
Resolution of Racemates: Did You Say ªClassicalº?

AndreÂ Collet*

Discovered by Pasteur in 1853, the ªclassical resolutionº
method rests upon the combination of a racemate with one
enantiomer of a chiral substance (resolving agent) to give a
1:1 mixture of (p,n)-diastereoisomeric salts, which are then
separated by crystallization techniques. In spite of its some-
what ambiguousÐand no longer justifiedÐreputation of
being more an art than a science, classical resolution is still
essential in the preparation of a vast majority of the chiral
active principles required in enantiopure form for the
manufacture of pharmaceuticals and agrochemicals. To cite
but a few examples, thousands of tonnes per year of (S)-
naproxene,[1] d-phenyglycine, and d-4-hydroxyphenyglycine[2]

are produced by separation of diastereoisomeric salts rather
than by alternative processes based on asymmetric synthesis
or bioresolutions. There are good reasons for this: in the
context of large-scale enantiomer separations, crystallization
techniques are often more straightforward and more eco-
nomical than any other method. This is the fruit of the labor of
academic and industrial researchers in the last decades to gain
a better understanding of the physical chemistry concepts
upon which separation of diastereoisomers by crystallization
is based.[3, 4]

Utilizing phase diagrams generally speeds up the selection
of a good resolving agent and the determination of the best
crystallization conditions; industrial applications developed in
less than six months are not the exception. Three basic types
of phase diagrams exist for describing the solid ± liquid
equilibria for diastereoisomer mixtures. The simple eutectic,
without terminal solid solutions, is the most interesting for
separation purposes (Figure 1 a). Here the least soluble
diastereoisomer (p) will be obtained in pure form after a
single crystallization from the 1:1 (p,n) mixture of composi-
tion O. The expected yield is Y� 100� (OE/Ep)/CO, where
CO is the concentration of mixture O. This yield approaches its
maximum value of 0.5 (or 50 %) when the eutectic E is close
to the edges of the phase diagram. Such ªgood systemsº
probably represent less than 20 % of the cases. They lend
themselves to very economical commercial applications (e.g.
naproxen). Often eutectics are complicated by the presence of

Figure 1. a) Ideal solubility isotherm for (p,n)-diastereoisomers forming
an eutectic in solvent S. The less soluble diastereomer (p) can be obtained
in pure state from solutions of composition between O and S. The
maximum yield (Y) in p is obtained from solution O (see text). In the case
shown, Y would be around 25 %, a figure which seems relatively common.
b) Eutectic phase diagram with terminal solid solutions on both the p and n
sides. On crystallization, a system of composition Q will give an impure
solid (p') in a liquid of composition T.

terminal solid solutions (Figure 1 b). Then several recrystal-
lizations may be required to raise the enantiomeric purity to
an acceptable level, and the final yield is less than that given
by the above relationship. Terminal solid solutions in diaster-
eoisomer phase diagrams are often major issues in industrial
applications.

Cocrystallization of the two diastereoisomers to form a
continuous series of solid solutions is also relatively common.
Such systems are generally unsuitable for resolution, at least
in the context of commercial processes.[5] The formation of 1:1
addition compounds (double salts) is also relatively frequent.
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Here no separation of the diastereoisomers is possible by
crystallization of their 1:1 mixture.

This is why the selection of a good resolving agent, in other
words, one which will lead to a very dissymmetric eutectic
phase diagram, if possible without terminal solid solutions, is
of great importance. In general, this crucial selection is best
made by trial and error. Even though such protocols can be
made very systematic and efficient,[6] their success is not
predictable. There are no established guidelines for predicting
what will be the best resolving agent for a given substrate,
except perhaps analogies, which may be valid within series of
closely related substrates (for instance simple substituted
mandelic acids are generally resolved with ephedrine).
Although insolvable cases remain the exception (at least in
my own experience), in many instances for which classical
resolutions have been successfully devised the actual yield is
not always close to the 50 % limit, a circumstance that may be
problematic in commercial applications. This is mostly due to
the lack of time for screening enough resolving agents, and
also to the limited number of commercially available resolv-
ing agents.

A recent paper by Vries et al.[7] conveys a new approach to
this long-standing problem. The starting idea has something
naively obvious: ªIt was reasonable to assume that the
simultaneous addition of several resolving agents might
materially shorten the time required for the hit-and-miss
method of finding a resolving agent.º Is this idea really as
reasonable as it would seem? At first glance a combinatorial
version of the usual protocol has little chance of success. The
chance to get crystalline materials from such multicomponent
mixtures must be very low, because the effective concentra-
tion of a given diastereoisomeric salt is reduced by a factor of
3 when a mixture of three resolving agents is used instead of a
single one. Accordingly, only exceptionally insoluble salts can
be selected by this method. In fact, the authors readily
discovered that the use of random combinations of resolving
agents did not work so well.

Things improved dramatically, however, when they started
to utilize ªmixesº consisting of several resolving agents of the
same family (usually three). For example, the 1:1:1 mixture of
three differently substituted phosphoric acids of the same
configuration (P mix) constitutes such a family. Ten such

ternary mixes are presented in the paper by Vries et al.[7]

Some are acidic resolving agents, others are basic. In this
context, the term ªfamilyº is very restrictive: the components
of the mix are not only structurally and chemically related, but
they are also almost isosteres.[8] For example, tartaric acid is
not a member of the dibenzoyltartaric acid family.

According to the authors, when such a mix is added to a
solution of a racemic substrate, a crystalline salt usually
precipitates immediately. In most cases the substrate con-
tained in the precipitated salt is resolved to about 90 ± 98 % ee.
The important finding is that the salt always contains several
resolving agents, which are present in a nonstoichiometric
ratio. For instance, (� )-ephedrine ((� )-1) combined with the
previously mentioned P mix in 2-propanol affords a salt
having 98 % ee in (�)-1 and containing the three phosphoric
acids of the P mix in a 1:1.2:1.1 ratio. In most cases the mixed
salts retain a nonstoichiometric composition on repeated
crystallizations. In this example the initial composition drifted
to 1:14:55 after 20 crystallizations. This means that the mixed
salts are not just mixtures of pure diastereoisomeric salts, but
more likely consist of a single crystalline entity where the
three resolving agents form a solid solution. The similarity of
the structures of the components of the mix is in line with this
hypothesis, which is also supported by the resolution of the
crystal structure of a binary salt of (�)-ephedrine containing
almost equimolecular amounts of two of the phosphoric acid
components of P mix.

Despite the absence of any relevant phase diagrams or
solubility data, I have the feeling that the solid-solution
hypothesis provides a good key to a consistent interpretation
of the phenomenon. Solid solutions often form between
closely related chiral structures of like configuration.[8] This is
one of the statements upon which Fredga�s method is based.[9]

This well-known method establishes the relative configura-
tions of structurally related compounds from their melting
point phase diagrams. For instance, o-chloro- and o-bromo-
mandelic acids of the same configuration form such a solid
solution. A solid solution may have a lower solubility and a
greater density than the pure components. This is easy to
understand: in a single-component crystal, the packing
efficiency is restricted to a certain limit by the lattice
symmetry requirements, while in a solid solution, even though
the average crystal symmetry is maintained, the local sym-
metry is lowered due to the present of different species. This
situation may allow a closer packing, hence a greater density.
In turn, a closer packing should result in a better selectivity
towards the configuration of the substrate. In other terms,
terminal solid solutions between p and n salts (Figure 1 b)
would form less easily when a mix rather than a single
resolving agent is utilized. This is perhaps the origin of the
high ee values observed for the first precipitated mixed salts.

At this stage, it would be necessary to have more
information on the physical properties of the various compo-
nents of these complex systems and of their mixtures. Thanks
to these discoveries, a new field of exploration is now wide
open, which should consider various aspects of the question
including phase equilibria, crystallization kinetics, the struc-
tures and dynamics of the solid and liquid phases, etc.

Whatever the physical chemical explanation, I tend to
believe that the main practical interest in this ªfamily
approachº is perhaps not in the speeding up of the process
of finding the best resolving agent, but rather in its ability to
improve the quality of the diastereoisomeric salts, by allowing
a sort of self-optimization of the crystal packing which takes
advantage of the presence of several slightly different bricks
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instead of a single one. DSM Andeno has used this method to
resolve racemates on a scale of hundreds of kilograms.[10]

Without a doubt ªclassical resolutionº still has a great future,
both on the fundamental and applied sides.

German version: Angew. Chem. 1998, 110, 3429 ± 3431
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In Vitro Evolution and Selection of Proteins:
Ribosome Display for Larger Libraries**

Ulrich Hoffmüller and Jens Schneider-Mergener*

One of the most rapidly developing research areas since the
beginning of the 90s is the generation and exploitation of
molecular libraries (for a review see ref. [1]). The catchword
is: combinatorial, paired with chemistry, biochemistry, or
biology. Although the applied methods have hardly reached
the text books, almost every researcher involved in the fields
of chemistry and the biosciences is familiar with the term
phage display, peptide, and nucleic acid libraries, or combi-
natorial chemistry. The common strategy as well as the goal of
all chemical and biological approaches is always 1) to
generate the largest and most comprehensive pool of mole-
cules possible (the ªlibraryº) and 2) to search through the
library for individual substances with the desired properties
such as, for example, for a starting substance (lead structure)
for a drug or antibody for diagnostic purposes. Libraries are
being used increasingly to identify interaction partners in
signal transduction, cell ± cell recognition, and immunological
control processes. These kinds of approaches accelerate not
only the handling of many problems, but also often provide
the first possible means to solving them. Therefore, numerous
chemists and biologists in industry and university labs have

begun to develop novel methods that make it possible to
create, analyze, and propagate libraries. The best-know
procedure amongst the many described[1] is the so-called
phage display method,[2, 3] where the peptide or protein library
is expressed on the phage surface. The selection of the desired
phage is achieved in vitro, whereas the amplification of the
phages takes place in bacteria, that is, in vivo. Here lies a
decisive problem with the use of this biologically generated
repertoire. The size of the library, is limited by the first
essential step of introducing the phage DNA, which contains
the genes that code for the individual components of the
library, into cells. This step is known as transfection or
transformation and permits a repertoire size of between 107

and 109 different components.[4] In addition, the environment
of the host cell imposes an additional selection pressure that
may work against the desired variant.[5] A further ªdisadvant-
ageº of phage display is the time consuming shuttling between
in vitro and in vivo steps.

These problems could be avoided if the isolated protein
synthesis machinery of the cell (ribosome) was used instead of
intact cells for the production of peptide and protein libraries.
This was successful first of all in the search for peptides with
the desired properties by using the so-called polysome
display.[6, 7] A polysome is a complex comprised of one mRNA
and a number of ribosomes. A breakthrough was achieved by
Hanes and Plückthun[8] who worked out a system for the
general application of in vitro selection and evolution of
proteins, which they called ribosome display. Selection and
evolution systems are based on the following criteria: 1) gen-
eration of molecular diversity, 2) selection of molecules with
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