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Abstract After a short introduction to the general
phenomenon of chirality, the implications for synthesis and
application of chiral drugs are discussed. In a first part, the
historical development is briefly described. Up to the 1950s,
most medications were either of natural origin, or made
semi-synthetically from natural products. In these cases,
only one enantiomer was usually present, i.e., the drugs were
used as single enantiomers. This changed when totally syn-
thetic drugs began to dominate the market, since these drugs
were usually prepared, tested and applied as racemates. Due
to the observation of negative effects such as the Thalido-
mide (Contergan) tragedy, stricter regulations were intro-
duced and as a consequence, chiral drugs are now almost
exclusively applied as single enantiomers. In a second part,
the challenges for the industrial synthesis of chiral drugs are
discussed. The various approaches to prepare enantiomeri-
cally pure compounds are briefly described and discussed in
the context of industrial process development. Important for
the choice of the production technology are criteria such as
time constraint, complexity of the molecule, cost consider-
ations and maturity of the technology.
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1 Background

Chirality is an all-encompassing phenomenon (Blaser et al.
2012). In nature, both macroscopic as well as microscopic
objects can be chiral. In molecular terms, chirality is a
geometric property of a particular sub-class of stereoiso-
mers. A molecule is termed chiral, when it can exist in two
forms (the enantiomers) which have the same chemical
structure but are mirror images of each other which are
non-superimposable. The concept of chirality has played an
essential role in the development of stereochemical
models, but more importantly, it has a very strong influence
on our daily life in the context of the application of chiral
bioactive compounds such as pharmaceuticals, agrochem-
icals or flavors and fragrances.

Although nature frequently exhibits a high degree of
symmetry in terms of general morphology, at the molecular
level the natural world is highly asymmetric. Enzymes,
proteins, polysaccharides, nucleic acids, and many other
basic components of plants and animals are chiral and occur
in enantiopure form. The implications of the chiral nature on
the properties of biological systems are profound. For
example, enzymes or proteins will distinguish between the
two enantiomers of a chiral drug leading to sometimes dra-
matically different effects. This can be understood by
imagining an enzyme as having a glove-like cavity that binds
a substrate. If the glove is right-handed, then one enantiomer
will fit inside and be bound, whereas the other enantiomer
will have a poor fit and is unlikely to bind. Similarly, since
our sensory receptors involved in taste and smell are also
chiral, enantiomers of chiral compounds often taste and
smell differently. For example, natural L-asparagine is bitter,
whereas artificial p-asparagine is sweet.

Even though most of these facts have been known for a
long time, according to Gal (2006) one can distinguish
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Fig. 1 Structures of (4)-camphor, morphine and heroin

different phases in the history of chiral drugs. For thou-
sands of years and until the beginning of the nineteenth
century most remedies were used as crude plant extracts
without any clue as to the nature or identity of the active
ingredient(s) within, let alone any understanding of the
chirality of the molecules involved. A milestone was the
realization by Biot of a molecular-structural cause of
optical rotation; coupled with his discovery in 1815 of the
optical rotation of (+4)-camphor (Fig. 1), a therapeutic
agent, may be considered the earliest scientific hint for
chirality in drugs.

As long as most remedies were either natural products or
semi-synthetic variations thereof, all chiral drugs were in
essence single enantiomers. An early example is heroin, a
potent opiate narcotic produced from morphine by diacet-
ylation, which was introduced into medical practice in
1898 as a cough suppressant. Heroin may have been the
first synthetic single enantiomer drug introduced in clinical
medicine. The drug was touted as a ‘“non-addicting”
morphine analog in the (obviously mistaken) opinion that it
could safely replace morphine and thereby eliminate the
latter’s addiction problem.

The situation changed significantly when, starting in the
1950s, fully synthetic drugs began to represent a major
segment of new therapeutic agents. For example, the vast
majority of synthetic chiral drugs introduced in 1987, ca.
88 %, were racemic. According to Gal, this lack of interest
in chirality from the industry may have been the result of a
lack of interest in chirality from governmental drug-regu-
latory agencies. Until 1987, the FDA did not explicitly
require the inclusion of information on the enantiomer
composition of chiral substances in new drug applications.

Clearly, if a chiral molecule is directed towards a bio-
logical target, the two enantiomers should be viewed as
distinct compounds that are capable of acting in different
ways. The potency, absorption, transport, degradation, and
excretion of the two enantiomers can be quite different
within the body. Although this may often not be a problem,
in the worst scenario the unwanted enantiomer can be
highly toxic. A particularly tragic case in point was the
sedative Thalidomide (also named Contergan, Fig. 2),
which was sold as a racemate and in the late 1950s led to
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Fig. 2 Structure of Thalidomide (Contergan)
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Fig. 3 Proportion of chiral drugs approved as racemate

severe malformations in children. It was later found that
this was due to the teratogenic nature of the (S)-enantio-
mer. This case and other observations led to an increased
pressure for enantiomerically pure compounds even though
it was found that for Thalidomide, applying only the
(R)-enantiomer would not have helped, since racemization
readily occurs in the body (Muller 1997).

Since the 1990s there is a clear trend to develop single
enantiomer drugs. In 1988, the FDA announced a set of
guidelines addressing these stereochemical topics in rela-
tion to the submission of new drug applications (de Camp
1989). As a consequence, the use of racemates has drasti-
cally been reduced (see Fig. 3) and an analysis carried out
in 2006 by scientists from AstraZeneca, GlaxoSmithKline
and Pfizer confirmed this trend: of the 128 compounds then
under development in the three companies, 69 (54 %) were
molecules containing at least one stereogenic centre, and of
the 69 chiral molecules, 67 were being developed as single
enantiomers, and only two as racemates (Carey et al.
2006). For several years, the “chiral switch” as (limited)
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strategy to improve profile (and prolong patent life) of
established racemic drugs was quite popular for both
originators as well as competitors (Hutt and Valentova
2003). A racemic or chiral switch may be defined as the
development of a single enantiomer from a previously
marketed racemate. However, not all these re-evaluations
have resulted in the expected therapeutic benefits and
unpredicted adverse reactions have resulted.

2 Synthesis of single enantiomers in an industrial
context

Up to the 1960s, the efficient synthesis of enantiopure
chiral chemicals was a very difficult endeavor since few
enantioselective synthetic methods were known. Therefore,
most synthetic drugs were synthesized as racemates and
either tested and used as such or in rare cases resolved via
crystallization. In the 1970s, the development of enantio-
selective methodologies started in earnest and now there is
a plethora of enantioselective methods available. Four
general approaches for producing enantiopure (ee > 99 %)
or enantioenriched compounds have evolved (for a more
in-depths description see Blaser et al. 2012).

1. Resolution of racemates via separation of the two
enantiomers. This can be achieved via classical crystal-
lization of diastereomeric adducts (usually salts), HPLC
on a chiral stationary phase using moving simulated bed
technology or by (catalytic) kinetic resolution.

2. The chiral pool approach using chiral building blocks
originating from natural products for the construction
of the final molecule.

3. Stoichiometric enantioselective syntheses, performed
either with chiral reagents or with the help of covalently
bound chiral auxiliaries (often from the chiral pool)
which render the reactions diastereoselective.

4. Enantioselective catalysis where achiral starting
materials are transformed to enantioenriched
products with the help of chiral catalysts. Effective
catalysts are either synthetic (often called

Fig. 4 Schematic presentation
of the development process for a
new chemical entity in the
pharmaceutical industry

chemocatalysis) or of natural origin (often termed
biocatalysis).

It has to be pointed out that the development of an
effective new synthesis for even a simple chiral molecule
can be quite time consuming and tedious (and without
guarantee of success). When developing a process for a
new chemical entity (NCE) in the pharmaceutical industry,
time restraints can be severe (see Fig. 4) (Blaser 2012). In
many cases, it is more important to find a competitive
process on time than an optimal process too late. So-called
second generation processes, e.g., for chiral switches, for
generic pharmaceuticals or the manufacture of other fine
chemicals have different requirements; here the time factor
is usually not so important but a high performance process
is necessary.

The choice of the optimal method to prepare a chiral
target molecule will depend on a number of considerations
such as the nature of the chemical reaction, the goal of the
synthesis, the know-how of the investigators, the time
frame, the available manpower and equipment, and so on.
No matter which option will be chosen, the following
criteria will influence the selection:

— Maturity of the enantioselective step. What level of
enantioselection can be expected, how well are scope
and limitations known?

— Commercial availability of both enantiomers of the
chiral auxiliary. For industrial applications this means
that, e.g., chiral ligands must be available on kg scale.

— Cost (for industrial applications) and effort needed for
the over-all synthesis.

— Familiarity and experience of the investigators with a
particular methodology or transformation.

— Last but not least, the time available for developing the
final process.

As a general rule, synthesis of racemic compounds
followed by chromatographic resolution is usually the
method of choice when a chiral enantiopure product has to
be synthesized fast and in small amounts such as in the
discovery phase of pharmaceuticals. As the compilation by
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Carey et al. (2006) indicates, the preferred method for the
large scale synthesis of enantiopure drugs was the use of
commercially available building blocks (used in 55 % of
the 69 discussed syntheses). Resolution of racemic com-
pounds was applied in 28 %, and asymmetric synthesis was
used in only 10 % of all cases. One has to realize that
process development will be much more complex and time
consuming for making single enantiomer drugs, especially
when catalytic enantioselective processes are envisaged.
Nevertheless, there are a growing number of cases where
enantioselective processes are actually used for the pro-
duction of chiral drugs (Blaser et al. 2008) and this number
should (hopefully) increase in the future (Busacca et al.
2011).

3 Conclusions

It is now established that the two enantiomers of a chiral drug
have to be treated as two different bioactive ingredients.
Only when the biological profile of the enantiomers is the
same will the application of the racemate be approved by the
regulatory authorities. The majority of the single enantiomer
drugs are produced either by the use of commercial chiral
building blocks or via the resolution of racemates. Enantio-
selective and especially catalytic methodologies are at the
moment less often applied but especially for generics there is
a growing tendency to apply such modern technologies.
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