine bases, alkyl chlorides were eligi-
ble alkylating agents, whereas weaker bases, such as potassium
cryptand complexes, mandated the use of unhindered or activated
alkyl bromides, iodides, or tosylates. Surprisingly, the pressure of
CO2 has an inverse relationship to the rate of reaction with unhin-
dered primary amines. This is apparently due to double CO2 inser-
tion in N–H bonds, forming the less reactive bis-carbamate.

CO2 was also also used to replace phosgene in the preparation
of isocyanates [55] and carbamoyl chlorides [56]. Carbamate
anions were prepared similarly to the methods described above,
using primary or secondary amines with organic bases in acetoni-
trile under CO2 (1 atm) at room temperature or below. A
phosphorus-based dehydrating reagent, such as phosphorus oxy-
chloride (POCl3), was then added to form the isocyanate, which
could be isolated in generally high yields. Strong organic bases,
such as pentaalkylguanidines and phosphazenes, or higher pres-
sures of CO2 effectively inhibited formation of symmetrical ureas
by preventing equilibrium release of amines. Despite the well-
documented formation of ionic carbamates by reaction of amines
with CO2, a practical methodology to exploit these intermediates
required controlling the nucleophilicity in this way to favor O-
alkylation or dehydration over N-alkylation or N-acylation [57].

3 11CO2-Fixation for Radiolabeling Carbonyl Groups

Carbon-11 is the most versatile PET radioisotope, due to the
ubiquity of carbon nuclei in biological molecules of interest and
the appeal of in vivo studies using direct isotopologues for nonin-
vasive dynamic imaging [58]. Cyclotron-produced 11C is readily
available in high molar activity as [11C]CO2 and along with 18F
represents the most commonly used isotopes for PET radiotracer
development. Dozens of reagents have been developed for incor-
poration of 11C into radiotracers [59], yet the most common
strategy remains methylation using [11C]methyl iodide or [11C]
methyl triflate [60], themselves produced from [11C]CO2. While
11C-methylation is a powerful strategy that has been employed to
prepare a great many important PET radiopharmaceuticals, it is
capable only of generating a single type of label—the low oxidation
state methyl group. Alternative strategies that would facilitate radi-
olabeling higher oxidation state functional groups, such as carbox-
ylic acids, carbamates, ureas, and heterocycles, have been avidly
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pursued using reagents such as [11C]formaldehyde, [11C]carbon
monoxide, ammonium [11C]cyanide, [11C]phosgene—which are
all prepared from [11C]CO2—and our focus, direct use of [11C]
CO2 [19].

3.1 11C-Ureas Owing to the low mass and concentration of [11C]CO2 in cyclo-
tron target and delivery gas, efficient trapping of carbon dioxide in
the reaction mixture is crucial to obtaining high radiochemical
yields of 11C-labeled products relative to starting radioactivity. In
early examples of [11C]CO2-fixation, reactions were carried out
using highly reactive organometallic substrates (i.e., Grignards
and organolithiums) that react directly with [11C]CO2 to form
C–11C bonds. Chakraborty et al. reported the first synthesis of
[11C]urea using lithium hexamethyldisilazide (LHMDS) to trap
[11C]CO2 in a THF solution, followed by aqueous hydrolysis
with ammonium chloride [61]. Unfortunately, this method is
only applicable to the preparation of simple [11C]urea and deriva-
tives such as [11C-carbonyl]uracil by multistep syntheses.

In order to prepare more structurally complex 11C-ureas,
organic base-mediated [11C]CO2-fixation was pursued, inspired
by the mild industrial-focused processes discussed above [57]. In
its first iteration, triethylamine in dichloromethane was used to
facilitate 11C-carboxylation of aniline and aliphatic amines, fol-
lowed by dehydration with POCl3 [62]. Under these conditions,
the 11C-carbonyl-isocyanate reacted immediately with the excess
amine, to form symmetrical products including 11C-carbonyl-
ureas and 11C-carbonyl-carbodiimides (Fig. 3). While these results
provide evidence for the desired reactivity using [11C]CO2, they
also suggest that achieving selectivity for unsymmetrical ureas could
be a practical challenge in this context. Whereas in nonradioactive
synthesis one could reasonably expect to saturate precursor amines
using excess CO2, analogous stoichiometry using no-carrier-added
[11C]CO2 would demand very precise measurements and high
dilution.

Fig. 3 Preparation of 11C-ureas by [11C]CO2-fixation and dehydration
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To overcome these challenges, radiochemists first sought to
identify organic bases that could efficiently trap [11C]CO2 at both
ambient temperature and pressure and at practical delivery flow
rates. Hooker et al. demonstrated that DBU was effective for this
purpose [63], and Wilson et al. later found that 2-tert-butylimino-
2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine
(BEMP) was an even stronger [11C]CO2-trapping agent
[64]. With BEMP, selective radiosynthesis of unsymmetrical 11C-
carbonyl-ureas was finally achieved (Fig. 3). Formation of symmet-
rical products could be suppressed by using excess POCl3, but this
strategy also stipulated using an even larger excess of the second
amine nucleophile for attack on the 11C-isocyanate. Consequently,
a high concentration reaction mixture is formed under these con-
ditions, which presents a purification challenge. An alternative
solution was to reduce the concentration of the initial amine, and
fortunately this was found to be compatible with both fast reaction
times (�2 min) and high yields [65]. The ideal substrates for
isocyanate formation were found to be aliphatic primary amines.
Cyclic secondary amines were also well tolerated, especially less
hindered examples. These presumably form 11C-carbamoyl chlo-
ride intermediates rather than 11C-isocyanates. Initially, the scope
of amine nucleophiles that could be used for 11C-urea formation
was limited primarily to dimethylamine, though a variety of aryl
amines have now been used for this purpose in the context of
radiotracer synthesis (see Subheading 4) [65].

An alternative approach to isocyanates used iminophosphorane
precursors, prepared from azides or primary amines, for condensa-
tion with carbon dioxide [66]. Phenyltriphenylphosphinimine was
deployed to prepare [11C-carbonyl]phenylisocyanate and a variety
of unsymmetrical 11C-ureas from aliphatic and aromatic amines
[67]. In this case, no other base was necessary to trap [11C]CO2

in solution; rather the reaction vessel containing a THF solution
was cooled to �60 �C during gas delivery and heated to 60 �C to

Fig. 4 Alternative methods to prepare 11C-ureas by [11C]CO2-fixation using (a) preformed phosphinimines or
(b) Mitsunobu reagents; DBAD, di-tert-butyl azodicarboxylate
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complete the reaction (Fig. 4a). Given the high trapping efficiency
in the absence of base, it seems likely that [11C]CO2 forms a
complex with either the iminophosphorane or amine precursor.

A related approach took advantage of Mitsunobu reagents
(phosphines and azo compounds) to convert ionic carbamates
into isocyanates [68, 69]. In the presence of an additional amine,
the isocyanate could be transformed in situ to a urea [70]. Under
radiolabeling conditions, the reaction temperature needed careful
optimization (50 �C) to prevent [11C]CO2 release while still pro-
moting the reaction (Fig. 4b) [71]. Aliphatic and aromatic amines
could be drawn on for 11C-isocyanate formation, though secondary
aliphatic amines were necessary for 11C-urea formation to achieve
selectivity for unsymmetrical products [72].

3.2 11C-Carbamates Carbamates, like ureas, are attractive functional groups for drug
and radiotracer design due to their stability in vivo, their role as a
linker of ligand fragments, and for drug-target interactions through
the carbamate itself [73]. While these were previously radiolabeled
using [11C]phosgene and [11C]carbon monoxide [74], methods
using [11C]CO2 are especially convenient as they may obviate the
need for intermediate redox manipulation. Unlike 11C-ureas, O-
alkyl carbamates may be prepared without intermediate dehydra-
tion to form 11C-isocyanates. Simply bubbling [11C]CO2 into a
solution of DBU, amine, alkyl chloride, and DMF, followed by
heating to 75 �C, produced high yields of O-alkyl [11C]carbamates
(Fig. 5) [63]. Primary and secondary alkyl amines worked best,
while anilines proved a challenge. Benzylic and allylic chlorides
were more selective electrophiles than their bromide congeners,
while more hindered and less activated electrophiles generally pre-
sented a greater challenge.

This strategy was also applied to methyl [11C]carbamates using
methylating agents such as dimethylsulfate (DMS), methyl iodide
(CH3I), or methyl tosylate (CH3OTs) [64]. For this application
the more basic BEMP was used for [11C]CO2 trapping, and pri-
mary or secondary amines, including electron-rich anilines, per-
formed well under the standard conditions. Electron-neutral and

Fig. 5 Two strategies for the preparation of 11C-carbamates by [11C]CO2-fixation
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electron-deficient anilines could also give useful yields at higher
concentrations. Reactions generally proceeded very quickly and at
room temperature. Excess methylating agent or addition of the
methylating agent to the reaction mixture prior to addition of the
amine led to low yields of the desired compounds, suggesting the
intermediacy of the carbamate ion.

In order to prepare those O-substituted 11C-carbamates not
readily accessible by alkylation of carbamate ions, alcohols and
phenols can be used to quench 11C-isocyanates, prepared as
described above [65]. Again, the stoichiometry of reagents must
be balanced to prevent formation of symmetrical products. Initially,
methanol and phenols were used for quenching the 11C-isocyanate,
but more recently hindered and electron-deficient alcohols, such as
ethanol, isopropanol, tert-butanol, and hexafluoroisopropanol
[75], have been successfully incorporated into 11C-carbamates
with the high basicity of BEMP likely assisting in these
transformations.

Oxazolidinone heterocycles have been radiolabeled with 11C
using [11C]phosgene [76, 77]. Although there have been several
improvements on the preparation of this reagent, technical chal-
lenges relating to the maintenance and reliability of synthesis
instruments have limited its widespread use [74]. Using the same
amino alcohol 11C-phosgenation precursors for [11C]CO2-fixa-
tion, oxazolidinones are formed after dehydration with POCl3
[78]. Optimization of the fixation base, dehydrating agent, and
reaction concentrations allows this method to be used at ambient
temperature for a rapid synthesis of 11C-oxazolidinones directly
from cyclotron-produced [11C]CO2.

3.3 11C-Carboxylic

Acids

11C-Carboxylic acids have been consistently produced from [11C]
CO2, using organometallic precursors, such as methylmagnesium
bromide for [11C]acetate and n-pentadecylmagnesium bromide for
[11C]palmitate [79, 80]. This strategy is, however, limited to
11C-carboxylic acids for which a stable organometallic precursor
can be prepared. In the interest of expanding the utility of CO2 as a
feedstock for bulk and specialty chemicals, metal and organocata-
lytic approaches for CO2-fixation to generate carboxylic acids and
their derivatives have been keenly pursued [10, 81]. In particular,
the use of pre-functionalized organoboron and organozinc
reagents, which have superior stability and functional group toler-
ance when compared to Grignards and organolithiums, has gar-
nered much attention [82–84]. Boronic esters have been shown to
be amenable for [11C]CO2-fixation using a copper catalyst [85],
overcoming the significant challenge of much lower concentrations
of [11C]CO2 available in the reaction mixture compared to CO2

under nonradioactive conditions (Fig. 6). As such, significant opti-
mization was required, including shifting away from alkoxide bases
in favor of N,N,N0,N0-tetramethylethylenediamine (TMEDA),
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which acts both as a trapping agent for [11C]CO2 and a ligand for
the copper catalyst. A soluble fluoride additive was also found to
significantly improve radiochemical yields. A variety of functional
groups were tolerated under the optimized conditions, while the
11C-carboxylic acids could be further transformed to yield 11C-
carbonyl-esters and 11C-carbonyl-amides with high specific activities
in the isolated products [85].

4 11C-Carbonyl Radiotracer Development

Radiochemical methodologies using PET radionuclides are inevita-
bly measured by their practical utility for radiotracer development
or radiopharmaceutical preparation. Though novel methods may
be interesting in their own right and may serve to spur the devel-
opment of further synthetic tools that are both interesting and
practical, the most clinically significant developments are those
that can be translated to deliver new biological probes for PET
imaging. The methods discussed above have had significant impact
on PET radiotracer development and clinical research and offer
appealing strategies for radiotracer development that is not limited
to the most well-established radiochemical reactions. The radio-
tracers discussed below are compiled in Table 1.

4.1 Fatty Acid Amide

Hydrolase (FAAH)

Radiotracers

Fatty acid amide hydrolase (FAAH) is an integral membrane
enzyme that regulates signaling at cannabinoid receptors such as
CB1 and CB2. The main CB1 neurotransmitter is anandamide,
which is a fatty acid amide. It is produced on-demand in the
postsynaptic neuron and participates in retrograde signaling by
binding CB1 at the presynaptic neuron to stimulate calcium and
potassium ion channels [112]. Since its structure precludes intra-
cellular storage, anandamide levels and the tone of the cannabinoid
system are regulated by FAAH.

An irreversible FAAH inhibitor, PF-04457845, has advanced
to clinical trials and generated interest for development of FAAH
PET radiotracers [86]. A derivative containing an [18F]fluoroethyl
group, [18F]PF-9811, was developed [90], followed by the direct
isotopologue, [11C-carbonyl]PF-04457845, prepared by [11C]
CO2-fixation [89]. Since this 11C-urea is prepared from a highly
nucleophilic cyclic secondary amine and the relatively poorly nucle-
ophilic 3-aminopyridazine, the latter needed to be present in

Fig. 6 Copper-mediated [11C]CO2-fixation for
11C-carboxylation of boronic esters
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20-fold excess and could be present prior to carbamate dehydration
with POCl3. The radiotracer was isolated in sufficient yield to
conduct preclinical studies in rat, which demonstrated high brain
uptake and distribution consistent with that of the target. Further-
more, uptake was irreversible and could not be extracted ex vivo
from brain homogenates. Translation of this radiotracer for clinical
research studies is underway.

[11C]CURB is a FAAH PET radiotracer designed in analogy to
the selective FAAH inhibitor and drug candidate URB597
[113]. [11C]CURB is an O-aryl carbamate that is prepared by
[11C]CO2-fixation through an intermediate 11C-isocyanate. Since
an unsymmetrical dihydroquinone is used to form the 11C-carba-
mate, a mixture of regioisomers is formed, of which the minor one
is [11C]CURB and is isolated by HPLC in 8% non-decay-corrected
radiochemical yield (RCY), with high molar activity
(92.5 GBq/μmol) 27 min after end of bombardment (EOB)
[65]. [11C]CURB was first evaluated in rats and showed high
brain penetration and target selectivity for FAAH [92]. This radio-
tracer has now been translated for human use and appears to be
useful for regional quantification of FAAH activity in the brain
[93, 94].

Monoacylglycerol lipase (MAGL) plays a similar role to FAAH
and is responsible for metabolism of the endocannabinoid
2-arachidonoylglycerol. Using well-established protocols for
[11C]CO2-fixation, a series of

11C-carbamate and 11C-urea inhibi-
tors of MAGL were radiolabeled and evaluated ex vivo in mice
[75]. The radiochemistry here is especially notable due to the
diversity of nucleophiles used to quench 11C-carbamoyl chlorides,
which includes the highly acidic alcohol 1,1,1,3,3,3-
hexafluoroisopropanol, as well as benzotriazole and 1,2,4-triazole.
Unfortunately these radiolabeled compounds failed to show high
brain uptake, possibly due to high lipophilicity and MAGL concen-
tration in the blood.

4.2 Other
11C-Carbamates

and 11C-Ureas

for Preclinical

and Clinical PET

Imaging

Among the first 11C-carbonyl-carbamates prepared by [11C]CO2-
fixaton was [11C]metergoline, a serotonin receptor antagonist
[63]. An ergoline alkaloid served as the amino precursor for
11C-carbamylation using [11C]CO2 and benzyl chloride in the
presence of DBU. Using the PET tracer for imaging in baboons,
the pharmacokinetics of the drug could be characterized in the
brain and peripheral organs [99].

The histone deacetylase (HDAC) inhibitor MS-275 (entino-
stat) was also radiolabeled by [11C]CO2-fixation. MS-275 had been
reported to alter region-specific histone acetylation in rodent brains
and was therefore considered for development as a CNS-targeting
HDAC inhibitor therapeutic. In nonhuman primates, however,
[11C]MS-275 showed low blood-brain barrier penetration, which
was not altered by pre-treatment with large doses of nonradioactive
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drug [100]. This suggests that the central nervous system (CNS)
effects of MS-275 may be limited to rodents, as the drug may not
enter brain tissue of higher species.

[11C]GR103545 is a PET radiotracer for κ-opioid receptors
undergoing translation for human imaging studies [101, 102]. A
methyl carbamate, [11C]GR103545, was originally radiolabeled
using phosgene and [11C]CH3OH to prepare [11C-methyl]methyl
chloroformate and later using [11C]CH3I for methylation of the
carbamate anion [103]. [11C]CO2-fixation presented an operation-
ally simple alternative, as the precursor amine could be loaded into a
reactor with BEMP and DMF, followed sequentially by [11C]CO2

and a solution of dimethyl sulfate in DMF. In this way [11C-
carbonyl]GR103545 could be prepared at room temperature in
high yield (13% RCY) in 23 minutes after synthesis and
purification [64].

In order to radiolabel irinotecan, an anticancer therapeutic and
carbamate analogue of camptothecin, both [11C]CO2-fixation and
[11C]phosgene were evaluated [106]. Specific activities and time of
synthesis were comparable, but the yield of [11C]irinotecan using
[11C]CO2-fixation was nearly twice that of the 11C-phosgenation
method. Since the 11C-carbamate possesses an O-aryl substituent,
the 11C-isocyanate needed to be prepared, and [11C]CO2-fixation
offered much greater synthetic accessibility and convenience than
did the preparation of [11C]phosgene. The biodistribution of [11C]
irinotecan was subsequently evaluated in mice.

To probe the abundance of glycogen synthase kinase 3β
(GSK-3β) in the brain, [11C-methoxy]AR-A014418, a selective,
urea-based inhibitor, was developed [107]. The [11C]CO2-fixation
approach to this tracer was later developed as an alternative synthe-
sis of [11C-carbonyl]AR-A014418 [108]. Since AR-A014418 was
found to be insufficiently potent for PET radiotracer development,
this method for radiolabeling with [11C]CO2 could be used to
expeditiously prepare more promising GSK-3β targeting analogues
using the same urea scaffold without requiring the presence of
methyl ethers.

4.3 Monoamine

Oxidase B

Radiotracers

Monoamine oxidase B (MAO-B) is the principle enzyme for meta-
bolizing endogenous amine neurotransmitters such as dopamine,
serotonin, and phenethylamines and is a metabolic barrier to pro-
tect neurons from exogenous amines. Irreversible radiotracers, such
as [11C]L-deprenyl-D2, can be used to measure MAO-B activity in
addiction research, but is challenging to quantify due to its irrevers-
ible uptake and the release of [11C](R)-methamphetamine and
[11C](R)-amphetamine by-products [114]. A structurally dissimi-
lar reversible radiotracer, [11C]SL25.1188, was developed using
[11C]phosgene for radiolabeling [77]. In a bid to improve the
accessibility and the isolated yield of [11C]SL25.1188, [11C]CO2-
fixation was successfully used to replace [11C]phosgene in the
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radiosynthesis [78]. As a direct consequence of this improvement,
[11C]SL25.1188 has been translated for human PET imaging in
clinical research studies [110]. This is an example of a methodolog-
ical development improving access to a desirable radiotracer, which
was otherwise challenging to produce at sites without specialized
equipment [115].

4.4 Retinoid X

Receptor Radiotracers

Bexarotene is a synthetic retinoid agonist, FDA-approved for treat-
ment of T-cell lymphoma. In recent years, bexarotene has been in
demand off-label to treat small cell lung cancer and Alzheimer’s
disease. The Alzheimer’s indication can be traced to a report that
demonstrates that transgenic mouse models of Alzheimer’s disease,
when treated with bexarotene, display soluble and plaque amyloid
clearance, as well as cognitive improvements [116]. To evaluate the
potential for bexarotene to enter the brain of higher species and
engage retinoid X receptors (RXRs), the carboxylic acid was radi-
olabeled using copper(I)-mediated [11C]CO2-fixation [111]. Sig-
nificant optimization of the reaction conditions and reagents was
conducted to adapt this reaction for preparation of this substrate,
resulting in a 15% non-decay-corrected RCY after 32 min in high
purity and adequate specific activity at time of injection. PET
neuroimaging was conducted in nonhuman primate and demon-
strated reasonable brain uptake reflective of RXR density. Further
studies with [11C]bexarotene are underway to identify the in vivo
specificity and selectivity for RXRs and determine the utility of this
tracer in retinoid drug development for neurodegeneration.

5 11CO2-Fixation for Fluorine-18 Radiotracer Discovery

During the course of radiotracer development efforts, 11C is often
selected as an appealing isotope for radiolabeling small molecule
tracer candidates. This is due to the ubiquity of carbon atoms in
organic small molecules, as well as the convenience of radiolabeling
common functional groups with a high probability of success and
often without the need for resource-intensive preparation of radi-
olabeling precursors. Since 11C-methylation conditions tend to be
robustly applicable to a variety of tracer scaffolds, functional groups
such as methyl ethers, methylamines, and methyl esters may be
incorporated by design into radiotracer candidates to facilitate
convenient radiolabeling and preliminary biodistribution studies.
A drawback of this approach is that it places constraints on the
structural diversity available by mandating a methyl-substituted
functional group and the absence of additional functional groups
that are incompatible with 11C-methylation. [11C]CO2-fixation, in
its recent incarnations [19], represents a complementary approach
for high-throughput radiolabeling without the need for specialized
precursors beyond amines and alcohols. While this strategy too may

570 Benjamin H. Rotstein and Neil Vasdev



be accompanied by certain constraints on structural diversity, it can
be appreciated that an alternative set of limitations still makes
available a much wider scope of radiotracer candidates than were
previously offered. Furthermore, [11C]CO2-fixation for the prepa-
ration of 11C-carbamates and 11C-ureas is readily amenable to
combinatorial radiosynthesis approaches, in as much as a set of
amines and a second set of alcohols, phenols, or amines can be
combined to produce a library of more structurally complex radi-
olabeled compounds. One such approach, and its utility in the
design of fluorine-18 (18F)-labeled FAAH PET radiopharmaceuti-
cals, is discussed below.

While 11C is an appealing isotope for radiotracer development,
there are several reasons why a 18F-radiotracer may be preferred for
PET. The longer half-life of 18F (t1/2 ¼ 109.7 min) allows for
longer synthesis and imaging times, if necessary, and is also often
a better match for the pharmacokinetics of the radiotracer. In
addition, the longer half-life means that radionuclide production
and tracer synthesis need not be occur on-site with imaging facil-
ities; radiotracers can be transported across cities or regions which
also more easily facilitates multicenter trials. Due to the lower mean
positron energy (18F, 0.25 MeV; 11C, 0.39 MeV), PET images
acquired with 18F are of slightly higher resolution. Incorporation
of 18F into small molecules can be a significant challenge depending
on the position of the radiolabel, and several recent methods for
efficient 18F-fluorination of radiotracers will be highlighted in this
section.

5.1 Radiotracer

Library Development

After the successful development of [11C]CURB for FAAH PET
(see Subheading 4.1), demand grew for an 18F-labeled analogue.
The structure of [11C]CURB (URB694) does not contain a fluo-
rine atom, so a direct isotopologue was not an option. Since a new
radiotracer would need to be developed, this was treated as an
opportunity to determine how structural analogues would influ-
ence pharmacokinetics in vivo, to develop an optimal 18F-radio-
tracer for FAAH. Based on the structures of URB597 and the
closely related URB694, a synthetic array was constructed from
commercially available amines and bicyclic phenols [95]. To begin,
nonradioactive carbamates were prepared using phosgene for
in vitro FAAH assays and physicochemical evaluation. From these
data, eight FAAH inhibitors were radiolabeled with carbon-11
using a standard [11C]CO2-fixation protocol to rapidly generate
the 11C-carbonyl-carbamate radiotracers.

The method is robust enough that these compounds could be
evaluated by ex vivo biodistribution to determine structure-activity
relationships for radiotracer optimization. It was found that a linear
N-alkyl group leads to increased potency over cyclic isomers and
the presence of a dihydrooxazole leads to faster and greater brain
uptake with less nonspecific binding. These insights were then
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applied to design the fluorine-18 carbamate radiotracers [18F]
DOPP [96] and [18F]FCHC [98]. Both show greater brain uptake
in vivo and sensitivity to FAAH activity in vitro than [11C]CURB.
[18F]DOPP in particular shows promise for human translation. To
better define the metabolism and distribution of this radiotracer
in vivo prior to human studies, [18F]DOPP was evaluated in non-
human primates at baseline and after pretreatment with a FAAH
inhibitor, URB597 [97]. [18F]DOPP shows good brain uptake in
baboon and regional distribution similar to that of [11C]CURB in
humans. Kinetic parameters for quantification of [18F]DOPP dis-
tribution were evaluated and compared favorably with the human
[11C]CURB data, suggesting greater sensitivity for FAAH activity
in vivo. [18F]DOPP is expected to enter human research studies in
the near future.

5.2 Modern

Radiofluorination

Strategies

After identification of an optimal PET tracer structure using 11C or
18F, it is imperative to develop a radiosynthesis that is robust,
automated, and reproducible to facilitate routine PET imaging at
both the development and other sites where the compound may be
in demand. For example, both [18F]DOPP and [18F]FCHC
require multistep syntheses using carefully buffered reaction mix-
tures due to the low stability of carbamates to radiofluorination
conditions [96, 98]. An automated method has been developed to
prepare [18F]DOPP, but this still presents a greater challenge than
the synthesis of, for example, [11C]CURB, which can be performed
in one pot [92]. Modern methods for [11C]CO2-fixation described
above have the advantages of efficiency in terms of yields and
number of manipulations, utility for a wide range of compounds,
and not requiring much specialized equipment [19]. Here we will
briefly discuss recent advances in radiofluorination that share these
properties to facilitate access to a greater number of radiotracers.
More in-depth reviews have also been recently published
[117, 118].

In general, aliphatic radiofluorination can be carried out using
nucleophilic [18F]fluoride complexes and primary or secondary
alkyl sulfonate precursors [74]. Occasionally, as in the synthesis of
the fluorohydrins [18F]FMISO and [18F]FETNIM, the highly
basic conditions for radiofluorination necessitate protecting groups
or give rise to radioactive by-products that must be carefully sepa-
rated from the product radiotracer. A cobalt–salen catalyst has been
developed for epoxide-ring opening with [18F]fluoride under
milder conditions, such that in some examples protecting groups
are obviated [119]. Additionally, high levels of enantiomeric excess
could be achieved using racemic epoxides in some cases, which may
be useful in cases where a single enantiomer precursor is not avail-
able. Benzylic C–H [120] and decarboxylative [121] radiofluorina-
tion have been developed using manganese–salen catalysts. These
reactions appear to operate by formation of a stabilized organic

572 Benjamin H. Rotstein and Neil Vasdev



radical that undergoes radiofluorination by single-electron transfer.
Although benzylic fluorides are likely to have a high propensity for
defluorination in vivo, this method has also been demonstrated for
the radiofluorination of alternative sites and holds promise for
substrate-directed “late-stage” radiofluorination of complex
molecules.

The most commonmethod for radiofluorination of arenes is by
nucleophilic aromatic substitution of activated arenes [122]. Con-
sequently, methods for “late-stage” fluorination of deactivated are-
nes have been identified as an important goal for radiochemists.
Transition metal-mediated radiofluorination from palladium [123]
and nickel [124] precursor complexes appears to be a powerful
strategy and aroused much interest in this field (Fig. 7a). The
nickel-based method can tolerate small volumes of aqueous fluo-
ride, and these methods have both been used to prepare radio-
tracers [125, 126], though challenges associated with preparation
of the precursors and conducting radiofluorination on preparative
scales may limit their widespread appeal.

Copper-mediated methods for radiofluorination of diaryliodo-
nium salts have also been reported [127]. This method appears to
be very general and powerful for radiofluorination of electron-rich
rings, and in some cases high molar activity products are accessible

Fig. 7 (a) Transition metal-based precursors and (b) transition metal-mediated
reactions for “late-stage” aryl radiofluorination
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despite the presence of tetrafluoroborate counterions. A similar
strategy was reported using copper-mediated radiofluorination of
arylboronic esters in the presence of atmospheric oxygen [128]
(Fig. 7b). This too appears to be a very promising method and
was used to prepare [18F]FDOPA in 5% non-decay-corrected RCY.

Hypervalent iodonium precursors offer an alternative mecha-
nistic approach to radiofluorination from SNAr [129]. Diaryliodo-
nium salts were applied first for radiofluorination, with much
attention given to developing aryl auxiliaries that would induce
high levels of regioselectivity in radiofluorination, since reductive
elimination of an aryl C–18F bond can occur on two positions of the
precursor (Fig. 8). These precursors have proven to be useful for
the preparation of a number of radiotracers, though continue to be
plagued in many cases by low regioselectivity, harsh conditions for
radiofluorination, and difficulties in preparation and purification of
the required precursors. Iodonium ylides have emerged as alterna-
tives to diaryliodonium salts for radiofluorination, particularly in as
much as they offer much greater regioselectivity [130–132]. These
precursors are also readily prepared from aryl iodides by oxidation
and condensation with dioxodione auxiliaries, do not contain a
counterion, and can be purified by recrystallization or flash chro-
matography. Spirocyclic auxiliaries for iodonium ylides have been
identified as a privileged scaffold for iodonium ylide radiofluorina-
tion precursors and lead to greater radiochemical yields of labeled
products (Fig. 8). This method has been used to prepare challeng-
ing radiotracers such as 5-[18F]fluorouracil and [18F]FPEB in
much greater RCYs than were previously obtainable, and produc-
tion of the latter radiopharmaceutical has now been validated by
this method for use in human PET imaging studies [133]. It has
also been applied for convenient preparation of useful and novel
18F-bioconjugation reagents [134, 135]. This method appears to
be promising for the development of improved radiosyntheses of
many challenging radiopharmaceuticals.

Fig. 8 Hypervalent iodonium based precursors for aryl radiofluorination
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6 Conclusion

While radiochemists are unlikely to consider their own work in the
context of “green” chemistry, the principles of the latter have had a
profound influence on methodologies used for development and
preparation of radiopharmaceuticals. As an almost certainly unex-
pected result of green chemistry initiatives to supplant toxic and
wasteful phosgene as a reagent for the preparation of bulk and
specialty chemicals, [11C]CO2-fixation has undergone a resurgence
as novel, versatile, and mild methodologies using [11C]CO2 have
emerged. Moreover, this has directly led to development of novel
radiopharmaceuticals that are powerful agents for clinical psychiat-
ric and neuroscience research. Library radiosynthesis is readily
achievable by new methods in [11C]CO2-fixation and can be used
to prepare limitless radiotracer candidates in the forms of carba-
mates and ureas from simple amines and alcohols. Green chemistry
principles may indeed continue to play a role in developing other
areas of PET radiochemistry. Ethanol is emerging as an alternative
and highly practical solvent for PET radiochemistry [24]. Creative
solutions for synthetic challenges, such as those posed by green
chemistry, can and already have made positive contributions to
superficially unrelated fields.
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Hirose D, Gazvoda M, Košmrlj J, Taniguchi T (2016b) The “Fully Catalytic
System” in Mitsunobu reaction has not been realized yet. Org Lett 18
(16):4036–4039

584 Further Reading

https://doi.org/10.1002/ajoc.202000694
https://doi.org/10.1002/ajoc.202000694
https://doi.org/10.3389/fchem.2019.00300
https://doi.org/10.3389/fchem.2019.00300
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