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During the past two decades there has been intense interest in the development and
application of chiral chromatographic methods, particularly in the pharmaceutical
industries. This is driven both by desire to develop and exploit “good science” and
by the increasing pressure by regulatory authorities over the past ten years against
the marketing of racemic mixtures. The regulation of chiral drug provides a good
demonstration of the mutual relationship between progress in scientific methodology
and regulatory guidelines. It has also provided a common platform in establishing
good understanding between international regulatory authorities and pharamceutical
industries, leading to a consensus in recognition of the global nature of pharmaceu-
tical development. This has provided a great challenge for the industries to seek
techniques that are efficient, economical and easy to apply, in the manufacture of
enantiopure products.

The versatility of chiral stationary phases and its effecitve application in both ana-
lytical and large-scale enantioseparation has been discussed in the earlier book ‘A
Practical Approach to Chiral Separation by Liquid Chromatography’ (Ed. G. Sub-
ramanian, VCH 1994). This book aims to bring to the forefront the current develop-
ment and sucessful application chiral separation techniques, thereby providing an
insight to researchers, analytical and industrial chemists, allowing a choice of
methodology from the entire spectrum of available techniques.

I am indebted to the leading international group of contributors, who have agreed
to share their knowlegde and experience. Each chapter represents an overview of its
chosen topic. Chapter 1 provider an overview of techniques in preparative chiral sep-
aration, while Chapter 2 provides an account on method development and optimisa-
tion of enantiomer separation using macrocyclic glycopeptide chiral stationary
phase. Combinatorial approach and chirabase applications are discussed in Chapters
3 and 4. Chapter 5 details the development of membranes for chiral separation, while
Chapter 6 gives an overview of implanting techniques for enantiopurification. Non
chromatographic solid-phase purification of enantiomers is explained in Chapter 
7, and Chapter 8 discusses modeling and simulation of SMB and its application in
enantioseparation. A perspective on cGMP compliance for preparative chiral chro-
matography in discussed Chapter 9, and Chapter 10 provides an account of elec-
trophoretically driven preparative chiral separation and sub- and supercritical fluid
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chromatography for enentioseparation is explained in Chapter 11. An insight into
International Regulation of chiral drugs is provided in Chapter 12.

It is hoped that the book will be of value to chemists and chemical engineers who
are engaged in the manufacture of enantiopure products, and that they will sucess-
fully apply some of the techniques described. In this way, an avenue will be provided
for further progess to be made in this important field.

I wish to express my sincere thanks to Steffen Pauly and his colleagues for their
enthusiasm and understanding in the production this book.

Canterbury, Kent, UK G. Subramanian
April, 2000
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1.1 Introduction

The recognition of differences in the pharmacological activity of enantiomeric
molecules has created the need to administer them – and therefore to obtain them –
as isolated enantiomers. However, nowadays this problem affects not only the phar-
maceutical industry, but also the agrochemical industry and food additive producers,
both of which are increasingly concerned by this subject.

When chiral, drugs and other molecules obtained from natural sources or by
semisynthesis usually contain one of the possible enantiomeric forms. However,
those obtained by total synthesis often consist of mixtures of both enantiomers. In
order to develop commercially the isolated enantiomers, two alternative approaches
can be considered: (i) enantioselective synthesis of the desired enantiomer; or (ii)
separation of both isomers from a racemic mixture. The separation can be performed
on the target molecule or on one of its chemical precursors obtained from conven-
tional synthetic procedures. Both strategies have their advantages and drawbacks.

The separation of the enantiomers of a racemic mixture, when only one of them
is required, implies an important reduction in yield during the production step of the
target molecule. Techniques to racemize and recycle the unwanted enantiomer are
used to reduce the extent of this problem. However, the same fact becomes an advan-
tage in the development step of a drug, because it is the quickest way to have avail-
able both enantiomers in order to carry out the individual tests needed. In fact, even
if the separation/racemization approach is considered to be “not elegant“ by organic
synthetic chemists, it is nowadays the most often used for the production of single
enantiomers. The enantioselective synthetic approach has the main disadvantage of
the cost and time that could take the development of a synthetic path leading to the
desired enantiomer. Moreover, often the enantiomeric excesses obtained from an
enantioselective procedure are not sufficient to fulfil the requirements of the regula-
tory authorities. In that case, an enrichment step must be added to the enantioselec-
tive process.

All separation techniques which allow the isolation of a certain amount of prod-
uct can be qualified as being “preparative”. In contrast, analytical techniques are
devoted to detect the presence of substances in a sample and/or quantify them. How-

1 Techniques in Preparative 
Chiral Separations

Pilar Franco and Cristina Minguillón

Chiral Separation Techniques: A Practical Approach, Second, completely revised and updated edition
Edited by G. Subramanian

Copyright © 2001 Wiley-VCH Verlag GmbH
ISBNs: 3-527-29875-4 (Hardcover); 3-527-60036-1 (Electronic)



ever, not all preparative techniques are useful at the same scale; some are more eas-
ily adapted to the manipulation of large amounts of material, while others may only
be applicable to the isolation of few milligrams, or even less, though this may be
enough for given purposes.

In this chapter a number of the preparative techniques used in the resolution of
enantiomers is presented. Some of these techniques will be developed more fully in
following chapters.

1.2 Crystallization Techniques

Although crystallization is used routinely to separate solid compounds from impuri-
ties and by-products coming from secondary reactions in their synthesis, it may also
be applied in the isolation of individual enantiomers from a racemic or an enan-
tiomerically enriched sample [1–3]. Indeed, until the development of chiral chro-
matographic techniques, crystallization was one of the few existing ways to resolve
enantiomers. Although crystallization is a very powerful technique for preparative
purposes, few industrial applications have been reported [3] for reasons of confi-
dentiality. Moreover, the technique is far from being generally applicable, and thus
only those compounds which behave as conglomerates (different crystals for both
enantiomers) can be resolved from their equimolecular enantiomeric mixtures, either
by seeding their solutions with crystals of one enantiomer (preferential crystalliza-
tion) [4–6], or by using a chiral environment to carry out the crystallization. The lim-
itation of the preferential crystallization is, therefore, the availability of crystals of
the pure enantiomer.

A chiral environment can be produced by using a chiral solvent in the crystalliza-
tion, but most of these are organic and therefore not useful for highly polar com-
pounds. Therefore, a chiral co-solute is often used [7–9]. Applying this methodol-
ogy, d,l-threonine was resolved into its enantiomers using small amounts of L-serine
or 4-(R)-hydroxy-L-proline [7]. Moreover, an inhibitory effect on the crystallization
of D-glutamic acid from its racemic mixture of some D-amino acids, such as lysine,
histidine or arginine has been described, while their L-counterparts inhibit crystal-
lization of the L-enantiomer [8].

Unfortunately, the occurrence of conglomerates in nature is not common. On
occasion, the probability of obtaining a conglomerate can be increased by trans-
forming the considered compound into a salt, when possible. Racemic compounds
(both enantiomers in the same lattice) are more frequently encountered in nature.
Therefore, it is useful to know which is the behavior of the considered product, tak-
ing into account that it can change depending on the temperature of crystallization.
Several methods exist to determine such a point easily [3]. Racemic compounds may
be enriched by crystallization of a nonracemic mixture, in which case the success
and yield of the enrichment depends (among others) on the composition of the orig-
inal mixture.
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On that basis, crystallization is often used in combination with other enantiose-
lective techniques, such as enantioselective synthesis, enzymatic kinetic resolution
or simulated moving bed (SMB) chromatography [10, 11]. In general, when refer-
ring to crystallization techniques, the aim is to obtain an enantiomeric enrichment in
the crystallized solid. However, the possibility of producing an enrichment in the
mother liquors [12, 13], even if this is not a general phenomenon [14], must be taken
into account.

An additional strategy that is frequently used due to the reduced probability of the
preceding situations is the separation of diastereomeric mixtures obtained from the
reaction of the original enantiomeric mixture with chiral derivatizing agents [3,
15–18]. These should be easily cleaved from the target molecule with no racemiza-
tion, and thus be readily available. Low cost and confirmed enantiomeric purity, in
addition to their being recoverable and reusable, are also highly recommended prop-
erties for a chiral derivatizing agent.

1.3 Chromatographic Techniques

1.3.1 Liquid Chromatography

Despite the fact that in former days liquid chromatography was reputed to be a very
expensive and inefficient purification technique for preparative purposes, it is nowa-
days one of the first choices to carry out a large-scale chiral separation. On the one
hand, some technical developments, related to the equipment as well as to the pack-
ing materials have improved the efficiency of the technique. On the other hand,
applications such as the resolution of enantiomers, where the resulting products have
a high added value, can partially balance the classically attributed high costs of li-
quid chromatography. Furthermore, the relative short time necessary to develop a
chromatographic method, and the availability of chromatographic systems, are inter-
esting features that should be taken into account when the enantiomers under con-
sideration need to be separated in the minimum time.

Analogously to crystallization techniques, the chromatographic separation pro-
cess can be applied either to a mixture of enantiomers or to diasteromeric derivatives
obtained by reaction with chiral derivatizing agents. In this case, it is a conventional
chromatographic process which can be performed in achiral conditions, and the
same drawbacks as with any other indirect method might be encountered. Thus, such
indirect resolutions are strongly dependent on the enantiomeric purity of the deriva-
tizing agent which must be cleaved without affecting the configuration of the stereo-
genic elements in the target molecule.

Several chromatographic modes will be reviewed in this respect, and most will
make use of a chiral support in order to bring about a separation, differing only in
the technology employed. Only countercurrent chromatography is based on a li-
quid–liquid separation.
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1.3.1.1 High-Pressure/Medium-Pressure Liquid Chromatography
(HPLC/MPLC)

HPLC separations are one of the most important fields in the preparative resolution
of enantiomers. The instrumentation improvements and the increasing choice of
commercially available chiral stationary phases (CSPs) are some of the main reasons
for the present significance of chromatographic resolutions at large-scale by HPLC.
Proof of this interest can be seen in several reviews, and many chapters have in the
past few years dealt with preparative applications of HPLC in the resolution of chi-
ral compounds [19–23]. However, liquid chromatography has the attribute of being
a batch technique and therefore is not totally convenient for production-scale, where
continuous techniques are preferred by far.

In order to carry out a direct preparative chromatographic resolution of enan-
tiomers in batch elution mode, the same methods as are used in other nonchiral
large-scale chromatographic separations are applied [24], such as multiple close
injections, recycling or peak shaving. All of these are addressed to reduce cost and
increase yield, while saving solvent and making full use of the stationary phase.
Thus, the injections are sometimes performed repeatedly (multiple close injection),
in such a way that most of the chromatographic support is involved in the separation
at any moment. When the resolution is not sufficient, it can be improved by recycling
of the partially overlapped peaks [23]. This has almost the same effect as is obtained
when using a longer column, but clearly a broadening of peaks occurs. However,
after several cycles partially overlapped peaks can be completely resolved. This
method is often combined with the so-called peak shaving, which allows the recov-
ery of the part of the peaks corresponding to pure enantiomers while the overlapped
region is recycled. In fact, to date this method is the most often used.

The chiral environment needed for enantiomeric separations is furnished by the
chiral support into the column. Scale-up of a chiral separation can be made having
as a reference an analytical resolution, but optimization of the preparative process is
critically dependent upon the nature of the CSP. In order to increase the throughput,
the column is usually used in overloading conditions. The loading capacity of a chi-
ral stationary phase depends not only on the chiral selector density, but also on the
type of selector. Therefore, some types of CSPs are more suitable than others for
preparative purposes [21, 25]. Not all the commercially available CSPs used for ana-
lytical purposes are appropiated for large-scale resolutions (Table 1-1). CSPs with a
large application domain, such as those derived from proteins with a vast applica-
bility for analytical purposes, have a very low loadability and, therefore, they are not
well adapted to preparative separations [26, 27]. This is also the case of molecular
imprinted polymers (MIPs) [28–30]. The limited number of recognition sites
restricts their loading capacity and thus also their use in large-scale chromatography.

Some ligand-exchange CSPs have been used at preparative level [31, 32]. In this
case it must be taken into account that an extraction process, to remove the copper
salts added to the mobile phase, must be performed following the chromatographic
process [33]. Teicoplanin, in contrast, resolves all ordinary α and β-amino acids with
mobile phases consisting of alcohol/water mixtures. No buffer is needed in the

4 1 Techniques in preparative chiral separations



mobile phase [34]; hence evaporation of the solution derived from the preparative
separation leaves a pure product. Cyclodextrin-based CSPs [35, 36], antibiotics [34,
37–39] such as the above-mentioned teicoplanin, and certain types of Pirkle phases
have been utilized with preparative purposes. In those cases, although the loading
capacity is not high, other advantages, such as a broad application domain for antibi-
otics, or the ease of preparation and the chemical stability, for multiple interaction
supports, can balance this limitation. Polyacrylamides [40, 41] have also been used
extensively, often in nonreported separations. Nevertheless, polysaccharide-derived
CSPs are the most commonly applied for preparative chromatography. This is due
both to their substantial loading capacity and broad enantiodiscrimination scope.
They are the best adapted supports for this purpose either in HPLC, or in medium-
pressure liquid chromatography (MPLC) [19].

Several types of polysaccharide-derived CSPs can be considered (Table 1-1). The
support with the highest number of applications described, either at high or medium
pressure, is microcrystalline cellulose triacetate (CTA). Other polysaccharide deriva-
tives, mainly some benzoates, are used in their pure form, as beads which are
directly packed [42, 43]. Coated CSPs, consisting of a polysaccharide derivative,
benzoate or aryl carbamate of cellulose or amylose, on a matrix of aminopropylsi-
lanized silica gel, are also among the most extensively utilized CSPs [44–49]. How-
ever, these supports have the limitation of the choice in the mobile phase composi-
tion. CSPs whose chiral selectors are bonded to the chromatographic matrix (usually
silica gel) can perform in a number of different conditions and compositions in the
mobile phase. This is the case of the already mentioned Pirkle phases, cyclodextrin,
antibiotic or polyacrylamide-derived CSPs. Unfortunately, polysaccharide deriva-
tives in coated CSPs often swell, or even dissolve, in a number of solvents. Thus, the
compatible mobile phases with these supports are mixtures of a hydrocarbon (hex-
ane or heptane) with an alcohol (ethanol or isopropanol), though many compounds
have a reduced solubility in these mixtures. This feature, which is not a problem
when these CSPs are used for analytical purposes, can be a major disadvantage at
preparative scale. The low solubility limits the amount of product that can be
injected in a single run and, therefore, the maximum loadability of the column can-
not be attained [45]. This limitation can be overcome when the chiral selector is
bonded to the chromatographic matrix [50–57]. In this case, a broader choice of sol-
vents can be considered as mobile phase or simply to dissolve the racemate to be
separated [58, 59]. It must be taken into account that, changes in selectivity as well
as in the loading capacity of the CSP occur when solvents are changed [58].

In this context, the enantiomeric pair containing the eutomer of cyclothiazide can
be resolved by HPLC on cellulose-derived coated CSPs. Nevertheless, the poor solu-
bility of this compound in solvents compatible with this type of support makes this
separation difficult at preparative scale. This operation was achieved with a cellulose
carbamate fixed on allylsilica gel using a mixture of toluene/acetone as a mobile
phase [59].

On occasion, the broad choice of existing phases is not enough to resolve a par-
ticular problem successfully. Derivatization with achiral reagents can be useful to
introduce additional interacting groups in a poorly functionalized substract, or to
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adapt it to be resolved in a particular CSP. On these occasions, derivatization can
increase the chances of success in a given resolution [60].

Table 1-1. Preparative chiral separations.

Examples of Supplier or 
Packing name Chiral selector (semi)preparative reference of the 

applications CSP

CTA Crystalline cellulose triacetate [19,42,61–62] Daicel, Merck
TBC Cellulose tribenzoate beads [19,42] [42]
MMBC Cellulose tris(3-methylbenzoate) beads [19,42] [43]
PMBC Cellulose tris(4-methylbenzoate) beads [19,42] [43]

Chiralcel OD Cellulose tris(3,5-dimethylphenylcarbamate) [11,19,67,68] Daicel, [67,68]
coated on silica gel

Chiralcel OC Cellulose tris(phenylcarbamate) coated on silica gel [19] Daicel
Chiralcel OJ Cellulose tris(4-methylbenzoate) coated on silica gel [19] Daicel

Polysaccharides Chiralcel OB Cellulose tribenzoate coated on silica gel [19] Daicel
Chiralpak AD Amylose tris(3,5-dimethylphenylcarbamate) coated on [19,69] Daicel

silica gel
Chiralpak AS Amylose tris[1-(S)-phenylethylcarbamate] coated on [70] Daicel

silica gel

– Mixed cellulose 10-undecenoate/tris(3,5-dimethyl- [59,71] [51]
phenylcarbamate) bonded on silica gel

– Mixed amylose 10-undecenoate/tris(3,5-dimethyl- [71] [56]
phenylcarbamate) bonded on silica gel

Cyclodextrins Cyclobond I Cyclodextrin immobilized on silica gel [19,22,72] Astec
Hyd-β-CD Hydroxypropyl-β-cyclodextrin [23] Merck,[23]

DNBPG-co 3,5-Dinitrobenzoylphenylglycine covalently bonded [19,21,73–78] Regis
on silica gel

ChyRoSine-A 3,5-Dinitrobenzoyltyrosine butylamide [79] Sedere
Pirkle-1J 3,5-Dinitrobenzoyl-β-lactam derivative [80] Regis

Pirkle type α-Burke 2 Dimethyl N-3,5-dinitrobenzoyl-α-amino-2,2-dimethyl- [80] Regis
4-pentenyl phosphonate bonded to silica

ULMO N-dinitrobenzoyl-N’-undecenoyl-diphenylethanediamine [81] Regis
– Cis-3-(1,1-dimethylethyl)-4-phenyl-2-azetidinone [82] [82]

Quaternary ammonium derivative of 3,5-Dinitro-
benzoyl-L-leucine on α-zirconium phosphate [83] [83]

– (S)-N-undecenoylproline 3,5-dimethoxyanilide [80] [80]
bonded on silica gel

Poly-PEA Poly[(S)-N-acryloylphenylethylamine ethyl ester] [21,84,85] [84]
Polyacrylamides PolyCHMA Poly[(S)-N-methacryloyl-2-cyclohexylethylamine] [84] [84]

D-ChiraSpher Poly[(S)-N-acryloylphenylalanine ethyl ester] [11,23,86] Merck

Polystyrene-Prol L or D-proline bonded to polystyrene [87] [87]
LEC Chirosolve-pro L or D-proline bonded to polyacrylamide [88] UPS Chimie

NucleosilChiral-1 L-hydroxyproline Cu2+ complexes bonded on silica gel [33] Macherey-Nagel

Antibiotics Teicoplanin Chirobiotic T [89] Astec
Vancomicin Chirobiotic V [89] Astec
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1.3.1.2 Flash Chromatography

Flash chromatography is widely employed for the purification of crude products
obtained by synthesis at a research laboratory scale (several grams) or isolated as
extracts from natural products or fermentations. The solid support is based on silica
gel, and the mobile phase is usually a mixture of a hydrocarbon, such as hexane or
heptane, with an organic modifier, e.g. ethyl acetate, driven by low pressure air.
(Recently the comparison of flash chromatography with countercurrent chromato-
graphy (CCC), a technique particularly adapted to preparative purposes, has been
studied for the separation of nonchiral compounds [90].)

With regard to the resolution of enantiomers, some applications can be found with
modified silica gel supports. Thus, a Pirkle-type CSP was used for the separation of
200 mg of a racemic benzodiazepinone [75]. Also tris-(3,5-dimethylphenyl)carba-
mate of cellulose coated on silica C18 [91, 92] was applied successfully to the reso-
lution of the enantiomers of 2-phenoxypropionic acid and to oxprenolol, alprenolol,
propranolol among other basic drugs. However, the low efficiency of this technique
and the relative high price of the CSPs limits its use to the resolution of milligram
range of sample.

1.3.1.3 Simulated Moving Bed (SMB)

The simulated moving bed (SMB) technology was patented in the early 1960s as a
binary continuous separation technique. It consists of a series of several columns
connected to each other head-to-tail, simulating an annular column. The eluent
source, the feed of mixture to process and the two collecting positions move along
this circle in such a way that mimics a relative countercurrent movement between the
mobile and the stationary phases. This makes compatible the continuous injection of
mixture to be purified, and the recovery of two different fractions with the chro-
matographic process [93]. The feature of being continuous was considered an advan-
tage in order to be included in a production chain, when related to other existing sep-
aration techniques that act mainly in a batch basis. Although the ability to obtain two
fractions from a mixture might be seen as a limitation, SMB found very important
applications in the petro-chemical and sugar industries [94]. However, it was not
until some decades later that such a binary technique was realized to be advanta-
geous and especially suited to the separation of enantiomeric mixtures.

Since the first separation of enantiomers by SMB chromatography, described in
1992 [95], the technique has been shown to be a perfect alternative for preparative
chiral resolutions [10, 21, 96, 97]. Although the initial investment in the instrumen-
tation is quite high – and often prohibitive for small companies – the savings in
solvent consumption and human power, as well as the increase in productivity,
result in reduced production costs [21, 94, 98]. Therefore, the technique would be
specially suitable when large-scale productions (≥100 g) of pure enantiomers are
needed. Despite the fact that SMB can produce enantiomers at very high enan-
tiomeric excesses, it is sometimes convenient to couple it with another separation
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technique, often crystallization [11, 94], in order to increase the global productivity
[10].

The type of CSPs used have to fulfil the same requirements (resistance, loadabil-
ity) as do classical chiral HPLC separations at preparative level [99], although dif-
ferent particle size silica supports are sometimes needed [10]. Again, to date the
polysaccharide-derived CSPs have been the most studied in SMB systems, and a
large number of racemic compounds have been successfully resolved in this way
[95–98, 100–108]. Nevertheless, some applications can also be found with CSPs
derived from polyacrylamides [11], Pirkle-type chiral selectors [10] and cyclodex-
trin derivatives [109]. A system to evaporate the collected fractions and to recover
and recycle solvent is sometimes coupled to the SMB. In this context the application
of the technique to gas can be advantageous in some cases because this part of the
process can be omitted [109].

Enantiomeric drugs or intermediates in their synthesis are the compounds most
often purified with this technology and reported in the literature, although many res-
olutions performed in the industry have not been published for reasons of confiden-
tiality. Some of the most recent examples in the field are summarized in Fig. 1-1.

1.3.1.4 Closed-loop Recycling with Periodic Intra-profile Injection (CLRPIPI)

An intermediate approach between HPLC and SMB chromatography, called
“closed-loop recycling with periodic intra-profile injection” (CLRPIPI) has been
described recently [110]. This is a new binary preparative separation technique
whose concept implies the combination of recycling with peak shaving and SMB.
Thus, once the pure fractions of the peaks are collected, the partially resolved frac-
tion is recycled into the column. A new injection of fresh sample is then produced
just between the two partially resolved peaks. The new mixture passes through the
column, at the end of which pure fractions are collected while the partially resolved
fraction is recycled again, and the process is repeated. This is similar to SMB as it is
a binary technique, but it is not continuous. The capital cost of this system is sub-
stantially lower than that of SMB devices but a high productivity is maintained. It
can be a good alternative when the amount of enantiomers to purify is not high
enough to justify the investment of a SMB instrument. Some examples of the use of
this technique in the purification of enantiomers, either by derivatization and sepa-
ration, on a nonchiral column [111], or by direct resolution on a CSP (Chiralpak AS)
[112] can be found in the literature.

1.3.1.5 Countercurrent Chromatography (CCC/CPC)

Countercurrent chromatography (CCC) refers to a chromatographic technique which
allows the separation of solutes in a two-phase solvent system subjected to a gravi-
tational field. Two immiscible liquid phases, constituted by one or more solvents or
solutions, are submitted to successive equilibria, where the solutes to be separated
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are partitioned on the basis of their different affinity for one or the other phase. The
chromatographic process occurs between them without any solid support. The CCC
instruments maintain one of the liquid phases as stationary by means of the cen-
trifugal force, while the other is pumped through as mobile phase [113–115]. Inter-
est in the technique has favored the development of improved devices based on the
same principle, namely the retention of the liquid phases by means of a centrifugal
field, but with slight technical modifications. Thus, classical CCC devices use a vari-
able-gravity field produced by a two-axis gyration mechanism, while centrifugal
partition chromatography (CPC) devices are based on the use of a constant-gravity
field produced by a single-axis rotation mechanism [113–115]. Both CCC and CPC
preparative-scale instruments are available commercially [116].

The technique has some advantages relating to the traditional liquid–solid sepa-
ration methods. The most important of these is that all the stationary phase takes part
in the separation process, whereas the activity of a solid phase is mainly concen-
trated in the surface of the support, an important part of this being completely inert.
This fact increases the loading capacity of the phase, and this is the reason why CCC
is especially suited for preparative purposes. Therefore, modern CCC overcomes the
disadvantages of direct preparative chromatography by HPLC with regard to the
high cost of the chiral solid stationary phase and its relatively limited loadability.

From the pioneering studies of Ito et al. [117], CCC has been mainly used for the
separation and purification of natural products, where it has found a large number of
applications [114, 116, 118, 119]. Moreover, the potential of this technique for
preparative purposes can be also applied to chiral separations. The resolution of
enantiomers can be simply envisaged by addition of a chiral selector to the station-
ary liquid phase. The mixture of enantiomers would come into contact with this li-
quid CSP, and enantiodiscrimination might be achieved. However, as yet few exam-
ples have been described in the literature.

The first partial chiral resolution reported in CCC dates from 1982 [120]. The sep-
aration of the two enantiomers of norephedrine was partially achieved, in almost 4
days, using (R,R)-di-5-nonyltartrate as a chiral selector in the organic stationary
phase. In 1984, the complete resolution of d,l-isoleucine was described, with N-
dodecyl-L-proline as a selector in a two-phase buffered n-butanol/water system con-
taining a copper (II) salt, in approximately 2 days [121]. A few partial resolutions of
amino acids and drug enantiomers with proteic selectors were also published [122,
123].

However, it was not until the beginning of 1994 that a rapid (<1.5 h) total resolu-
tion of two pairs of racemic amino acid derivatives with a CPC device was published
[124]. The chiral selector was N-dodecanoyl-L-proline-3,5-dimethylanilide (1) and
the system of solvents used was constituted by a mixture of heptane/ethyl
acetate/methanol/water (3:1:3:1). Although the amounts of sample resolved were
small (2 ml of a 10 mM solution of the amino acid derivatives), this separation
demonstrated the feasibility and the potential of the technique for chiral separations.
Thus, a number of publications appeared subsequently. Firstly, the same chiral selec-
tor was utilized for the resolution of 1 g of (±)-N-(3,5-dinitrobenzoyl)leucine with a
modified system of solvents, where the substitution of water by an acidified solution
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ensured the total retention of the chiral selector in the stationary phase [125]. The
separation of 2 g of the same leucine derivative employing the pH-zone refining
technique with the same instrument was later described [127]. (The elution pattern
of pH-zone-refining CCC bears a remarkable resemblance to that observed in dis-
placement chromatography and allows the displacement of ionizable molecules
through the CCC column by means of a pH gradient [116, 126].)

Recently, two examples of the separation of enantiomers using CCC have been
published (Fig. 1-2). The complete enantiomeric separation of commercial d,l-
kynurenine (2) with bovine serum albumin (BSA) as a chiral selector in an aque-
ous–aqueous polymer phase system was achieved within 3.5 h [128]. Moreover, the
chiral resolution of 100 mg of an estrogen receptor partial agonist (7-DMO, 3) was
performed using a sulfated β-cyclodextrin [129, 130], while previous attempts with
unsubstituted cyclodextrin were not successful [124]. The same authors described
the partial resolution of a glucose-6-phosphatase inhibitor (4) with a Whelk-O
derivative as chiral selector (5) [129].

Fig. 1-2. Several racemates resolved by CCC (2, 3, 4) and some of the chiral selectors used (1, 5) 
(see text).

The CCC instruments have even been used as enzymatic reactors to carry out
enantioselective processes. Thus, the hydrolysis of 2-cyanocyclopropyl-1,1-dicar-
boxylic acid dimethylester including a bacterial esterase in the stationary phase was
reported [131]. After 8 h, the procedure yielded the desired product automatically,
without any extraction and with an 80 % e.e.
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1.3.2 Subcritical and Supercritical Fluid Chromatography

Supercritical fluid chromatography (SFC) refers to the use of mobile phases at tem-
peratures and pressures above the critical point (supercritical) or just below (sub-
critical). SFC shows several features that can be advantageous for its application to
large-scale separations [132–135]. One of the most interesting properties of this
technique is the low viscosity of the solvents used that, combined with high diffu-
sion coefficients for solutes, leads to a higher efficiency and a shorter analysis time
than in HPLC.

As a matter of fact, the main advantage in comparison with HPLC is the reduc-
tion of solvent consumption, which is limited to the organic modifiers, and that will
be nonexistent when no modifier is used. Usually, one of the drawbacks of HPLC
applied at large scale is that the product must be recovered from dilute solution and
the solvent recycled in order to make the process less expensive. In that sense, SFC
can be advantageous because it requires fewer manipulations of the sample after the
chromatographic process. This facilitates recovery of the products after the separa-
tion. Although SFC is usually superior to HPLC with respect to enantioselectivity,
efficiency and time of analysis [136], its use is limited to compounds which are
soluble in nonpolar solvents (carbon dioxide, CO2). This represents a major draw-
back, as many of the chemical and pharmaceutical products of interest are relatively
polar.

Although some applications for preparative-scale separations have already been
reported [132] and the first commercial systems are being developed [137, 138],
examples in the field of the resolution of enantiomers are still rare. The first prepar-
ative chiral separation published was performed with a CSP derived from (S)-N-(3,5-
dinitrobenzoyl)tyrosine covalently bonded to γ-mercaptopropyl silica gel [21]. A
productivity of 510 mg/h with an enantiomeric excess higher than 95 % was
achieved for 6 (Fig. 1-3).

Examples with other Pirkle-type CSPs have also been described [139, 140]. In
relation to polysaccharides coated onto silica gel, they have shown long-term stabil-
ity in this operation mode [141, 142], and thus are also potentially good chiral selec-
tors for preparative SFC [21]. In that context, the separation of racemic gliben-
clamide analogues (7, Fig. 1-3) on cellulose- and amylose-derived CSPs was
described [143].

Fig. 1.3. Chemical structures of racemic compounds resolved by SFC.
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1.3.3 Gas Chromatography

Gas chromatography (GC) has also been used for preparative purposes, but is
restricted to relatively volatile racemates such as anesthetics, pheromones or
monoterpenes and, therefore, very few applications are reported. Nevertheless, in the
cases to which GC may be applied, it could be considered as an economical alterna-
tive to HPLC. Most of the resolutions of enantiomers were performed on cyclodex-
trin-derived CSPs [109, 144–153], and only on very few occasions were other chiral
selectors used [153].

One of the latest resolutions of the anesthetic enflurane (8) has been performed by
preparative GC on a γ-cyclodextrin CSP, the process later being scaled-up via SMB
[109] (Fig. 1-4). This is the first GC-SMB separation described.

Fig. 1-4. Resolution of enflurane by GC.

1.4 Enantioselective Membranes

Membrane-based separation techniques constitute nowadays well-established pro-
cess methods for industrial treatments of fluids. Like SMB, membrane-based sepa-
rations can be performed in continuous mode. In the field of preparative-scale enan-
tiodiscrimination, much effort has been invested in this subject due its high potential
[154, 155]. (Chapter 5 of this book is devoted to the subject, and further discusses
the advantages and applications of membrane technologies.)

The first successful chiral resolutions through enantioselective membranes have
been published recently, but few cases are applicable to the preparative scale, mainly
due to mechanical and technical limitations. Low flow rates, saturation of the chiral
selectors and loss of enantioselectivity with time are some of the common problems
encountered and that should be solved in the near future.

Enantioselective transport processes can be achieved either with solid or liquid
membranes (Fig. 1-5). In this latter case, the liquid membrane can be supported by
a porous rigid structure, or it can simply be an immiscible liquid phase between two
solutions with the same character (aqueous or nonaqueous), origin and destination

1.4 Enantioselective Membranes 13



of the compound to be transported [154]. The membrane is then simply a technical
tool which permits a type of liquid–liquid extraction to be performed. In all cases the
membrane should contain the chiral selector to carry out the separation of enan-
tiomers.

The nature of enantioselective solid membranes can be very diverse. Chiral syn-
thetic and semisynthetic polymers have been applied directly for this purpose, but
other chiral molecules have also proved to be useful after immobilization on a
nonchiral porous membrane. Polysaccharide derivatives, especially cellulose carba-
mates [156–159], acrylic polymers, poly(α-amino acids) [160–162] and polyacety-
lene-derived polymers are some of the polymeric selectors that have been successful
in the resolution of racemic mixtures by this method. The high loadability of these
compounds, already demonstrated in HPLC and other classical applications, makes
them very attractive in continuous processes. Moreover, the filmogenic properties of
some of them, such as the polysaccharide derivatives, are interesting characteristics
when the formation of a membrane is envisaged. More recently, the introduction of
molecular imprinted polymers (MIPs) to membrane technologies has been described
as a promising alternative [163–166]. Among the chiral molecules immobilized on a
nonchiral rigid support membrane to perform an enantioselective separation are
amino acids and proteins, such as BSA [167–169]. The main limitation in the case
of solid membranes is the silting that occurs when all recognition sites have been
occupied and there is no real transport through the membrane. An ingenious system
has been described [159] to take advantage of this phenomenon for the separation of
enantiomers.

Liquid membranes can be constituted by liquid chiral selectors used directly [170]
or by solutions of the chiral molecules in polar or apolar solvents. This later possi-
bility can also be an advantage since it allows the modulation of the separation con-
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ditions. Chiral crown ethers [171–173], cyclodextrins [174] and amino acid deriva-
tives [19–22] have been successfully used in the resolution of free amino acids
[175–178], amino acid derivatives [175], cyclic and heterocyclic compounds [174]
and also racemic drugs, such as the β-blockers propranolol and bupranolol [177].

Another possibility of constructing a chiral membrane system is to prepare a solu-
tion of the chiral selector which is retained between two porous membranes, acting
as an enantioselective liquid carrier for the transport of one of the enantiomers from
the feed solution of the racemate to the receiving side (Fig. 1-5). This system is often
referred to as membrane-assisted separation. The selector should not be soluble in
the solvent used for the elution of the enantiomers, whose transport is driven by a
gradient in concentration or pH between the feed and receiving phases. As a draw-
back common to all these systems, it should be mentioned that the transport of one
enantiomer usually decreases when the enantiomer ratio in the permeate diminishes.
Nevertheless, this can be overcome by designing a system where two opposite selec-
tors are used to transport the two enantiomers of a racemic solution simultaneously,
as it was already applied in W-tube experiments [171].

Most of the chiral membrane-assisted applications can be considered as a modal-
ity of liquid–liquid extraction, and will be discussed in the next section. However, it
is worth mentioning here a device developed by Keurentjes et al., in which two mis-
cible chiral liquids with opposing enantiomers of the chiral selector flow counter-
currently through a column, separated by a nonmiscible liquid membrane [179]. In
this case the selector molecules are located out of the liquid membrane and both
enantiomers are needed. The system allows recovery of the two enantiomers of the
racemic mixture to be separated. Thus, using dihexyltartrate and poly(lactic acid),
the authors described the resolution of different drugs, such as norephedrine, salbu-
tamol, terbutaline, ibuprofen or propranolol.

1.5 Other Methods

1.5.1 Chiral Extractions

Liquid-liquid extraction is a basic process already applied as a large-scale method.
Usually, it does not require highly sophisticated devices, being very attractive for the
preparative-scale separation of enantiomers. In this case, a chiral selector must be
added to one of the liquid phases. This principle is common to some of the separa-
tion techniques described previously, such as CCC, CPC or supported-liquid mem-
branes. In all of these, partition of the enantiomers of a mixture takes place thanks
to their different affinity for the chiral additive in a given system of solvents.

The instrumentation which until now has been used in chiral extraction experi-
ments is very diverse, ranging from the simple extraction funnel [123, 180], the U-
or W-tubes [171, 181], to more sophisticated devices, such as hollow-fiber extraction
apparatus [175] or other membrane-assisted systems. Most of these experiments
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have been brought about at a reduced scale, though the potential of the extraction
techniques is very promising. In principle, the type of chiral additives used can be
the same as the selectors applied to supported-liquid membranes or CCC. Neverthe-
less, as all the chiral recognition process occurs in solution, and an aqueous phase is
often involved, the solvation of selector and racemate molecules competes with the
chiral interactions selector-enantiomers, especially those implying hydrogen bonds.
Therefore, it is very often the case that chiral selectors with very high chiral recog-
nition abilities are needed [171, 182, 183]. The main disadvantage of liquid–liquid
extraction in the separation of enantiomers is the need for an additional treatment to
separate the chiral selector from the phase containing one of the enantiomers of the
resolved racemate.

Early examples of enantioselective extractions are the resolution of α-aminoalco-
hol salts, such as norephedrine, with lipophilic anions (hexafluorophosphate ion)
[184–186] by partition between aqueous and lipophilic phases containing esters of
tartaric acid [184–188]. Alkyl derivatives of proline and hydroxyproline with cupric
ions showed chiral discrimination abilities for the resolution of neutral amino acid
enantiomers in n-butanol/water systems [121, 178, 189–192]. On the other hand,
chiral crown ethers are classical selectors utilized for enantioseparations, due to their
interesting recognition abilities [171, 178]. However, the large number of steps often
required for their synthesis [182] and, consequently, their cost as well as their lim-
ited loadability makes them not very suitable for preparative purposes. Examples of
ligand-exchange [193] or anion-exchange selectors [183] able to discriminate amino
acid derivatives have also been described.

Proteins (BSA or ovomucoid, OVM) have also been successful in the preparative
resolution of enantiomers by liquid–liquid extraction, either between aqueous and
lipophilic phases [181] or in aqueous two-phase systems (ATPS) [123, 180]. The res-
olution of d,l-kynurenine [180] and ofloxacin and carvediol [123] were performed
using a countercurrent extraction process with eight separatory funnels. The signi-
ficant number of stages needed for these complete resolutions in the mentioned ref-
erences and others [123, 180, 189], can be overcome with more efficient techniques.
Thus, the resolution of d,l-kynurenine performed by Sellergren et al. in 1988 by
extraction experiments was improved with CCC technologies 10 years later [128].

It is worth noting that the extractive process can be performed continuously. Thus,
the separation of (±)-mandelic acid into its enantiomers was achieved with a liquid
particle extractor described by Abe et al. [190–192] using N-docecyl-L-proline as
chiral selector.

1.5.2 Preparative Gel Electrophoresis and Thin-Layer 
Chromatography

Recently, the separation of some milligram quantities of terbutaline by classical gel
electrophoresis has been reported [194]. A sulfated cyclodextrin impregnated on the
agarose gel was used as a chiral selector and the complete resolution was achieved
in 5 h. Analogously, small amounts of enantiomers can be isolated using thin-layer
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chromatographic supports impregnated with chiral selectors [195–197]. However,
these techniques seem, at present, far from being applicable to the resolution of
important amounts of racemates.

1.5.3 Enantioselective Distillation and Foam Flotation

Among the existing separation techniques, some – due to their intrinsic characteris-
tics – are more adapted than others to processing large amounts of material. Such pro-
cesses, which already exist at industrial level, can be considered in order to perform
an enantioselective separation. This is the case for techniques such as distillation and
foam flotation, both of which constitute well-known techniques that can be adapted
to the separation of enantiomers. The involvement of a chiral selector can be the clue
which changes a nonstereoselective process into an enantioselective one. Clearly, this
selector must be adapted to the characteristics and limitations of the process itself.

Several chiral selectors have been used in the separation of enantiomers by distil-
lation [198]. Among them, the bisalcohol 8 (Fig. 1-6) has permitted obtainment of
the ketone (+)-9 with an enantiomeric excess of 95 %. This example shows the fea-
sibility of the process even though, in this particular case, the price of the chiral
selector might prohibit scale-up of the separation.

Fig. 1-6. Chemical structures
of the chiral selector (8) used
in the resolution of 9 by
distillation.

In another example of enantioselective distillation, it was the enantiomeric mix-
ture to resolve itself which contributed to create a chiral environment. Thus, non-
racemic mixtures of α-phenylethylamine were enantiomerically enriched by sub-
mitting to distillation different salts of this amine with achiral acids [199].

The main advantage of distillation over other separation techniques is the absence
of solvent involved. This feature can contribute to a reduction in the price of an enan-
tioselective separation. In the search of other economical process-scale enantiomeric
separations, foam flotation or froth flotation can be considered. To our knowledge,
only one example has been described [200] regarding the application of foam flota-
tion to the separation of enantiomers that shows the method to be feasible. Several
derivatives of L-hydroxyproline, β-cyclodextrin derivatives, such as permethylated
β-cyclodextrin, vancomicin and digitonin were used as chiral foaming agents for the
separation of racemic amino acid derivatives and drugs such as warfarin, and with
different results. The best separation described is the obtainment of N-tert-butoxy-
carbonyl-D-phenylalanine (10) with a 76 % e.e. when using permethyl-β-cyclodex-
trin in a foaming column of 40 cm length (Fig. 1-7).
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1.6 Global Considerations

All enantioselective separation techniques are based on submitting the enantiomeric
mixture to be resolved to a chiral environment. This environment is usually created
by the presence of a chiral selector able to interact with both enantiomers of the mix-
ture, albeit with different affinities. These differences in the enantiomer–selector
association will finally result in the separation that is sought.

Ideal chiral selectors to be used in preparative separations should fulfil certain
properties. In general, high loadability is one of the most interesting features for
large-scale purposes, but high enantioselectivity, high chemical stability, low cost
and broad applicability are also very important issues. None of these properties can
be considered independently.

Very high values of enantioselectivity can be attained with specific selectors for
particular enantiomers [182, 201–204]. Nevertheless, the application domain is
reduced consequently. Values of chromatographic enantioselectivity over 40 have
been reported either in normal phase conditions [201, 202] or in aqueous mobile
phases [204]. These high enantioselectivities can represent an increase in the load-
ing capacity that could cause a reduction of the global cost of the separation. How-
ever, the long elution time of the second enantiomer would not be convenient for
practical purposes when using chromatography. In contrast, other separation tech-
niques would take profit of this characteristic. Thus, liquid–liquid extraction of aro-
matic amino acids was successfully achieved with a highly enantioselective syn-
thetic receptor by Mendoza et al. [182]. In this case, however, the scale-up of this
separation would be hardly feasible due to the large number of steps needed for the
synthesis of the receptor.

A compromise among all the properties mentioned herein should be established,
depending on the technique used and on the particular application. Preparative sep-
aration of enantiomers is still an open subject which requires further investigation in
the search of new chiral selectors and techniques well adapted to large scale pro-
cesses.

18 1 Techniques in preparative chiral separations

Fig. 1-7. Racemic aminoacid derivatives

resolved and chiral selector used as foam-

ing agent.



References

[1] J. Jacques, A. Collet, S. H. Wilen, Enantiomers, racemates and resolutions, Wiley Interscience,
New York (1981).

[2] C. R. Bayley, N. A. Vaidya, in Chirality and Industry, A. N. Collins, G. N. Sheldrake, J. Crosby
(Eds.), Wiley, Chichester (1992) pp. 69–77.

[3] V. M. L. Wood, “Crystal science techniques in the manufacture of chiral compounds” in Chirality
and Industry II. Developments in the Manufacture and applications of optically active compounds,
A. N. Collins, G. N. Sheldrake, J. Crosby (Eds.), John Wiley & Sons, New York (1997) Chapter 7.

[4] T. Shiraiwa, H. Miyazaki, M. Ohkubo, A. Ohta, A. Yoshioka, T. Yamame, H. Kurokawa, Chirality,
8 (1996) 197.

[5] T. Shiraiwa, H. Miyazaki, A. Ohta, K. Motonaka, E. Kobayashi, M. Kubo, H. Kurokawa, Chirality,
9 (1997) 656.

[6] T. Shiraiwa, H. Miyazaki, T. Watanabe, H. Kurokawa, Chirality, 9 (1997) 48.
[7] T. Shiraiwa, H. Miyazaki, H. Kurokawa, Chirality, 6 (1994) 654.
[8] T. Buhse, D. K. Kondepudi, B. Hoskins, Chirality, 11 (1999) 343.
[9] D. K. Kondepudi, M. Culha, Chirality, 10 (1998) 238.

[10] J. Blehaut and R. M. Nicoud, Analusis, 26 (1998) M60.
[11] D. Seebach, M. Hoffmann, A. R. Sting, J. N. Kinkel, M. Schulte, E. Küsers, J. Chromatogr. A, 796

(1998) 299.
[12] R. Tamura, T. Ushio, H. Takahashi, K. Nakamura, N. Azuma, F. Toda, K. Endo, Chirality, 9 (1997)

220.
[13] R. Tamura, H. Takahashi, T. Ushio, Y. Nakajima, K. Hirotsu, F. Toda, Enantiomer, 3 (1998) 149.
[14] Takahashi, R. Tamura, T. Ushio, Y. Nakajima, K. Hirotsu, Chirality, 10 (1998) 705.
[15] T. Vries, H. Wynberg, E. van Echten, J. Koek, W. ten Hoeve, R. M. Kellogg, Q. B. Broxterman, A.

Minnaard, B. Kaptein, S. van der Sluis, L. Hulshof, J. Kooistra, Angew. Chem. Intl. Ed. Engl., 37
(1998) 2349.

[16] T. Toda, K. Tanaka, M. Watanabe, T. Abe, N. Harada, Tetrahedron Asymm., 6 (1995) 1495.
[17] Q.-S. Hu, D. Vitharana, L. Pu, Tetrahedron Asymm., 6 (1995) 2123.
[18] R. Yoshioka, O. Ohtsuki, T. Da-Te, K. Okamura, M. Senuma, Bull. Chem. Soc. Jpn., 67 (1994)

3012.
[19] E. Francotte, J. Chromatogr. A, 666 (1994) 565.
[20] E. Francotte, Chimia, 51 (1997) 717.
[21] E. Francotte, “Chromatography as a separation tool for the preparative resolution of racemic com-

pounds” in Chiral separations, applications and technology, S. Ahuja (Ed.), American Chemical
Society, Washington (1997) Chapter 10.

[22] W. H. Pirkle and B. C. Hamper, “The direct preparative resolution of enantiomers by liquid chro-
matography on chiral stationary phases” in Preparative Liquid Chromatography, B. A. Bidling-
meyer (Ed.), Journal Chromatography Library Vol. 38, 3rd Edition, Elsevier Science Publishers B.
V., Amsterdam (1991) Chapter 7.

[23] J. Dingenen, J. N. Kinkel, J. Chromatogr. A, 666 (1994) 627.
[24] A. Siedel-Morgenstern, Analusis, 26 (1998) M46.
[25] G. B. Cox, Analusis, 26 (1998) M70.
[26] S. G. Allenmark, Chromatographic Enantioseparations: methods and applications, Chichester,

Ellis Horwood (1991) 2nd Ed.
[27] S. G. Allenmark, “Separation of enantiomers by protein-based chiral phases” in A practical

approach to chiral separations by liquid chromatography, G. Subramanian, VCH, Weinheim (1994)
Chapter 7.

[28] B. Sellergren, “Enantiomer separation using tailor-made phases prepared by molecular imprinting”
in A practical approach to chiral separations by liquid chromatography, G. Subramanian, VCH,
Weinheim (1994) Chapter 4.

[29] V. T. Remcho, Z. J. Tan, Anal. Chem., 71 (1999) 248A.
[30] O. Ramström, R. J. Ansell, Chirality, 10 (1998) 195.
[31] V. A. Davankov, “Ligand-exchange phases” in Chiral Separations by HPLC, A. M. Krstulovic, Ellis

Horwood Ltd., Chichester (1989) Chapter 15.

References 19



[32] V. A. Davankov, J. Chromatogr. A, 666 (1994) 55.
[33] S. B. Thomas, B. W. Surber, J. Chromatogr., 586 (1991) 265.
[34] A. Berthod, Y. Liu, C. Bagwill, D. W. Armstrong, J. Chromatogr. A, 731 (1996) 123.
[35] T. J. Ward, D. W. Armstrong, “Cyclodextrin-stationary phases” in Chromatographic chiral separa-

tions, M. Zief, L. J. Crane (Eds.), Chromatographic Science Series, Vol. 40, Marcel Dekker, New
York (1988) Chapter 5.

[36] A. M. Stalcup, “Cyclodextrin bonded chiral stationary phases in enantiomer separations” in A prac-
tical approach to chiral separations by liquid chromatography, G. Subramanian, VCH, Weinheim
(1994) Chapter 5.

[37] D. W. Armstrong, Y. Tang, S. Chen, Y. Zhou, C. Bagwill, J. R. Chen, Anal. Chem., 66 (1994) 1473.
[38] D. W. Armstrong, Y. Liu, K. H. Ekborg-Ott, Chirality, 7 (1995) 474.
[39] A. Berthod, U. B. Nair, C. Bagwill, D. W. Armstrong, Talanta, 43 (1996) 1767.
[40] G. Blaschke, “Substituted polyacrylamides as chiral phases for the resolution of drugs” in Chro-

matographic chiral separations, M. Zief, L. J. Crane (Eds.), Chromatographic Science Series, Vol.
40, Marcel Dekker, New York (1988) Chapter 7.

[41] J. N. Kinkel, “Optically active polyacrylamide/silica composites and related packings and their
application to chiral separations” in A practical approach to chiral separations by liquid chro-
matography, G. Subramanian, VCH, Weinheim (1994) Chapter 8.

[42] E. Francotte, R. M.Wolf, Chirality, 3 (1991) 43.
[43] E. Francotte, R. M. Wolf, J. Chromatogr., 595 (1992) 63.
[44] J. Dingenen, “Polysaccharide phases in enantioseparations” in A practical approach to chiral sep-

arations by liquid chromatography, G. Subramanian, VCH, Weinheim (1994) Chapter 6.
[45] E. Yashima, Y. Okamoto, Bull. Chem. Soc. Jpn., 68 (1995) 3289.
[46] E. Yashima, C. Yamamoto, Y. Okamoto, Synlett, 4 (1998) 344.
[47] Y. Okamoto, E. Yashima, Angew. Chem. Intl. Ed. Engl., 37 (1998) 1020.
[48] K. M. Kirkland, J. Chromatogr. A., 718 (1995) 9.
[49] K. Oguni, H. Oda, A. Ichida, J. Chromatogr. A, 694 (1995) 91-100.
[50] L. Oliveros, P. López, C. Minguillón, P. Franco, J. Liq. Chromatogr., 18 (1995) 1521.
[51] C. Minguillón, P. Franco, L. Oliveros, P. López, J. Chromatogr. A, 728 (1996) 407.
[52] C. Minguillón, P. Franco, L. Oliveros, J. Chromatogr. A, 728 (1996) 415.
[53] L. Oliveros, P. Franco, A. Senso, C. Minguillón, Am. Biotech. Lab., 14 (1996) 34.
[54] C. Minguillón, A. Senso, L. Oliveros, Chirality, 9 (1997) 145.
[55] L. Oliveros, A. Senso, P. Franco, C. Minguillón, Chirality, 10 (1998) 283.
[56] P. Franco, A. Senso, C. Minguillón, L. Oliveros, J. Chromatgr. A, 796 (1998) 265.
[57] A. Senso, L. Oliveros, C. Minguillón, J. Chromatgr. A, 839 (1999) 15.
[58] P. Franco, C. Minguillón, L. Oliveros, J. Chromatogr. A, 793 (1998) 239.
[59] L. Oliveros, C. Minguillón, B. Serkiz, F. Meunier, J. P. Volland, A. Cordi, J. Chromatogr. A, 729

(1996) 29.
[60] E. Francotte, Chirality, 10 (1999) 492.
[61] E. Francotte, D. Lohmann, Helv. Chim. Acta, 70 (1987) 1569.
[62] E. Francotte, R. M.Wolf, Chirality, 2 (1990) 16.
[63] E. Francotte, R. W. Lang, T. Winkler, Chirality, 3 (1991) 177.
[64] J. M. Janssen, S. Copinga, G. Gruppen, R. Isaksson, D. T. Witte, C. J. Grol, Chirality, 6 (1994) 596.
[65] R. Oehrlein, R. Jeschke, B. Ernst, D. Bellus, Tetrahedron Letters, 30 (1989) 3517.
[66] R. M.Wolf, E. Francotte, J. Hainmüller, Chirality, 5 (1993) 538.
[67] J. Wagner, H. J. Hamann, W. Dopke, A. Kunath, E. Hoft, Chirality, 7 (1995) 243.
[68] M. E. Tiritan, Q. B. Cass, A. del Alamo, S. A. Matlin, S. J. Grieb, Chirality, 7 (1995) 573.
[69] E. Küsters, J. Nozulak, Chromatographia, 47 (1998) 440.
[70] L. Miller, C. Orihuela, R. Fronek, D. Honda, O. Dapremont, J. Chromatogr. A, 849 (1999) 309.
[71] C. Cativiela, M. D. Díaz-de-Villegas, A. I. Jiménez, P. López, M. Marraud, L. Oliveros, Chirality,

11 (1999) 583.
[72] C. J. Shaw, P. J. Sanfilippo, J. J. McNally, S. A. Park, J. B. Press, J. Chromatogr., 631 (1993) 173.
[73] W. H. Pirkle, J. M. Finn, J. Org. Chem., 47 (1982) 4037.
[74] W. H. Pirkle, A. Tsipouras, J. Chromatogr., 291 (1984) 291.
[75] W. H. Pirkle, A. Tsipouras, T. J. Sowin, J. Chromatogr., 319 (1985) 392.
[76] W. H. Pirkle, T. C. Pochapsky, G. S. Mahler, D. E. Corey, D. S. Reno, D. M. Alessi, J. Org. Chem.,

51 (1986) 4991.

20 1 Techniques in preparative chiral separations



[77] W. H. Pirkle, T. J. Sowin, J. Chromatogr., 396 (1987) 83.
[78] A. Tambuté, P. Gareil, M. Caude, R. Rosset, J. Chromatogr., 363 (1986) 81.
[79] M. Caude, A. Tambuté, L. Siret, J. Chromatogr., 550 (1991) 357.
[80] W. H. Pirkle, M. E. Koscho, J. Chromatogr. A, 840 (1999) 151.
[81] N. M. Maier, G. Uray, J. Chromatogr. A., 732 (1996) 215.
[82] W. H. Pirkle, J. E. McCune, J. Chromatogr., 441 (1988) 311.
[83] M. E. Garcia, J. L. Naffin, N. Deng, T. E. Mallouk, Chem. Mater., 7 (1995) 1968.
[84] G. Blaschke, J. Liq. Chromatogr., 9 (1986) 341.
[85] G. Blaschke, J. Maibaum, J. Chromatogr., 366 (1986) 329.
[86] D. Seebach, S. G. Müller, U. Gysel, J. Zimmermann, Helv. Chim. Acta, 71 (1988) 1303.
[87] V. A. Davankov, Y. A. Zolotarev, A. A. Kurganov, J. Liq. Chromatogr., 2 (1979) 1191.
[88] G. Jeanneret-Gris, C. Soerensen, H. Su, J. Porret, Chromatographia, 28 (1989) 337.
[89] Chirobiotic™ Handbook, Guide to using macrocyclic glycopeptide bonded phases for chiral LC

separations, Advanced Separation Technologies Inc. (ASTEC), 2nd Ed. Whippany, New York
(1997).

[90] W. D. Conway, E. L. Bachert, A. M. Sarlo, C. W. Chan, J. Liq. Chrom. & Rel. Technol., 21 (1998)
53.

[91] S. A. Matlin, S. J. Grieb, A. M. Belenguer, J. Chem. Soc., Chem. Commun., (1995) 301.
[92] S. J. Grieb, S. A. Matlin, A. M. Belenguer, J. Chromatogr. A, 728 (1996) 195.
[93] R. M. Nicoud, LC-GC Int., 5 (1992) 43.
[94] B. Pynnonen, J. Chromatogr. A, 827 (1998) 143.
[95] N. Negawa, F. Shoji, J. Chromatogr., 590 (1992) 113.
[96] R. M. Nicoud, G. Fuchs, P. Adam, M. Bailly, E. Küsters, F. D. Antia, R. Reuille, E. Schmid, Chi-

rality, 5 (1993) 267.
[97] C. B. Ching, B. G. Lim, E. J. D. Lee and S. C. Ng, J. Chromatogr., 634 (1993) 215.
[98] J. Strube, A. Jupke, A. Epping, H. Schmidt-Traub, M. Schulte and R. Devant, Chirality 11 (1999)

440.
[99] M. Schulte, R. Ditz, R. M. Devant, J. N. Kinkel, F. Charton, J. Chromatogr. A, 769 (1997) 93.

[100] E. Küsters, G. Gerber, F. D. Antia, Chromatographia, 40 (1995) 387.
[101] D. W. Guest, J. Chromatogr. A, 760 (1997) 159.
[102] E. Cavoy, M. F. Deltent, S. Lehoucq, D. Miggiano, J. Chromatogr. A, 769 (1997) 49.
[103] M. Mazzotti, G. Storti, M. Morbidelli, J. Chromatogr. A, 769 (1997) 3.
[104] E. R. Francotte, P. Richert, J. Chromatogr. A, 769 (1997) 101.
[105] E. Francotte, P. Richert, M. Mazzotti, M. Morbidelli, J. Chromatogr. A, 796 (1998) 239.
[106] T. Pröll, E. Küsters, J. Chromatogr. A, 800 (1998) 135.
[107] L. S. Pais, J. M. Loureiro, A. E. Rodrigues, J. Chromatogr. A, 827 (1998) 215.
[108] S. Nagamatzu, K. Murazumi, S. Makino, J. Chromatogr. A, 832 (1999) 55.
[109] M. Juza, O. di Giovanni, G. Biressi, V. Schurig, M. Mazzotti, M. Morbidelli, J. Chromatogr. A,

813 (1998) 333.
[110] C. M. Grill, J. Chromatogr. A, 796 (1998) 101.
[111] G. Nadler, C. Dartoois, D. S. Eggleston, R. C. Haltiwanger, M. Martin, Tetrahedron Asymm., 9

(1998) 4267.
[112] C. M. Grill, L. Miller, J. Chromatogr. A, 827 (1998) 359.
[113] Y. Ito, B. Mandava (Eds.), Countercurrent chromatography: theory and practice, Chromato-

graphic science Series, Vol. 44, Marcel Dekker, New York (1988).
[114] W. D. Conway (Ed.), Countercurrent Chromatography: apparatus, theory and applications, VCH

Publ., New York (1990).
[115] A. P. Foucault (Ed.), Centrifugal Partition Chromatography, Chromatographic Science Series,

Vol. 68, Marcel Dekker, New York (1995)
[116] A. P. Foucault, L. Chevolot, J. Chromatogr. A, 808 (1998) 3.
[117] Y. Ito, M. Weinstein, I. Aoki, R. Harada, E. Kimura, K. Nonugaki, Nature, 212 (1966) 985.
[118] A. Marston, K. Hostettmann, J. Chromatogr. A, 658 (1994) 315.
[119] I. A. Sutherland, L. Brown, S. Forbes, G. Games, D. Hawes, K. Hostettmann, E. H. McKerrell, A.

Marston, D. Wheatley, P. Wood, J. Liq. Chrom. & Rel. Technol., 21 (1998) 279.
[120] B. Domon, K. Hostettmann, K. Kovacevik, V. Prelog, J. Chromatogr., 250 (1982) 149.
[121] T. Takeuchi, R. Horikawa, T. Tanimura, J. Chromatogr., 284 (1984) 285.
[122] B. Ekberg, B. Sellergen, P.-A. Albertsson, J. Chromatogr., 333 (1984) 211.

References 21



[123] T. Arai, H. Kuroda, Chromatographia, 32 (1991) 56.
[124] L. Oliveros, P. Franco-Puértolas, C. Minguillón, E. Camacho-Frias, A. Foucault, F. Le Goffic, J.

Liq. Chromatogr., 17 (1994) 2301.
[125] Y. Ma, Y. Ito, A. P. Foucault, J. Chromatogr. A, 704 (1995) 75.
[126] Y. Ito, J. Chromatogr. A, 753 (1996) 1.
[127] Y. Ma, Y. Ito, Anal. Chem., 67 (1995) 3069.
[128] K. Shinomiya, Y. Kabasawa, Y. Ito, J. Liq. Chrom. & Rel. Technol., 21 (1998) 135.
[129] J. Breinholt, A. Varming, Poster presented at the 11th International Symposium on Chiral Dis-

crimination, Chicago, July 1999.
[130] J. Breinholt, S. V. Lehmann, A. Varming, Chirality (1999) 11 (1999) 768.
[131] O. R. Bousquet, J. Braun, F. Le Goffic, Tetrahedron Letters, 36 (1995) 8195.
[132] P. Jusforgues, M. Shaimi, Analusis, 26 (1998) M55.
[133] K. L. Williams, L. C. Sander, S.A.Wise, J. Pharm. Biomed. Anal., 15 (1997) 1789.
[134] K. L. Williams, L. C. Sander, J. Chromatogr. A, 785 (1997) 149.
[135] M. Perrut, J. Chromatogr., 658 (1994) 293.
[136] C. Wolf, W. H. Pirkle, J. Chromatogr. A, 799 (1998) 177.
[137] K. D. Bartle, C. D. Bevan, A. A. Clifford, S. A. Jafar, N. Malak, M. S. Verrall, J. Chromatogr. A,

697 (1995) 579.
[138] G. Fuchs, L. Doguet, D. Barth, M. Perrut, J. Chromatogr., 623 (1992) 329.
[139] P. Macaudière, M. Lienne, M. Caude, R. Rosset, A. Tambuté, J. Chromatogr., 467 (1989) 357.
[140] A. M. Blum, K. G. Lynam, E. C. Nicolas, Chirality, 6 (1994) 302.
[141] K. G. Lynam, E. C. Nicolas, J. Pharmacol. Biochem. Anal., 11 (1993) 1197.
[142] K. W. Phinney, L. C. Sander, S. A. Wise, Anal. Chem., 70 (1998) 2331.
[143] J. Whatley, J. Chromatogr. A, 697 (1995) 251.
[144] M. Lindström, N. Torbjörn, J. Roeraade, J. Chromatogr., 513 (1990) 315.
[145] V. Schurig, H. Grosenick, B. S. Green, Angew. Chem. Int. Ed. Engl., 32 (1993) 1662.
[146] I. Hardt, W. A. König, J. Chromatogr. A, 666 (1994) 611.
[147] G. Fuchs, M. Perrut, J. Chromatogr. A, 658 (1994) 437.
[148] D. U. Staerk, A. Shitangkoon, G. Vigh, J. Chromatogr. A, 663 (1994) 79.
[149] D. U. Staerk, A. Shitangkoon, G. Vigh, J. Chromatogr. A, 677 (1994) 133.
[150] D. U. Staerk, A. Shitangkoon, G. Vigh, J. Chromatogr. A, 702 (1995) 251.
[151] V. Schurig, H. Grosenick, J. Chromatogr. A, 666 (1994) 617.
[152] M. Juza, E. Braun, V. Schurig, J. Chromatogr. A, 769 (1997) 119.
[153] V. Schurig, U. Leyer, Tetrahedron Asymm., 1 (1990) 865.
[154] J. T. F. Keurentjes, F. J. M. Voermans, “Membrane separations in the production of optically pure

compounds” in Chirality and Industry II. Developments in the Manufacture and applications of
optically active compounds, A. N. Collins, G. N. Sheldrake, J. Crosby (Eds.), John Wiley & Sons,
New York (1997) Chapter 8.

[155] L. J. Brice, W. H. Pirkle, “Enantioselective transport through liquid membranes” in Chiral sepa-
rations, applications and technology, S. Ahuja (Ed.), American Chemical Society, Washington
(1997) Chapter 11.

[156] E. Yashima, J. Noguchi, Y. Okamoto, Chem. Letters, (1992) 1959.
[157] E. Yashima, J. Noguchi, Y. Okamoto, J. Appl. Polym. Sci., 54 (1994) 1087.
[158] E. Yashima, J. Noguchi, Y. Okamoto, Macromolecules, 28 (1995) 1889.
[159] E. Yashima, J. Noguchi, Y. Okamoto, Tetrahedron Asymm., 6 (1995) 8368.
[160] N. Ogata, Macromol. Symp., 77 (1994) 167.
[161] T. Aoki, S. Tomizawa, E. Oikawa, J. Membr. Sci., 99 (1995) 117.
[162] A. Maruyama, N. Adachi, T. Takatsuki, M. Torii, K. Sanui, N. Ogata, Macromolecules, 23 (1990)

2748.
[163] S. A. Piletsky, T. L. Panasyuk, E. V. Piletskaya, I. A. Nicholls, M. Ulbricht, J. Membr. Sci., 157

(1999) 263 and references therein.
[164] A. Dzgoev, K. Haupt, Chirality, 11 (1999) 465.
[165] M. Yoshikawa, J. Izumi, T. Kitao, S. Koya, S. Sakamoto, J. Membr. Sci., 108 (1995) 171.
[166] M. Yoshikawa, J.-I. Izumi, T. Ooi, T. Kitao, M. D. Guiver, G. P. Robertson, Polym. Bull., 40

(1998) 517.
[167] S. Kiyohara, M. Nakamura, K. Saito, K. Sugita, T. Sugo, J. Membr. Sci., 152 (1999) 143.
[168] M. Nakamura, S. Kiyohara, K. Saito, K. Sugita, T. Sugo, Anal. Chem., 71 (1999) 1323.

22 1 Techniques in preparative chiral separations



[169] A. Higuchi, M. Hara, T. Horiuchi, T. Nakagawa, J. Membr. Sci., 93 (1994) 157.
[170] M. Bryjak, J. Kozlowski, P. Wieczorek, P. Kafarski, J. Membr. Sci., 85 (1993) 221.
[171] M. Newcomb, J. L. Toner, R. C. Helgeson, D. J. Cram, J. Am. Chem. Soc., 101 (1979) 4941.
[172] T. Yamaguchi, K. Nishimura, T. Shinbo, M. Sugiura, Chem. Letters, (1985) 1549.
[173] M. Pietraszkiewicz, M. Kozbial, O. Pietraszkiewicz, Enantiomer, 2 (1997) 319.
[174] D. W. Armstrong, H. L. Jin, Anal. Chem., 59 (1987) 2237.
[175] W. H. Pirkle, E. M. Doherty, J. Am. Chem. Soc., 111 (1989) 4113.
[176] W. H. Pirkle, W. E. Bowen, Tetrahedron Asymm., 5 (1994) 773.
[177] C. M. Heard, J. Hadgraft, K. R. Brain, Bioseparation, 4 (1994) 111.
[178] P. J. Pickering, J. B. Chaudhuri, Chirality, 9 (1997) 261.
[179] J. T. F. Keurentjes, L. J. W. M. Nabuurs, E. A. Vegter, J. Membr. Sci., 113 (1996) 351.
[180] B. Sellergren, B. Ekberg, P.-A. Albertsson, K. Mosbach, J. Chromatogr., 450 (1988) 277.
[181] H. Nakagawa, K. Shimizu, K.-I. Yamada, Chirality, 11 (1999) 516.
[182] A. Galán, D. Andreu, A. M. Echevarren, P. Prados, J. de Mendoza, J. Am. Chem. Soc., 114 (1992)

1511.
[183] K.-H. Kellner, A. Blasch, H. Chmiel, M. Lämmerhofer, W. Lindner, Chirality, 9 (1997) 268.
[184] V. Prelog, Z. Stojanac, K. Kovacevic, Helv. Chim. Acta, 65 (1982) 377.
[185] V. Prelog, S. Mutak, K. Kovacevic, Helv. Chim. Acta, 66 (1983) 2279.
[186] V. Prelog, M. Dumic, Helv. Chim. Acta, 69 (1986) 5.
[187] Y. Abe, T. Shoji, M. Kobayashi, W. Qing, N. Asai, H. Nishizawa, Chem. Pharm. Bull., 43 (1995)

262.
[188] Y. Abe, T. Shoji, S. Fukui, M. Sasamoto, H. Nishizawa, Chem. Pharm. Bull., 44 (1996) 1521.
[189] T. Takeuchi, R. Horikawa, T. Tanimura, Sep. Sci. Technol., 25 (1990) 941.
[190] H. Nishizawa, K. Tahara, A. Hayashida, Y. Abe, Anal. Chem., 9 (1993) 611.
[191] H. Nishizawa, Y. Watanabe, S. Okimura, Y. Abe, Anal. Chem., 5 (1989) 339.
[192] H. Nishizawa, Y. Watanabe, S. Okimura, Y. Abe, Anal. Chem., 5 (1989) 345.
[193] H. Tsukube, J. Uenishi, T. Kanatani, H. Itoh, O. Yonemitsu, Chem. Commun. (1996) 477.
[194] A. M. Stalcup, K. H. Gahm, S. R. Gratz, R. M. C. Sutton, Anal. Chem., 70 (1998) 144.
[195] L. Lepri, J. Planar Chromatogr., 10 (1997) 320.
[196] R. Suedee, C. M. Heard, Chirality, 9 (1997) 139.
[197] R. Bhushan, G. Thuku Thiongo, Biomed. Chromatogr., 13 (1999) 276.
[198] G. Kaupp, Angew. Chem. Intl. Ed. Engl., 33 (1994) 728.
[199] D. Kozma, Z. Madarász, M. Acs, E. Fogassy, Chirality, 7 (1995) 381.
[200] D. W. Armstrong, E. Y. Zhou, S. Chen, K. Le, Y. Tang, Anal. Chem., 66 (1994) 4278.
[201] W. H. Pirkle, P. G. Murray, J. Chromatogr., 641 (1993) 11.
[202] F. Gasparrini, D. Missiti, C. Villani, A. Borchardt, M. D. Burger, W. C. Still, J. Org. Chem., 60

(1995) 4314.
[203] M. Martin, C. Raposo, M. Almaraz, M. Crego, C. Caballero, M. Grande, J. R. Moran, Angew.

Chem. Intl. Ed. Engl., 35 (1996) 3286.
[204] N. M. Maier, W. Oberleitner, M. Lämmerhofer, W. Lindner, Oral presentation at the 11th Interna-

tional Symposium on Chiral Discrimination, Chicago, July 1999.

References 23



2.1 Introduction

Enantiomeric separations have become increasingly important, especially in the
pharmaceutical and agricultural industries as optical isomers often possess different
biological properties. The analysis and preparation of a pure enantiomer usually
involves its resolution from the antipode. Among all the chiral separation techniques,
HPLC has proven to be the most convenient, reproducible and widely applicable
method. Most of the HPLC methods employ a chiral selector as the chiral stationary
phase (CSP).

Currently, several hundred CSPs have appeared in publications, and over 110 of
them are available commercially [1]. These CSPs are made by using either a poly-
meric structure or a small ligand (MW < 3000) as the chiral selector. The polymeric
CSPs include synthetic chiral polymers [2] and naturally occurring chiral polymers
[3–5]. The most commonly used natural polymers include proteins and carbohy-
drates (cellulose and amylose). The chiral recognition mechanisms for these poly-
meric CSPs are relatively complicated. A protein, for example, is often complex
enough to contain several chiral binding sites, in which case the major (high-affin-
ity) site may differ for any given pair of enantiomers [6]. The other type of CSPs,
with a small molecule as the chiral selector, include ligand exchange CSPs [7],
π–complex (Pirkle-type) CSPs [8, 9], crown ether CSPs [10], cyclodextrin CSPs
[11–15] and macrocyclic glycopeptide CSPs [16–19]. Compared to the polymeric
CSPs, the separation mechanisms on these CSPs are better characterized and under-
stood. Macrocyclic glycopeptides, which were introduced by Armstrong in 1994
[16], are the newest class of CSPs. Three macrocyclic glycopeptides – vancomycin,
teicoplanin and ristocetin A – are now available commercially [20]. Much research
effort has been made on the characterization and application of these CSPs, and on
a wide variety of chiral compounds.
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2.2 Characteristics of Macrocyclic Glycopeptide CSPs

2.2.1 Chiral Recognition Mechanisms

Vancomycin, ristocetin A and teicoplanin are produced as fermentation products of
Streptomyces orientalis, Nocardia lurida and Actinoplanes teichomyceticus, respec-
tively. All three of these related compounds consist of an aglycone “basket” made up
of fused macrocyclic rings and pendant carbohydrate moieties (Fig. 2-1). The
macrocycles contain both ether and peptide linkages. The aglycones of vancomycin
and teicoplanin contain two chloro-substituted aromatic rings, while the analogous
portion of ristocetin A contains no chloro substituents.

Vancomycin is the smallest of the three molecules, consisting of three macro-
cyclic rings and an attached disaccharide comprising D-glucose and vancosamine.
The other two glycopeptides are somewhat larger and have four fused macrocyclic
rings and different types of pedant sugar moieties. Teicoplanin has three attached
monosaccharides, two of which are D-glucosamine and one of which is D-mannose.
Ristocetin A has a pendant tetrasaccharide and two monosaccharide moieties. These
saccharides include D-arabinose, D-mannose, D-glucose, and D-rhamnose.
Teicoplanin has one unique characteristic: namely, it has a hydrophobic acyl side
chain (“hydrophobic tail”) attached to a 2-amino-2-deoxy-β-D-glucopyranosyl moi-
ety. The structural characteristics of the three macrocycles are outlined in Table 2-1.

Table 2-1. Structural characteristics of macrocyclic glycopeptides.

Vancomycin Teicoplanin Ristocetin A

Molecular weight 1,449 1,877 2,066
Stereogenic centers 18 23 38
Macrocycles 3 4 4
Sugar moieties 2 3 6
Hydroxyl groups 9 15 21
Amine groups 2 1 2
Carboxyl groups 1 1 0
Amido groups 7 7 6
Aromatic groups 5 7 7
Methyl esters 0 0 1
Hydrophobic tail 0 1 0
pI values 7.2 4–6.5 7.5

All three glycopeptides have analogous ionizable groups which control their
charge and are thought to play a major role in their association with analytes and chi-
ral recognition. For example, there is an amine on the aglycone portion of each com-
pound. Vancomycin has a secondary amine, while the other two macrocycles have
primary amine groups. All three compounds also have amino saccharide moieties.
However, teicoplanin is unique in that it has two amino saccharides, both of which
are N-acylated. There is a carboxylic acid moiety on the aglycone of both van-
comycin and teicoplanin, while the equivalent group on ristocetin A is esterified. The
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only other ionizable groups on these structures are the phenolic moieties. At pH val-
ues 4–7, they are generally protonated and probably serve mainly as nonchiral
hydrogen bonding sites. The unique structure and functionalities on the macrocyclic
glycopeptides provides a variety of possible interactions for chiral recognition. A
summary of the possible interactions is listed in Table 2-2.

Table 2-2. The relative strength of potential interactions between glycopeptide CSPs and chiral ana-
lytes.

π-π Complexation Very strong
Hydrogen bonding Very strong
Inclusion Weak
Dipole stacking Medium strong
Steric interactions Weak
Anionic or cationic binding Strong

2.2.2 Multi-modal CSPs

The macrocyclic glycopeptides CSPs arc capable of operating in three different
mobile phase systems: reversed phase, normal phase, and the new polar organic
mode. The new polar organic mode refers to the approach when methanol is used as
the mobile phase with small amounts of acid and/or base as the modifier to control
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1c)

Fig. 2-1 Proposed structures of three macrocyclic glycopeptides. On teicoplanin, R = 8-methyl-
nonanoic acid.



selectivity. Since the macrocycles are covalently bonded to silica gel through multi-
ple linkages, there is no detrimental effect when a column switches from one mobile
phase system to another.

The enantioselectivity of the macrocyclic CSPs are different in each of the oper-
ating modes, probably because of different separation mechanisms functioning in
the different solvent modes. The possible chiral recognition mechanisms for three
mobile phase compositions on glycopeptide phases are listed in Table 2-3 in
descending order of strength.

Statistically, of the compounds enantioresolved by macrocyclic glycopeptide
CSPs, new polar organic mode accounts for more than 40 %, balanced by reversed-
phase mode, while typical normal-phase operation resulted in approximately 5 % of
separations. Some categories of racemic compounds that are resolved on the gly-
copeptide CSPs at different operating modes are listed in Table 2-4.

Table 2-3. Possible separation mechanisms for three mobile phase compositions on glycopeptide CSPs.

New polar organic mode Ionic interaction
Hydrogen bonding
Steric interaction

Reversed phase Ionic interaction
Hydrophobic inclusion
Hydrogen bonding
Steric interaction

Normal phase Hydrogen bonding
π-π interaction
Dipole stacking
Steric interaction

Table 2-4. Typical categories of racemic compounds resolved on glycopeptide CSPs in three mobile
phase modes.

Vancomycin Teicoplanin Ristocetin A

New polar (Cyclic) Amines Amino alcohols (α-Hydroxyl/halogen) acids
organic mode Amino alcohols N-blocked amino acids Substituted aliphatic acids

Profens
N-blocked amino acids

Reversed phase Amines (α-Hydroxyl) acids (α-Hydroxyl) acids
Imides Oxazolidinones Substituted aliphatic acids
Acids Native amino acids Profens
Profens Small peptides N-blocked amino acids
Amides N-blocked amino acids Amino esters

Hydantoins
Small peptides

Normal phase Hydantoins Hydantoins Imides
Barbiturates Imides Hydantoins
Imides N-blocked amino acids
Oxazolidinones
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2.2.3 Predictability of Enantioselectivity

One of the characteristics of glycopeptide CSPs is the predictability of chiral sepa-
ration for racemates with the same stereogenic environment. If a compound is sepa-
rated on a glycopeptide column under certain mobile phase conditions, it is very
likely that the molecules with similar stereogenic configuration will be separated
under the same conditions. For example, when the compound albuterol was sepa-
rated in the new polar organic mode on a teicoplanin column, a number of other 
β-blockers were tested and found to be baseline resolved as well by using the same
mobile phase on this stationary phase (Fig. 2-2). This indicates that further separa-
tion is likely to be achieved for analogous compounds with an aromatic moiety, a
hydroxyl group on the chiral center and a secondary amine group in the β-position
to the chiral center. This predictability is extremely beneficial to the combinatory
chemists who synthesize huge number of analogous chiral compounds. The pre-
dictability is further shown with enantiomeric separation of profens on vancomycin
in reversed-phase (Fig. 2-3) and α-hydroxyl/halogen carboxylic acids on ristocetin
A in the new polar organic mode (Fig. 2-4).

2.2.4 Complementary Separations

One thing that makes the macrocyclic glycopeptide CSPs unique and different from
other CSPs is the “principle of complementary separations” [17, 19]. This refers to
an empirical observation that an increase in selectivity is obtained when one gly-
copeptide phase is switched to another under the same or similar mobile phase. War-
farin, for example, is only partially separated on a teicoplanin column under opti-
mized reversed-phase conditions. When the same mobile phase is used with a van-
comycin column, a baseline resolution of warfarin enantiomers is achieved with
shorter analysis time. Some other examples are given in Fig. 2-5 to show the phe-
nomenon of complementary separations. One advantage of the complementary sep-
aration is that one can switch from one column to another to achieve better selectiv-
ity without changing the mobile phase. Another advantage is that two or three dif-
ferent glycopeptide columns can be coupled together in order to achieve broader
selectivity and to screen a larger number of analytes. The column coupling technique
will be discussed later in this chapter.
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Fig. 2-4. The enantiomeric separation of α-hydroxy/halogen acids on ristocetin A CSP (250 × 4.6 mm)
with the same mobile phase composition: methanol with 0.02 % acetic acid and 0.01 % triethylamine
(v/v). The flow rate was 1.0 mL min–1 at ambient temperature (23 °C).
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Fig. 2-5. Examples showing the complementary separations on glycopeptide CSPs. (A) Separation of
N-CBZ-norvaline on vancomycin (left) and teicoplanin (right). The mobile phase was methanol: 1 %
triethylammonium acetate (20/80 v/v) pH 4.1. (B) Separation of warfarin on teicoplanin (left) and van-
comycin (right) CSPs. The mobile phase was acetonitrile: 1 % triethylammonium acetate (10/90 v/v) pH
4.1. (C) Separation of naproxen on teicoplanin (left) and ristocetin A (right). The mobile phase was
methanol: 0.1 % triethylammonium acetate (30/70 v/v) pH 4.1. All columns were 250 × 4.6 mm i.d. The
flow rate for all the separations was 1 mL min–1 at ambient temperature (23 °C).
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2.3 Method Development with Glycopeptide CSPs

2.3.1 Method Development Protocols

The glycopeptide CSPs are multi-modal phases and can switch from one mobile
phase to another without deleterious effects. The new polar organic mobile phase
offers the advantages of broad selectivity, high efficiency, low back-pressure, short
analysis time, high capacity and excellent prospects for preparative-scale separation.
Whenever a racemic compound is targeted for separation, its structure can give a hint
as to which mobile phase should be investigated. If the compound has two or more
functional groups which are capable of interacting with the CSPs, and at least one of
these functional groups is near or on the stereogenic center, the new polar organic
phase is recommended to be tested first. In this context, functional groups include:
hydroxyl groups, halogens (I, Br, Cl, and F), nitrogen in any form (primary, sec-
ondary and tertiary), carbonyl and carboxyl groups as well as oxidized forms of sul-
fur and phosphorus.

In the new polar organic mode, the ratio of acid/base in the mobile phase affects
the selectivity and the concentration of acid and base controls the retention. It is sug-
gested to start the method development with a medium concentration (0.1 %) for
both acid and base. If retention is too long or too short, the concentration can be
increased to 1 % or reduced to 0.01 %. If no selectivity is observed in this mode,
reversed phase is recommended as the next step in the protocols.

In reversed phase, the selectivity and retention is affected by such parameters as
the type and percentage of organic modifier, the type of aqueous buffer, pH and con-
centration of buffer. Fortunately, there is an empirically optimal mobile phase com-
position for each glycopeptide phase. Vancomycin has shown its best performance
for most compounds when tetrahydrofuran (THF) is used as the organic modifier at
a concentration of 10 % with ammonium nitrate at a concentration of 20 mM and pH
5.5 (no pH adjustment is needed). Methanol seems to be the preferred organic mod-
ifier for teicoplanin and ristocetin A CSPs, and 20 % is usually a good starting com-
position. Triethylammonium acetate (TEAA) at the concentration of 0.1 % is a suit-
able buffer for both of these latter columns, although teicoplanin usually shows bet-
ter selectivity at pH 4.1 while ristocetin A has better selectivity at pH 6.8.

When analytes lack the selectivity in the new polar organic mode or reversed-
phase mode, typical normal phase (hexane with ethanol or isopropanol) can also be
tested. Normally, 20 % ethanol will give a reasonable retention time for most ana-
lytes on vancomycin and teicoplanin, while 40 % ethanol is more appropriate for ris-
tocetin A CSP. The hexane/alcohol composition is favored on many occasions
(preparative scale, for example) and offers better selectivity for some less polar com-
pounds. Those compounds with a carbonyl group in the α or β position to the chiral
center have an excellent chance to be resolved in this mode. The simplified method
development protocols are illustrated in Fig. 2-6. The optimization will be discussed
in detail later in this chapter.
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2.3.2 Column Coupling Technique

The direct coupling of two columns through a low dead volume connector is cur-
rently a common and useful practice. The coupled columns are used with the same
mobile phase conditions. Various kinds of combinations have been made to directly
couple columns of similar or distinctive selectivities. A standard reversed-phase
(C18) column, for example, has been coupled with: a cyano column [21], molecularly
imprinted polymer [22], phenyl [23], C8 [24], and silica [25] columns in order to
achieve broader selectivity. For the analysis of a mixture containing one or more chi-
ral analytes, the column coupling becomes more important. While a chiral column is
designed to resolve optical isomers, its performance was enhanced and lifetime
increased by coupling it with an achiral column [26]. A variety of chiral pharma-
ceuticals were enantiolresolved and separated from impurities or their metabolites in
human plasma by coupling achiral columns with polymeric chiral stationary phases

2.3 Method Development with Glycopeptide CSPs 39

Fig. 2-6. Method development protocols on 250 × 4.6 mm glycopeptide columns. V: vancomycin,
T: teicoplanin, R: ristocetin A.



[27, 28]. Two chiral columns were also coupled to resolve three pairs of enantiomers
simultaneously [29].

Each glycopeptide CSP has unique selectivity as well as complementary charac-
teristics, and a considerable number of racemates have been resolved on all three of
them. Interestingly, most of the resolved enantiomers have the same retention order
on these macrocyclic CSPs. When they are mixed or coupled with each other, the
selectivity on one CSP will not be canceled by another. Even if some compounds
may not have the same retention order, the complementary effects will result in an
identifiable selectivity. Therefore, the coupled chiral columns can be used as a
screening tool and save chromatographers substantial time in method development.

In order to compare the retention and selectivity of coupled phases with individ-
ual CSPs, the parameters such as mobile phase composition, flow rate, detection
wavelength and operating temperature were maintained constant during the screen-
ing process. In the new polar organic mode, the mobile phase was methanol with
0.02 % glacial acetic acid and 0.01 % anhydrous triethylamine (v/v) and the flow
rate 2 mL min–1. In reversed phase, the mobile phase was 25 % methanol and 75 %
triethylammonium acetate buffer (0.1 %, pH 6) (v/v) and the flow rate 1 mL min–1.
In normal phase, the mobile phase was 40 % hexane and 60 % ethanol (v/v) and the
flow rate 1.5 mL min–1. The minimum column length was determined to be 10 cm
to achieve efficient selectivity. The appropriate sequence of columns was important
to the coupling practice. It proved to be beneficial that ristocetin A column, which
usually has the lowest retaining ability, is put at the first position, whereas
teicoplanin – which usually has the highest retaining ability – is at the last position.

In the new polar organic mode, it was found that the capacity factors of the ana-
lytes on the coupled columns, i.e., ristocetin A plus teicoplanin (R+T), ristocetin A
plus vancomycin (R+V), and ristocetin A plus vancomycin plus teicoplanin
(R+V+T), is approximately the average of those on the individual columns [30].
Although there is not enough evidence to show a linear relationship between reten-
tion and the composition of a stationary phase, it is likely that each stationary phase
contributes equally to the retention. The contribution of each stationary phase to the
selectivity and resolution is more complicated. In some cases, where vancomycin
(V) and teicoplanin (T) had slightly different selectivity, the coupled columns (V+T)
showed selectivity as good or better than the two individual columns. For these com-
pounds, the coupled 10 cm columns (V+T) worked as well as a single 25 cm ana-
lytical column. However, for most compounds the coupled columns showed a
medium selectivity compared to the individual columns. The individual column with
the lower selectivity acts as a diluting factor. However, in the new polar organic
mode, the diluting effect from the column with lower selectivity is not very strong
(Fig. 2-7). Therefore, it is always beneficial to couple three columns in this mobile
phase in order to achieve the broadest selectivity in the shortest time.

One potential problem associated with column coupling in reversed phase is rel-
atively high back-pressure (~ 2600 psi at 1 mL min–1). This will place a limit on the
flow rate, which in turn limits the further reduction of analysis time. Also, compared
to the new polar organic mode, the retention in reversed phase on coupled columns
is deviated more from the average retention on the individual stationary phases,
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which made it more difficult to predict the retention time on coupled columns in this
mode. In reversed phase, the individual column of lower selectivity again presented
a diluting effect when it was coupled with other column(s) of higher selectivity (Fig.
2-8). However, coupled columns always had higher selectivity than the individual
column of the lowest selectivity.

Similar to the new polar organic mode, the retention of analytes in normal phase
is not difficult to predict. For all the compounds, the average of the retention on indi-
vidual columns is fairly close to the retention on the coupled columns. The selectiv-
ity of most compounds on coupled columns is an average of the selectivities of indi-
vidual columns (Fig. 2-9). However, it was found that the elution order for some
compounds was reversed on ristocetin A and teicoplanin or vancomycin. As a result,
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Fig. 2-7. Chromatograms of albuterol in the new polar organic phase on: vancomycin (A), teicoplanin
(B), ristocetin A (C), vancomycin + teicoplanin (D), ristocetin A + vancomycin (E), and ristocetin A +
vancomycin + teicoplanin (F). All columns were 100 × 4.6 mm. The numbers by the peaks refer to the
retention time in minutes. The mobile phase was methanol with 0.02 % glacial acetic acid and 0.01 %
triethylamine (v/v). The flow rate was 2.0 mL min–1 at ambient temperature (23 °C).
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the selectivity could be lost on the coupled R+T or R+V columns. Therefore, it is the
preferred tactic to couple only vancomycin and teicoplanin in normal phase.

Column coupling proves to be a rapid screening approach in identifying chiral
selectivity in the most efficient and economical way. In addition to the potential for
the simultaneous analysis of a mixture, the coupling practice offers the advantages
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Fig. 2-8. Chromatograms of ketoprofen in reversed phase on: vancomycin (A), teicoplanin (B), risto-
cetin A (C), vancomycin + teicoplanin (D), ristocetin A + teicoplanin (E), and ristocetin A + vancomycin
+ teicoplanin (F). All columns were 100 × 4.6 mm. The numbers by the peaks refer to the retention time
in minutes. The mobile phase was methanol: 0.1 % triethylammonium acetate (25/75 v/v) pH 6.0. The
flow rate was 1.0 mL min–1 at ambient temperature (23 °C).

A



of broad selectivity, ease of operation and flexibility of using one, two or three
columns for identifying enantioselectivity. The coupled columns R+V+T showed the
broadest selectivity in the new polar organic mode and reversed phase, while the
coupled columns V+T showed the broadest selectivity in normal phase.

2.3 Method Development with Glycopeptide CSPs 43
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Fig. 2-9. Chromatograms of phensuximide in normal phase on: vancomycin (A), teicoplanin (B), risto-
cetin A (C), vancomycin + teicoplanin (D), ristocetin A + vancomycin (E), ristocetin A + teicoplanin (F),
and ristocetin A + vancomycin + teicoplanin (G). All columns were 100 × 4.6 mm. The numbers by the
peaks refer to the retention time in minutes. The mobile phase was ethanol: hexane (60/40 v/v) and the
flow rate was 1.5 mL min–1 at ambient temperature (23 °C).



A rule of thumb has been developed after a large number of analytes were tested.
Once the selectivity was observed on the coupled column, a baseline separation can
always be achieved on a 25 cm column under optimized conditions. Since the
screening procedure already indicates the separation conditions, optimization is
straightforward and requires a minimum amount of time.

The new polar organic mode provides broad selectivity in the shortest analysis
time. Therefore, it is beneficial to start the screening process with the coupled
columns R+V+T in the new polar organic mode. The three coupled columns R+V+T
can then be directly switched to reversed phase with methanol as the organic modi-
fier. In case of high back-pressure, the coupled columns R+T could be screened and
vancomycin could be tested separately with THF as the organic modifier. In normal
phase conditions, it is advantageous to couple columns V+T and use ristocetin A as
the backup. When the column coupling method is applied, only four to five runs
(each run is within 25 min) are needed before a positive indication is reached con-
cerning the feasibility of a certain macrocyclic glycopeptide CSP and the corre-
sponding operating mode. At this point, either the separation can be optimized using
an individual CSP, or other types of CSPs can be screened.

2.4 Optimization

2.4.1 Effect of Flow Rate and Temperature on Enantiomeric
Separations

A general phenomenon observed with chiral stationary phases having hydrophobic
pockets is that a decrease of flow rate results in an increase in resolution. 
This change has significant impact mostly in reversed-phase mode (see Fig. 2-10).

44 2 Method Development and Optimization of Enantiomeric Separations Using …

Fig. 2-10. The effect of flow rate on the
resolution of methylphenidate enantiomers
on vancomycin CSP (250 × 4.6 mm). The
mobile phase was methanol: 1.0 % triethyl-
ammonium acetate (95/5 v/v) pH 4.1 at
ambient temperature (23 °C).



This is because the increased turbulence from higher flow rates decreases the possi-
bility for inclusion complexation, a necessary event for chiral recognition in reversed
phase. Some effect has also been observed in the new polar organic mode when k1�
(capacity factor) is small (< 1). Flow rate has no effect on selectivity in the typical
normal-phase system, even at flow rates up to 3 mL min–1 (see Fig. 2-11).

Changes in temperature have a dramatic effect with all three mobile phase sys-
tems on these glycopeptide columns. This is because the binding constant of a solute
to the macrocycle involves several interactive mechanisms that change dramatically
with temperature. Inclusion complex formation is effectively prevented for most
solutes in the temperature range of 60–80 °C. Lowering the temperature generally
enhances the weaker bonding forces, resulting in better chiral separation. An exam-
ple demonstrating the typical effects of temperature is shown in Table 2-5. Reten-
tion, selectivity and resolution all decrease when temperature increases. In a recent
study [31], it was found that when temperature changes, the retention behavior for 
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Fig. 2-11. The effect of flow rate on the selectivity of α-methyl-α-phenyl succinimide on teicoplanin
CSP (250 × 4.6 mm) in normal phase. The mobile phase was ethanol: hexane (20/80 v/v) at ambient tem-
perature (23 °C).



Table 2-5. The effect of temperature on the separation of N-carbamyl-phenylalanine enantiomers on
vancomycin CSP.a

T (°C) k� α Rs

0 0.51 1.39 1.5
5 0.39 1.34 1.3
15 0.38 1.23 1.0
22 0.31 1.20 0.8
35 0.27 1.11 0.7
45 0.22 1.00 0.0

a The column was 250 × 4.6 mm (i.d.). The mobile phase was acetonitrile: 1 % triethylammonium acetate (10/90, v/v),
pH 4.1. The flow rate was 1 mL min–1.

the individual enantiomers of some racemic compounds changes in different ways.
Consequently, the elution order of two enantiomers may be reversed on a CSP by
simply increasing the operating temperature.

2.4.2 Optimization of Enantiomeric Separations in the New Polar
Organic Mode

Since the glycopeptide CSPs contain ionizable groups, ionic interactions play the
key role in the chiral recognition mechanism in the new polar organic mode. The
ratio of acid/base controls the selectivity due to the fact that the changes in the ratio
of acid and base affect the degree of charges on both glycopeptides and the analytes.
It is this subtle difference that differentiates the binding energy between two enan-
tiomers and the CSP. It also allows salts of bases to be freely chromatographed. As
shown in Fig. 2-12, the effect of acid/base ratio on the separation of sotalol enan-
tiomers on teicoplanin CSP is significant. Generally, the acid/base ratio can be
manipulated from 4:1 to 1:4 depending on the sample charge. In a few rare instances
the ratios were higher but typically 2:1 is the standard for screening methodology.

The concentration of acid and base controls the retention. In general, the retention
time is inversely proportional to acid and base concentrations, which can range from
0.001 % to 1 % (v/v). When intramolecular interaction such as H-bonding over-
whelms the potential interaction between CSPs and analytes, higher concentrations
of acid and base are needed to alleviate this effect and to promote the necessary
interaction for chiral recognition. Usually, glacial acetic acid (HOAc) and triethyl-
amine (TEA) are used as effective acid/base components. In some cases, smaller
amounts of trifluoroacetic acid (TFA) can be used instead of acetic acid, whereas
ammonia can be used as the alternative base. TFA is advantageous in that it enhances
the peak shape and efficiency for some polar compounds, and its higher volatility is
more desirable in liquid chromatography – mass spectrometry (LC – MS) operation.
However, care must be taken in using TFA, as it may deteriorate the column when it
co-exists with water in the column.
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Fig. 2-12. The effect of the acid/
base ratio on the selectivity of
sotalol on teicoplanin CSP (250 ×
4.6 mm) in the new polar organic
mode. The flow rate was 1.0 mL
min–1 at ambient temperature
(23 °C).

Fig. 2-13. The effect of acid and base concentration on the res-
olution of propranolol on teicoplanin CSP (250 × 4.6 mm) in the
new polar organic mode. The flow rate was 2.0 mL min–1 at
ambient temperature (23 °C).



An example of the effect of acid and base concentration on the separation of pro-
pranolol is shown in Fig. 2-13. In this case, the baseline separation is achieved by
adjusting the concentration without changing the acid/base ratio.

2.4.3 Optimization of Enantiomeric Separations in Reversed Phase

In addition to temperature and flow rate, the retention and selectivity in reversed
phase are controlled by: (i) the concentration and type of organic modifier; and (ii)
the type, concentration and pH of the buffer.

2.4.3.1 Effect of Organic Modifier on Enantiomeric Separations

Various organic modifiers have been used on the glycopeptide CSPs. Methanol,
ethanol, isopropanol, acetonitrile and tetrahydrofuran are the most common solvents
which give good selectivities for various analytes. Chiral separations on glycopep-
tide CSPs arc affected by organic modifiers in two ways: (i) the percentage of mod-
ifier in the mobile phase; and (ii) the nature of the modifier. Among the chiral com-
pounds that have been resolved in reversed phase on glycopeptide CSPs, especially
on teicoplanin and ristocetin A, a large number are α and β amino acids, imino acids
and small peptides [32–35]. For these molecules, alcohols (methanol, ethanol, and
isopropanol) prove to be effective modifiers. At the same percentage, the three alco-
hols have shown somewhat different selectivity and resolution with different amino
acids (Table 2-6). Unlike traditional reversed phase operations, an increase in the
concentration of alcohols results in longer retention and thus, better resolution (Fig.
2-14). Therefore, most amino acids and small peptides are resolved at medium per-
centage (around 50 %) of alcohols as organic modifiers.
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Fig. 2-14. The effect of organic modifier on retention, selectivity and resolution of methionine on
teicoplanin CSP (250 × 4.6 mm). The flow rate was 1.0 mL min–1 at ambient temperature (23 °C).



Table 2-6. The effects of organic modifier on the separation of amino acids on teicoplanin CSP.a

Methanol Ethanol Isopropanolb

Compound
k�1 α Rs k�1 α Rs k�1 α Rs

o-Thiophenylglycine 1.63 2.4 4.7 0.57 4.9 5.4 0.80 4.9 10.1
3-(1-Naphthyl) alanine 2.79 1.3 1.8 1.0 1.6 1.3 1.04 1.8 3.8
Pipecolic acid 2.25 1.6 1.7 1.12 2.0 1.9 1.32 2.2 4.0
Threonine 1.40 1.1 1.0 0.99 1.5 1.6 0.62 1.3 1.6

a These data were generated with a 250 × 4.6 mm teicoplanin column. The mobile phase consisted of alcohol: water
(60/40, v/v), and the flow rate was 1 mL min–1 at ambient temperature (23 °C).

b Flow rate was 0.5 mL min–1 due to the viscosity of the propanol: water mobile phase that produced a high back-
pressure.

For the compounds other than amino acids and peptides [36–39], the retention-
versus  mobile phase composition usually has a characteristic U-shape. An example
is shown in Fig. 2-15 for the separation of 5-methyl-5-phenylhydantoin enantiomers
[16]. Increasing the concentration of acetonitrile modifier from 0 % to 50 % caused
the retention and enantioselectivity to decrease. At acetonitrile concentrations
between 50 % and 80 %, there is little enantioselective retention and the analytes
elute near the dead volume of the column. In neat acetonitrile, the retention increases
and enantioselectivity returns. The type, as well as the percentage, of organic modi-
fiers have dramatic effects on chiral separations. The effect of organic modifier on
the resolution of fluoxetine on vancomycin CSP is demonstrated in Fig. 2-16. When
a low percentage (10 %) of organic modifiers is used, THF gave the best resolution.
At 50 %, methanol resolved the enantiomers best, while at 90 % the performance of
isopropanol exceeded that others. For each organic modifier, different percentages
resulted in varying resolutions.

Fig. 2-15. Reversed-phase retention of the
first eluted and the second eluted enan-
tiomers of 5-methyl-5-phenylhydantoin as a
function of mobile phase composition. The
column was a 250 × 4.6 mm vancomycin
CSP. The buffer was triethylammonium
acetate at pH 7.0. The flow rate was 1.0 mL
min–1 at ambient temperature (23 °C).
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In reversed phase, many chiral separations (excluding amino acids) on glycopep-
tide CSPs are achieved at relatively low percentages of organic modifiers (10–20 %);
hence, the screening conditions are set up this way. Alcohols generally require
higher concentrations than acetonitrile or THF for comparable retention times.
Empirically, THF works best with vancomycin in terms of broad selectivity and high
efficiency, while methanol works best for teicoplanin and ristocetin A. Nevertheless,
the final choice and percentage of organic modifier is eventually determined by the
nature of the analyte and should be optimized accordingly.

Fig. 2-16. The effect of organic modifiers on the resolution of fluoxetine enantiomers on vancomycin
CSP (250 × 4.6 mm). The flow rate was 1.0 mL min–1 at ambient temperature (23 °C). (Courtesy of Scott
Sharpe, Eli Lilly & Co.)

This observation is important in the study of the chiral recognition mechanism in
this system. This may be a practical matter when determining the trace amount of
one enantiomer in the presence of its dominant antipode. The smaller peak is always
desired to be eluted first for best quantitation.
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2.4.3.2 Effect of Aqueous Buffer on Chiral Separations

For most free amino acids and small peptides, a mixture of alcohol with water is a
typical mobile phase composition in the reversed-phase mode for glycopeptide
CSPs. For some bifunctional amino acids and most other compounds, however,
aqueous buffer is usually necessary to enhance resolution. The types of buffers dic-
tate the retention, efficiency and – to a lesser effect – selectivity of analytes. Tri-
ethylammonium acetate and ammonium nitrate are the most effective buffer sys-
tems, while sodium citrate is also effective for the separation of profens on van-
comycin CSP, and ammonium acetate is the most appropriate for LC/MS
applications.

Buffer pH is the most important parameter in chiral selectivity on all glycopep-
tide CSPs. The stability of the analyte–CSP complex depends on the degree of inter-
action between both entities. Therefore, retention and selectivity of molecules pos-
sessing ionizable (acidic or basic) or even neutral functional groups can be affected
by altering the pH value. The effect of pH on the resolution of the neutral
coumachlor enantiomers is shown in Fig. 2-17. Typically, the use of lower pH has
the effect of suppressing the nonchiral retention mechanisms of the stationary phase,
which in turn enhances the chiral interactions, and leads to higher resolution. Gly-
copeptide CSPs are suitable for working at the following pH ranges: 4.0–7.0 for van-
comycin, 3.8–6.5 for teicoplanin, and 3.5–6.8 for ristocetin A.
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Fig. 2-17. The effect of pH on the
retention, selectivity and resolution of
coumachlor enantiomers on van-
comycin CSP (250 × 4.6 mm). The
mobile phase was acetonitrile: 1 % tri-
ethylammonium acetate (10/90 v/v).
The flow rate was 1.0 mL min–1 at
ambient temperature (23 °C).



2.4.4 Optimization of Enantiomeric Separations in Normal Phase

Typical normal-phase operations involved combinations of alcohols and hexane or
heptane. In many cases, the addition of small amounts (< 0.1 %) of acid and/or base
is necessary to improve peak efficiency and selectivity. Usually, the concentration of
polar solvents such as alcohol determines the retention and selectivity (Fig. 2-18).
Since flow rate has no impact on selectivity (see Fig. 2-11), the most productive flow
rate was determined to be 2 mL min–1. Ethanol normally gives the best efficiency
and resolution with reasonable back-pressures. It has been reported that halogenated
solvents have also been used successfully on these stationary phases as well as ace-
tonitrile, dioxane and methyl tert-butyl ether, or combinations of the these. The opti-
mization parameters under three different mobile phase modes on glycopeptide
CSPs are summarized in Table 2-7.
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Fig. 2-18. Normal phase retention of the first eluted and second eluted enantiomer of mephenytoin on
vancomycin CSP (250 × 4.6 mm). The flow rate was 1.0 mL min–1 at ambient temperature (23 °C).



Table 2-7. Summary of optimization parameters on glycopeptide CSPs.

New polar organic mode a. Type of acid and base
b. Acid/base ratio
c. Concentration of acid and base
d. Flow rate

Reversed phase a. Type of organic modifier
b. Concentration of organic modifier
c. Type of aqueous buffer
d. Concentration of aqueous buffer
e. pH of aqueous buffer
f. Flow rate
g. Temperature

Normal phase a. Type of polar solvent
b. Concentration of polar solvent
c. Acid and base as modifiers
d. Temperature

2.5 Concluding Remarks

The macrocyclic glycopeptides vancomycin, teicoplanin and ristocetin A have
proved to be powerful chiral stationary phases. The unique structures and the vari-
ety of functional groups on the macrocycles utilize a large number of interactions
possible for chiral recognition. Covalently bonded to silica gel through multiple
linkages, these CSPs are multi-modal and it is possible to switch from one mobile
phase to another without deleterious effects. The enantiomeric separations are some-
times predictable for structure-related racemates. One important characteristic for
the glycopeptide CSPs is their complementary effect, which makes column coupling
an efficient and economical screening methodology. The method development with
these CSPs is discussed in detail in the new polar organic mode, and reversed-phase
and normal-phase modes. The enantiomeric separations with glycopeptide CSPs can
be optimized by controlling flow rate, temperature, the acid/base ratio and concen-
tration, the type and amount of organic modifier, the type, concentration and pH of
aqueous buffer. As a result of extensive research on these CSPs by scientists world-
wide, the summarized method development and optimization protocols may help to
stimulate further investigation and understanding of the chiral recognition mecha-
nism, as well as rapid and efficient resolution of greater numbers of chiral com-
pounds.
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3.1 Introduction

The continuing trend to replace racemic drugs, agrochemicals, flavors, fragrances,
food additives, pheromones, and some other products with their single enantiomers
is driven by their increased efficiency, economic incentive to avoid the waste of the
inactive enantiomer, and regulatory action resulting from the awareness that indi-
vidual enantiomers have different interactions with biological systems. There are
several methods to obtain enantiomerically pure compounds. The most important
are: (i) syntheses based on chiral starting materials from natural sources such as
amino acids; (ii) enantioselective reactions; and (iii) separations of mixtures of enan-
tiomers using methods such as crystallization via diastereoisomers, enzymatic or
chemical kinetic resolution, and chromatographic separation [1–3].

Although very efficient, the broad application of the direct preparation is
restricted due to the limited number of pure starting enantiomers. The design of a
multistep process that includes asymmetric synthesis is cumbersome and the devel-
opment costs may be quite high. This approach is likely best suited for the multi-ton
scale production of “commodity” enantiomers such as the drugs ibuprofen,
naproxen, atenolol, and albuterol. However, even the best asymmetric syntheses do
not lead to products in an enantiomerically pure state (100 % enantiomeric excess).
Typically, the product is enriched to a certain degree with one enantiomer. Therefore,
an additional purification step may be needed to achieve the required enantiopurity.

The chromatographic methods that include gas and liquid chromatography, as
well as electrophoresis fit into the third group of methods designed for the separa-
tion of individual enantiomers from their mixtures. These techniques, characterized
by the use of chiral stationary phases (CSP) and chiral additives, respectively,
emerged more than three decades ago as valuable methods for analytical assays in
academic laboratories and clinical testing. Since chromatography can be used in vir-
tually any scale, it has also been used for preparative- and production-scale separa-
tions due to its high efficiency and ease of operation. For example, preparative liq-
uid chromatography implemented in the simulated moving bed (SMB) format
enables the isolation of sufficient quantities of pure chiral compounds to carry out
early pharmacological and toxicological studies providing both enantiomers for
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comparative biological testing [4]. Chromatographic separations continue to be used
for the process and quality controls, even after a large-scale asymmetric technology
had been developed and implemented.

3.2 Engineering of a Chiral Separation Medium

A chiral separation medium is a complex system. Ideally, interactions that lead to
enantioseparation are maximized while nonspecific interactions should be com-
pletely suppressed. Typically, a medium for chromatographic separations involves
the solid support, the selector, and the linker connecting the two, as shown in scheme
3-1.

Scheme 3-1

Most commercial CSPs contain chiral selectors (vide infra) supported by porous
silica beads. Silica-based chromatographic supports have numerous advantages such
as broad range of different porosities, high mechanical stability, and resistance to
swelling. Columns packed with these materials generally exhibit high efficiencies.
However, residual silanol groups on the surface of the silica may contribute to non-
specific interactions with the separated enantiomers, thereby decreasing the overall
selectivity of the separation medium. This was demonstrated by the improved enan-
tioselectivities measured for CSPs that had their residual silanol groups capped after
the attachment of a chiral selector [5]. In contrast to silica particles, synthetic organic
polymers are more seldom used as a platform for the preparation of chiral stationary
phases. Their excellent stability over the entire range of pH, the variety of available
chemistries, and the more accurate control of both the functionality and the porous
properties make them a good alternative to the well-established silica matrices.
Although porous polymer beads have been used successfully for a wide variety of
chromatographic separations including the size-exclusion chromatography of
synthetic polymers, the normal-phase or reversed-phase separations of small
molecules, and the ion-exchange and hydrophobic interaction chromatography of
biopolymers, there are only a few examples of polymer-based chiral separation
media with attached selectors [6–10]. In contrast, a larger number of chiral separa-
tions has been demonstrated using polymer-based molecular imprinted separation
media [5, 11–13].

The use of a polymeric support also affords a unique opportunity to control inde-
pendently the variables that may affect the chiral recognition process, which is hard
to achieve with silica. For example, the type and number of reactive sites can be eas-
ily adjusted with a polymer support. We recently reported an extensive study of the
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effects of support chemistry, surface polarity, length and polarity of the tether, and
selector loading [14]. Our group also demonstrated that separation media based on
an organic polymer support provide enhanced enantioselectivities and reduced reten-
tion times when compared to analogous silica-based chiral stationary phases, mostly
as a result of substantially decreased nonspecific interactions (Fig. 3-1) [8].

Fig. 3-1. Separation of racemic 3,5-dinitrobenzamido leucine N,N-diallylamide on silica and polymer-
based chiral stationary phases. Conditions: column size 150 × 4.6 mm i.d.; mobile phase 20 % hexane
in dichloromethane; flowrate 1 mL min–1; injection 7 µg. Peaks shown are: 1,3,5-tri-tert.-butylbenzene
(1), R-enantiomer (2); S-enantiomer (2�). (Reprinted with permission from ref. [8]. Copyright 1997
American Chemical Society.)

3.3 Chiral Selectors

Enantioseparation is typically achieved as a result of the differences in interaction
energies ∆(∆G) between each enantiomer and a selector. This difference does not
need to be very large, a modest ∆(∆G) = 0.24 kcal/mol is sufficient to achieve a sep-
aration factor α of 1.5. Another mechanism of discrimination of enantiomers
involves the preferential inclusion of one into a “cavity” or within the helical struc-
ture of a polymer. The selectivity of a selector is most often expressed in terms of
retention of both enantiomers using the separation factor α that is defined as:

α = k�2/k�1 (1)

where k�1 and k�2 are the retention factors of the first and the second peak, respec-
tively, defined as

k� = (tr – to)/to (2)
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where tr and to are the retention times for the analyte and the unretained compound
(void volume marker), respectively.

Chiral selectors are the most important part of the separation system. This is why
most attention during the development of new chiral separation media has always
been devoted to selectors. As a result of the growing interest in chiral chromatogra-
phy, a large number of phases and additives have emerged to meet the challenge of
enantiomer separations [5, 15, 16]. For example, more than 90 CSPs were commer-
cially available for separations in the liquid chromatographic mode in the early
1990s [17].

The majority of currently known selectors can be divided into the following cat-
egories:
1. Proteins. A chiral stationary phase with immobilized α1-acid glycoprotein on sil-

ica beads was introduced by Hermansson in 1983 [18, 19]. Several other proteins
such as chicken egg albumin (ovalbumin), human serum albumin, and cellohy-
drolase were also used later for the preparation of commercial CSPs. Their selec-
tivity is believed to occur as a result of excess of dispersive forces acting on the
more retained enantiomer [17]. These separation media often exhibit only modest
loading capacity.

2. Modified polysaccharides. Although derivatives of microcrystalline cellulose
have been used for chiral separations since the 1970s [20], materials useful in
high-performance liquid chromatography (HPLC) were only developed by
Okamoto in the mid-1980s. CSPs involving various esters and carbamates of cel-
lulose and amylose coated on wide-pore silica are currently the most frequently
used chiral media for chromatographic separations in both analytical and prepar-
ative scales [21, 22]. Although they often do not exhibit very high selectivities,
they separate an extremely broad range of different racemates.

3. Synthetic polymers. In the 1970s, Blaschke prepared several crosslinked gels from
N-acryloylated L-amino acids and a small percentage of ethylene dimethacrylate
or divinylbenzene and used them for the low-pressure chromatographic resolution
of racemic amino acid derivatives and mandelic acid [23]. Another polymer-based
CSP was later prepared by Okamoto from isotactic poly(triphenylmethyl
methacrylate). This material is the prototypical polymeric selector with a well-
defined one-handed helical structure [24]. This polymer was prepared by anionic
polymerization using a chiral organolithium initiator, and then coated onto porous
silica beads. While these columns were successful in the separation of a broad
variety of racemates, their relative lack of chemical stability and high cost make
them less suitable for large-scale applications.

4. Macrocyclic glycopeptides. The first of these CSPs – based on the “cavity” of the
antibiotic vancomycin bound to silica – was introduced by Armstrong [25]. Two
more polycyclic antibiotics teicoplanin and ristocetin A, were also demonstrated
later. These selectors are quite rugged and operate adequately in both normal-
phase and reversed-phase chromatographic modes. However, only a limited num-
ber of such selectors is available, and their cost is rather high.

5. Cyclic low molecular weight compounds. Chiral separations using chiral crown
ethers immobilized on silica or porous polymer resins were first reported in the
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mid-1970s [6]. These highly selective and stable selectors have found only a lim-
ited application for the separation of atropoisomers. In contrast, modified cyclic
glucose oligomers – cyclodextrins – have proven to be very universal chiral selec-
tors for chiral separations in electrophoresis, gas chromatography, and liquid
chromatography [26]. In addition to the formation of reversible stereoselective
inclusion complexes with the hydrophobic moieties of the solute molecules that
fit well into their cavity, they are often functionalized to further enhance hydro-
gen bonding and dipolar interactions [27]. Attached covalently to porous silica
beads, they afford very robust CSPs with modest selectivities for a number of
racemates.

6. Metal ion complexes. These “classic” CSPs were developed independently by
Davankov and Bernauer in the late 1960s. In a typical implementation, copper (II)
is complexed with L-proline moieties bound to the surface of a porous polymer
support such as a Merrifield resin [28–30]. They only separate well a limited num-
ber of racemates such as amino acids, amino alcohols, and hydroxyacids.

7. Small chiral molecules. These CSPs were introduced by Pirkle about two decades
ago [31, 32]. The original “brush”-phases included selectors that contained a chi-
ral amino acid moiety carrying aromatic π-electron acceptor or π-electron donor
functionality attached to porous silica beads. In addition to the amino acids, a
large variety of other chiral scaffolds such as 1,2-disubstituted cyclohexanes [33]
and cinchona alkaloids [34] have also been used for the preparation of various
brush CSPs.

3.3.1 Design of New Chiral Selectors

CSPs with optically active polymers, such as modified cellulose, polyacrylates, and
proteins, have been used successfully for a variety of enantioseparations [5, 13, 15,
17]. Despite extended studies, the mechanism of separation for these CSPs is not yet
completely understood, which makes it difficult to develop new media of this type.
In contrast, bonded natural and synthetic chiral selectors such as substituted
cyclodextrins, crown ethers, and brush-type selectors have several advantages
including well-defined molecular structures and sufficiently developed enantiomer
“recognition” models. For example, the separation of enantiomers with brush-type
stationary phases is based on the formation of diastereoisomeric adsorbate “com-
plexes” between the analyte and the selector. According to the Dalgliesh’s 3-point
model [35], enantiomer recognition is achieved as a result of three simultaneous
attractive interactions (donor – acceptor interactions such as hydrogen bonding, π-
stacking, dipole – dipole interactions, etc.) between the selector and one of the enan-
tiomers being separated. At least one of these interactions must be stereochemically
dependent [36–39]. Compared to all other selectors, brush-type systems afford the
most flexibility for the planned development of a variety of different chiral station-
ary phases suitable for the separation of a broad range of analyte types [40, 41].

The majority of the original chiral selectors for brush-type CSPs were derived
from natural chiral compounds. Selectors prepared from amino acids, such as phenyl
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glycine and leucine, [42–45] and quinine [46, 47], are just a few examples of the
most common chiral moieties. However, further development of highly selective
CSPs requires the design of new types of synthetic receptors that will also make use
of compounds outside the pool of natural chiral building blocks.

3.4 In Pursuit of High Selectivity

According to Equation 3, the resolution Rs of two peaks in column separation is con-
trolled by three major variables: retention defined in terms of the retention factor k�;
column efficiency expressed as the number of theoretical plates N; and selectivity
characterized by the selectivity factor α [48]:

(3)

In this equation, k�1 is the retention factor of the first peak. The most significant con-
tribution to the overall resolution has the selectivity term (α – 1) since the resolution
is a linear function of the selectivity factor. Obviously, an excellent separation can
also be achieved on columns with a high efficiency. However, the dependency of res-
olution on efficiency is not linear, and levels off at high efficiencies thus making the
quest for a further increase less useful. Since the technology of packed analytical
columns is well established and columns with very high efficiencies can be pro-
duced, baseline enantioseparations are achieved even with selectors that have low
selectivity factors α close to 1. This is why many commercial columns are very suc-
cessful despite their modest selectivity factors for most racemates that typically do
not exceed α = 3. In fact, very high selectivity factors are often not desirable for ana-
lytical separations since the second peak would elute much later and the time
required for the separation would be extended unnecessarily [49]. A highly desirable
feature for chiral columns is their broad selectivity, i.e. their ability to separate a
large number of various enantiomers.

Most of the criteria and features outlined above for liquid chromatography media
also apply to the development of selectors for electrodriven separations such as elec-
trophoresis and electrochromatography.

Chromatographic separations in preparative columns and on preparative and pro-
cess scale are based on the same concepts. However, packing large-scale columns to
achieve efficiencies matching those of analytical columns remains a serious chal-
lenge. Typically, preparative columns have much lower efficiencies even if they are
packed with analytical grades of stationary phases. Therefore, preparative columns
have to be much longer in order to obtain the same number of theoretical plates that
enable separations similar to those achieved in smaller columns. Unfortunately, the
use of longer columns substantially contributes to the costs of the equipment, and
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their ultimate length is limited by the overall pressure drop that can be tolerated by
the system. SMB technology helps to solve both these difficulties [50].

A better solution for preparative columns is the development of separation media
with substantially increased selectivities. This approach allows the use of shorter
columns with smaller number of theoretical plates. Ultimately, it may even lead to a
batch process in which one enantiomer is adsorbed selectively by the sorbent while
the other remains in the solution and can be removed by filtration (single plate sep-
aration). Higher selectivities also allow overloading of the column. Therefore, much
larger quantities of racemic mixtures can be separated in a single run, thus increas-
ing the throughput of the separation unit. Operation under these “overload” condi-
tions would not be possible on low selectivity columns without total loss of resolu-
tion.

Another important issue that must be considered in the development of CSPs for
preparative separations is the solubility of enantiomers in the mobile phase. For
example, the mixtures of hexane and polar solvents such as tetrahydrofuran, ethyl
acetate, and 2-propanol typically used for normal-phase HPLC may not dissolve
enough compound to overload the column. Since the selectivity of chiral recognition
is strongly mobile phase-dependent, the development and optimization of the selec-
tor must be carried out in such a solvent that is well suited for the analytes. In con-
trast to analytical separations, separations on process scale do not require selectivity
for a broad variety of racemates, since the unit often separates only a unique mixture
of enantiomers. Therefore, a very high key-and-lock type selectivity, well known in
the recognition of biosystems, would be most advantageous for the separation of a
specific pair of enantiomers in large-scale production.

Despite continuing progress in the design of new selectors, the process is slow as
it mostly involves a traditional one-selector/one-column-at-a-time methodology.

3.5 Acceleration of the Discovery Process

3.5.1 Reciprocal Approach

The first approach to the accelerated development of chiral selectors reported by
Pirkle’s group in the late 1970s relied on the “principle of reciprocity” [51]. This is
based on the concept that if a molecule of a chiral selector has different affinities for
the enantiomers of another substance, then a single enantiomer of the latter will have
different affinities for the enantiomers of the identical selector. In practice, a separa-
tion medium is prepared first by attaching a single enantiomer of the target com-
pound to a solid support that is subsequently packed into a HPLC column. Race-
mates of potential selectors are screened through this column to identify those that
are best separated. The most promising candidate is then prepared in enantiopure
form and attached to a support to afford a CSP for the separation of the target race-
mate. This simple technique was used by several groups for the screening of various
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families of compounds [52–55] The reciprocal method is particularly suitable for sit-
uations in which the target enantiomer is known and its separation from a racemate
is required. Since chromatographic techniques are readily automated, a broad vari-
ety of novel chiral ligands may be considered.

3.5.2 Combinatorial Chemistry

Although the reciprocal approach potentially enables the screening of large numbers
of compounds, only the advent of combinatorial chemistry brought about the tools
required for the synthesis of large libraries of potential selectors in a very short
period of time. In addition, using the methods of combinatorial chemistry, novel
strategies different from those of the reciprocal approach could also be developed.

Combinatorial chemistry and high-throughput parallel synthesis are powerful
tools for the rapid preparation of large numbers of different compounds with numer-
ous applications in the development of new drugs and drug candidates [56–58],
metal-complexing ligands and catalysts [59–63], polymers [64], materials for elec-
tronics [65, 66], sensors [67], supramolecular assemblies [68–70], and peptidic li-
gands for affinity chromatography [71]. The essence of combinatorial synthesis is
the ability to generate and screen or assay a large number of chemical compounds –
a “library” – very quickly. Such an approach provides the diversity needed for the
discovery of lead compounds and, in addition, allows their prompt optimization. The
fundamentals of combinatorial chemistry, including rapid screening methodologies,
are reviewed in numerous papers and books [72, 73]. The following sections of this
chapter will describe a variety of different combinatorial methods that have led to
selectors for the recognition of chirality aiming mainly at the development of robust
media for the separation of enantiomers.

3.6 Library of Cyclic Oligopeptides as Additives to Back-
ground Electrolyte for Chiral Capillary Electrophoresis

Enantioresolution in capillary electrophoresis (CE) is typically achieved with the
help of chiral additives dissolved in the background electrolyte. A number of low as
well as high molecular weight compounds such as proteins, antibiotics, crown
ethers, and cyclodextrins have already been tested and optimized. Since the mecha-
nism of retention and resolution remains ambiguous, the selection of an additive best
suited for the specific separation relies on the one-at-a-time testing of each individ-
ual compound, a tedious process at best. Obviously, the use of a mixed library of chi-
ral additives combined with an efficient deconvolution strategy has the potential to
accelerate this selection.
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The power of a combinatorial approach to chiral additives for CE was first
demonstrated by Jung and Schurig who used a library of cyclic hexapeptides [74].
Since the number of hexapeptides representing all possible combinations of 20 nat-
ural L-amino acids is 64 × 106, the first study involved only mixed libraries of
hexapeptides of the type c(OOXXXO) consisting of three fixed positions O and
three randomized positions X represented by any of 18 natural amino acids (cys-
teine and tryptophan were not included into the scheme). Three cyclopeptide
libraries c(L-Asp-L-Phe-XXX-D-Ala), c(L-Arg-L-Lys-XXX-D-Ala), and 
c(L-Arg-L-Met-XXX-D-Ala), each consisting of 5832 members, were prepared and
tested in chiral CE. When dissolved in an electrolyte to form 10 mmol/L solutions,
all three libraries enabled the separation of racemates. For example, the first library
facilitated the baseline separation of racemic Tröger’s base in a 67 cm-long capillary
with a selectivity factor α of 1.01 and column efficiency of 360 000 plates. Similarly,
the second library helped to resolve the N-2,4-dinitrophenyl (DNP) derivative of glu-
tamic acid in a capillary with the same length affording a selectivity factor of 1.13
and a column efficiency of 79 000 plates. These results indicate the presence of use-
ful selectors in the mixed library. However, this brief study did not attempt the
deconvolution of the mixture and did not identify the best selector.

Scheme 3-2.

The deconvolution of a cyclic hexapeptide library to specify the best selector for
the target racemate has recently been reported by Chiari et al. [75]. Several libraries
of linear hexapeptides with protected lateral chains were prepared using solid-phase
synthesis on Merrifield resin, and the cyclization reaction was carried out after
cleavage in solution. The study also started with a mixed library of 5832 compounds
consisting of cyclic c(OOXXXO) hexapetides with 3 fixed ”O“ positions consisting
of L-arginine, L-lysine, and β-alanine and 3 randomized positions (X) occupied by
any of the 18 L-amino acids (Scheme 3-2a). Once again, cysteine and tryptophan
were not included. The substitution of D-alanine originally used by Jung and Schurig

3.6 Library of Cyclic Oligopeptides as Additives to Background Electrolyte … 63



with β-alanine led to improved resolution of DNP-glutamic acid enantiomers
achieved with the complete mixture.

Since the proline residue in peptides facilitates the cyclization, 3 sublibraries each
containing 324 compounds were prepared with proline in each randomized position.
Resolutions of 1.05 and 2.06 were observed for the CE separation of racemic DNP-
glutamic acid using peptides with proline located on the first and second random
position, while the peptide mixture with proline preceding the β-alamine residue did
not exhibit any enantioselectivity. Since the c(Arg-Lys-O-Pro-O-β–Ala) library
afforded the best separation, the next deconvolution was aimed at defining the best
amino acid at position 3. A rigorous deconvolution process would have required the
preparation of 18 libraries with each amino acid residue at this position.

However, the use of a HPLC separation step enabled a remarkable acceleration 
of the deconvolution process. Instead of preparing all of the sublibraries, the 
c(Arg-Lys-O-Pro-O-β-Ala) library was fractionated on a semipreparative C18 HPLC
column and three fractions as shown in Fig. 3-2 were collected and subjected to
amino acid analysis. According to the analysis, the least hydrophobic fraction, which
eluted first, did not contain peptides that included valine, methionine, isoleucine,
leucine, tyrosine, and phenylalanine residues and also did not exhibit any separation
ability for the tested racemic amino acid derivatives (Table 3-1).
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Fig. 3-2. Semipreparative RP-HPLC profile of cyclo(Arg-Lys-X-Pro-X-Ala). The crude sublibrary (160
mol) was dissolved in 0.1 % (v/v) TFA and applied to a Whatman Partisil 10 µm ODS-2 (1 × 50 cm)
column. The peaks were eluted using a 40-min linear gradient of 0–25 % acetonitrile in water at a
flowrate of 7 mL min–1. Fractions were collected every 2 min and pooled in three fractions as indicated
by arrows; 130 µmol of peptides was recovered (yield 81 %). (Reprinted with permission from ref. [75].
Copyright 1998, American Chemical Society.)



Table 3-1. Values of enantiomeric resolution of DNP-amino acids in a running electrolyte containing
the three fractions 1, 2, and 3 of the cyclo(Arg-Lys-X-Pro-X-β Ala) sublibrary separated by preparative
HPLC.

Analyte
Resolution

c(Arg-Lys-X-Pro-X-β Ala) Fraction 1 Fraction 2 Fraction 3

DNP-D,L-Glu 2.05 1.09 4.05 1.69
DNP-D,L-Ala 0.80 0 5.54 2.45
DNP-D,L-Leu 0 0 3.53 0.89

This led to the conclusion that these amino acids were essential for the resolution
capability and only 6 new libraries of 18 compounds had to be synthesized with
these amino acid residues to define the position 3. Surprisingly, the separation abil-
ities of all six libraries were very similar. Therefore, tyrosine was chosen for contin-
uing deconvolution, since it is convenient as its aromatic ring can easily be detected
by UV spectrometry. The last step, defining position 5, required the synthesis and
testing of 6 individual hexapeptides.

Fig. 3-3. Comparison of the values of enantiomeric resolution of different DNP-D,L-amino acids at dif-
ferent deconvolution stages of a cyclic hexapeptide sublibrary. Resolution values in a cyclo(Arg-Lys-X-
X-X-β-Ala) sublibrary, in the first line, are compared to those obtained in sublibraries with a progres-
sively increasing number of defined positions. All the sublibraries were 30 mM in the running buffer while
the completely defined cyclo(Arg-Lys-Tyr-P-Tyr-β–Ala) peptide is used at 10 mM concentration. Condi-
tions: cyclopeptide sublibrary in 20 mM sodium phosphate buffer, pH 7.0; capillary, 50 µm i.d., 65 cm
total length, 57 cm to the window; V = –20 kV, I = 40; electrokinetic injection, –10 kV, 3 s; detection at
340 nm. (Reprinted with permission from ref. [75]. Copyright 1998, American Chemical Society.)
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The improvements in resolution achieved in each deconvolution step are shown in
Figure 3-3. While the initial library could only afford a modest separation of DNB-
glutamic acid, the library with proline in position 4 also separated DNP derivatives
of alanine and aspartic acid, and further improvement in both resolution and the
number of separable racemates was observed for peptides with hydrophobic amino
acid residues in position 3. However, the most dramatic improvement and best selec-
tivity were found for c(Arg-Lys-Tyr-Pro-Tyr-β-Ala) (Scheme 3-2a) with the tyrosine
residue at position 5 with a resolution factor as high as 28 observed for the separa-
tion of DNP-glutamic acid enantiomers.

In addition to the development of the powerful chiral additive, this study also
demonstrated that the often tedious deconvolution process can be accelerated using
HPLC separation. As a result, only 15 libraries had to be synthesized instead of 64
libraries that would be required for the full-scale deconvolution. A somewhat simi-
lar approach also involving HPLC fractionations has recently been demonstrated by
Griffey for the deconvolution of libraries screened for biological activity [76].
Although demonstrated only for CE, the cyclic hexapeptides might also be useful
selectors for the preparation of chiral stationary phases for HPLC. However, this
would require the development of non-trivial additional chemistry to appropriately
link the peptide to a porous solid support.

3.6.1 Library of Chiral Cyclophanes

Inspired by the separation ability of cyclic selectors such as cyclodextrins and crown
ethers, Malouk’s group studied the synthesis of chiral cyclophanes and their interca-
lation by cation exchange into a lamellar solid acid, α-zirconium phosphate aiming
at the preparation of separation media based on solid inorganic-organic conjugates
for simple single-plate batch enantioseparations [77–80].

Scheme 3-3.
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An example of the modular preparation of the cyclophane 3 from the substituted
bipyridine 2 and a general tripeptide 1 is shown in Scheme 3-3. The host molecule
3 contains a pre-organized binding pocket. The overall basicity of such molecules
also facilitates their intercalation within the lamellas of acidic zirconium phosphate,
thus making this chemistry well suited for the desired application.

While the bipyridinium part of the cycle is fixed, the peptidic module is amenable
to combinatorial variation. The ability of a library of cyclophanes 3 containing 20
dipeptides and one tripeptide to recognize chiral compounds was studied in deu-
terium oxide solutions using the facile 1H NMR titration technique that required
only a small amount of the selector [77–79]. The chemical shifts of both protons of
the –CH2– group linking the bipyridinium unit with the phenyl groups of the cyclo-
phane were monitored as a function of concentration of the added guest molecules
(Fig. 3-4) and used to calculate of binding constants K.
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For example, cyclophane 3 containing (L)-val-leu-ala tripeptide showed signifi-
cant association with (D)-3,4-dihydroxyphenylalanine 4 (DOPA) and the drug
nadolol 5 with K values of 39 ± 6 and 23 ± 3 mol–1, respectively, demonstrating
rather high selectivity of this cyclic selector. In contrast, only very low binding con-
stants were observed for (L)-DOPA (K = 3 mol–1), D and L tryphtophan (K = 5 and
6 mol–1), and N-2-naphthylalanine (K = 10 mol–1) [79]. A further increase in the
hydrophobicity and, perhaps, enhanced π-acceptor ability of the lateral functionali-
ties of the oligopeptide moiety may help substantially to improve the selectivity that
would be required for their successful application in intercalated solids. It should be
noted that this category of selectors is exceptional since, in contrast to the vast
majority of typical selectors, it operates in environment friendly aqueous media.
Their solubility in water results from the cationic nature of the cyclophane.

3.6.2 Modular Synthesis of a Mixed One-Bead – One-Selector Library

The screening of libraries of compounds for the desired property constitutes an
essential part of the combinatorial process. The easier and the faster the screening,
the higher the throughput and the more compounds can be screened in a unit of time.
This paradigm has led Still’s group to develop a combinatorial approach to chiral
selectors that involves a visual screening step by optical microscopy that enables the
manual selection of the best candidates [81].
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In order to prove the concept, they prepared a library of 60 selectors using three
different building modules A, B, and C (Scheme 3-4). Module A consists of 15 dif-
ferent D- and L-amino acids, while module C was a cyclic amide formed by the con-
densation of two RR or SS 1,2-diaminohexane molecules with one isophthalic acid
and one trimesic acid unit. Two different stereoisomers (RRRR and SSSS) were pre-
pared. These two modules A and C were linked through module B (3,4-diaminopy-
rolidine) that serves as a turn element directing modules A and C toward one another.
This module was also used for the attachment of the selector to the solid support.
Aminomethylated Merrifield resin (100 µm polystyrene beads crosslinked with 2 %
divinylbenzene) modified with ε-aminocaproic acid was chosen as the support, and
the library was prepared using a split synthesis process that led to a mixture of dif-
ferent beads with each bead containing only one selector [72]. Briefly, a batch of
reactive beads was split into four parts and reacted with small amounts of tag acids
to encode the stereoisomers used in the first reaction step and to enable decoding the
successful selectors. Each pool was then treated in a separate flask with modules
(RR)-B-(RRRR)-C, (RR)-B-(SSSS)-C, (SS)-B-(RRRR)-C, and (SS)-B-(SSSS)-C,
respectively. Once these reactions were completed, beads from all flasks were com-
bined and then split into 15 reaction vessels. Each set contained beads with all four
combinations of modules B–C. In the next step, the beads in each reactor were
pooled, tagged and treated with 15 different activated amino acids (module A). Once
this reaction was complete, the beads were combined again and used for the screen-
ing.

To find the most efficient selectors in the library, blue and red dye-labeled enan-
tiomeric probe molecules 6 and 7 were prepared by linking pentafluorophenyl esters
of L- and D-proline with Disperse Blue 3 and Disperse Red 1, respectively, through
an isophthaloyl (shown in structures 6 and 7) or a succinyl moiety. For detection, a 
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Fig. 3-5. Schematic of the visual screening of col-
ored beads in the field of optical microscope. Open
circles red beads, close circles blue beads, dashed
circles brown beads.

portion of beads was added to an excess of a mixture containing both proline – dye
conjugates and left to interact for 4 h. The beads were then washed and observed by
optical microscopy. A typical picture showing the desired effect is presented
schematically in Fig. 3-5.

Differently colored beads could be seen in the field of observation. Those beads
that exhibited higher affinity to respective colored D- and L-proline – dye conjugates
were red and blue, while beads with no selectivity were brown. Beads with the purest
blue or red color were manually picked and decoded to determine the structures of
their selectors. Once decoded, gram quantities of beads bearing these selectors were
prepared and treated again with the mixture of dye-proline conjugates. Subsequent
release of adsorbed molecules and determination of the enantiomeric excess (ee.)
enabled direct comparison of the enantioselectivities of these selectors (Table 3-2).
Enantioselectivities similar to those shown in Table 3-2 were also found for the
racemic proline pentafluorophenyl ester, and confirm that there is no positive or neg-
ative contribution to selectivity entailed by the large dye moiety.

Table 3-2. Enantiodiscrimination of selected library members using the two-color assay with proline
derivatives.

Library member Enantiomeric excess ( % ee)

L-His-(SS)-B-(RRRR)-C 49 for D
D-His-(RR)-B-(SSSS)-C 51 for L
L-Asp-(SS)-B-(RRRR)-C 44 for D
D-Asp-(RR)-B-(SSSS)-C 48 for L
L-Asn-(SS)-B-(SSSS)-C 51 for L
D-Asn-(RR)-B-(RRRR)-C 39 for D

Although the preparation of the quite complex selector modules prior to the syn-
thesis of the library represented a rather significant synthetic effort, this study
showed clearly the potential of combinatorial chemistry in the early development
stage of a chiral separation medium and demonstrated a novel approach to rapid
screening that might be amenable to full automation in the future.
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3.7 Combinatorial Libraries of Selectors for HPLC

3.7.1 On-Bead Solid-Phase Synthesis of Chiral Dipeptides

Several attempts to prepare efficient chiral stationary phases using Merrifield’s
solid-phase peptide synthesis have been reported in the past. For example, in 1977
Gruska [82] prepared a tripeptide bound to a solid support using a sequence of pro-
tection – coupling – deprotection reactions. This approach appeared to suffer from
incomplete conversion in the coupling steps, and the stationary phase exhibited only
a modest selectivity. A similar stationary phase was later prepared by attaching the
pure tripeptide L-val-ala-pro, prepared in solution, to porous silica beads [83]. This
CSP exhibited higher selectivity than that of Gruska thus indicating the possible
detrimental effect of undesired or uncontrolled functionalities on the recognition
ability of the stationary phase. Recently, Welch analyzed these results and realized
that the primary reason for the relative failure of the early approaches to on-bead
solid-phase synthesis of oligopeptide selectors could be traced to the relatively low
reactivity of the functional silane reagent, 1-trimethoxysilyl-2-(4-chloromethyl-
phenyl)ethane, used for the preparation of the original chiral stationary phases [84].
As a result of steric constrains, selector surface coverage of only 0.3 mmol g–1 could
be achieved after activation using this bulky silane reagent. In contrast, Welch easily
obtained CSPs containing at least twice as much selector using aminopropyltri-
ethoxysilane activation. This group also optimized the reaction conditions to afford
silica beads with a high amine surface coverage and to realize their essentially quan-
titative functionalization in the subsequent reaction step. This more successful
approach enabled study of the effects of various variables on the separation proper-
ties of chiral stationary phases thus prepared.

First, they compared CSPs 1 and 3 prepared by the two-step solid-phase method-
ology with their commercially available counterparts (CSPs 2 and 4) obtained by
direct reaction of the preformed selector with a silica support. Although no exact
data characterizing the surface coverage density for these phases were reported, all
of the CSPs separated all four racemates tested equally. These results shown in Table
3-3 subsequently led to the preparation of a series of dipeptide and tripeptide CSPs
5–10 using a similar synthetic approach. Although the majority of these phases
exhibited selectivities lower or similar to those of selectors built around a single
amino acid (Table 3-3), this study demonstrated that the solid-phase synthesis was a 
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Table 3-3. Enantioseparation of 2-methylnaphthoyl-N,N-diethylamide and naproxene methyl ester
using CSPs 1-11.

CSP k�1 α k�1 α

1 5.67 1.10 3.19 1.33
2a 6.48 1.08 3.64 1.33
3 10.43 1.10 3.16 1.00
4a 9.08 1.07 2.54 1.00
5 6.64 1.15 1.81 1.00
6 7.60 1.10 2.18 1.00
7 5.28 1.12 1.45 1.00
8 4.95 1.03 5.30 1.29
9 7.77 1.11 1.87 1.00
10 4.81 1.13 1.35 1.00
11 3.15 2.22 8.06 1.84

a Commercial CSPs 2 and 4 from Regis Technologies, Inc. (Morton Grove, IL) have selectors close to those of CSPs
1 and 3, respectively.
Conditions: mobile phase 10 % 2-propanol in hexane, column 250 × 4.6 mm i.d., flow rate 2 mL min–1, UV detec-
tion at 254 nm.

viable alternative to the more traditional approaches and opened the access to
libraries of chiral separation media.
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The experiments of the initial study were performed on a 5 g scale. Although fully
feasible, this quantity of functionalized beads required the use of very substantial
amounts of reagents and solvents for both the preparation and the chromatographic
testing. Therefore, the same group later developed a microscale methodology for
screening with only 50 mg of the CSP [85]. Their approach assumed that if an effi-
cient CSP is placed in a solution of a racemate, it should adsorb preferentially only
one of the enantiomers, thus depleting it from the solution. To confirm this assump-
tion, they placed a few milligrams of the beads in a vial and added a dilute solution
of a less than equimolar amount of the target racemate. After equilibration, a sample
of the supernatant liquid was injected into a commercial chiral HPLC column and
the peak areas were determined for both separated enantiomers to calculate the
selectivity. If the areas were equal, the CSP did not exhibit any selectivity, while any
change in the amount of an enantiomer represented some level of selectivity.

After this feasibility test, a library consisting of 50 types of beads each contain-
ing a different dipeptide selector attached through its C-terminal group was prepared
and screened (Fig. 3-6) [84]. The first amino acid residue (aa 1) was chosen from a 

Fig. 3-6. General structure of dipeptide CSPs.

group consisting of D enantiomers of phenylglycine, valine, leucine, glutamine, and
phenylalanine. Both D and L enantiomers of the same set of amino acids were then
used as the second residue (aa 2), thus affording 50 different dipetides (5 × 10). The
N-termini of these dipeptides were then capped with the π-acidic dinitrobenzoyl
(DNB) group. The selectivity of each member of this parallel library was screened
against the model racemate N-(2-naphthyl)alanine diethylamide (8).

A number of interesting conclusions could be drawn from the screening. For
example, the amide hydrogen atom at the second amino acid residue close to the
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DNB group appeared to be essential for high selectivity. Similarly, a large group
affording steric hindrance at the same amino acid also improved the resolution. In
contrast, proline at that position did not lead to CSPs with good selectivities.
Although the substituted amino acid-based selectors were thoroughly studied earlier
using various techniques including X-ray diffraction and NMR, this study brought
about unexpected results. For example, the glutamine residue (gln) at the initial posi-
tion was beneficial for selectivity. Similarly, homochiral (D–D) dipeptides afforded
better selectivity than many heterochiral sequences. The best selectivity of this selec-
tor library was observed for (L)-gln-(L)-val-DNB. Although successfully demon-
strated, the ”in-batch“ screening is less sensitive than the direct separation in HPLC
mode and its use appears limited to the discovery of selectors with selectivity factors
of at least 1.5. In addition, this evaluation allows only relative comparisons and exact
numerical values for the selectivity factors cannot be calculated easily.

To further extend this study, the authors expanded their selection of amino acids
including hydrogen bonding residues (L-isomers of glutamine, asparagine, serine,
histidine, arginine, aspartic acid, and glutamic acid) in position 1 closest to the sur-
face of the support and both D and L amino acids with bulky substituents (leucine,
isoleucine, t-leucine, valine, phenylalanine, and tryptophan) in the position 2 [86].
The terminal amine functionalities of these dipeptides were again capped by dini-
trobenzyl groups. One sublibrary of 39 attached selectors could be prepared directly,
while the second sublibrary involving 32 selectors required the Fmoc lateral chain
protection during its preparation. Hence, the complete library used in this study
incorporated 71 dipeptide selectors out of 98 possible structures. All of these CSPs
were tested for the resolution of 8 using the batch approach. Evaluation of results
shown in Fig. 3-7 indicated that glutamic acid, aspartic acid, and histidine in posi-
tion 1 and leucine, isoleucine, and phenylalanine in position 2 afforded selectors
with enantioselectivity far better than that of the gln-val-DNB selector lead identi-
fied in the original library [84].

The usefulness of this solid-phase synthesis/screening was finally validated by
synthesizing 5 g of beads with the (L)-glu-(L)-leu-DNB selector. These were packed
into a 250 × 4.6 mm i.d. HPLC column and evaluated using normal-phase chro-
matographic conditions. The separation of racemic 8 shows Fig. 3-8. This separation
was remarkable for several reasons: first, for its excellent selectivity factor (α =
20.74) enabling an outstanding separation of both enantiomers with an isocratic mix-
ture of 2-propanol-hexane; second, the k� value for the second peak was 78.99 and
the peak did not elute until after almost 2 h, indicating that a rather strong interac-
tion is involved in the recognition process; and finally, the column afforded a high
selectivity factor of over 18 even in pure ethyl acetate that might be a better solvent
for many racemates than the hexane mixture and can easily be recycled. The large
“distance” between the peaks of both enantiomers resulting from the high selectiv-
ity was found extremely useful for separations under overload conditions. For exam-
ple, Fig. 3-9 shows a remarkable enantioseparation of 100 mg of the model racemate
on the analytical size column that produced both enantiomers in optical purity of
98.4 and 97 % ee, respectively [86].
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Fig. 3-7. Evaluation of a focused library of 71 DNB-dipeptide CSPs for enantioseparation of the test
racemate 8. (Reprinted with permission from ref. [86]. Copyright 1999, American Chemical Society.)

Fig. 3-9. Preparative HPLC of 100 mg of the test racemate 8 in a single 2 mL injection using a 250 ×
4.6 mm i.d. column containing (S)-Glu-(S)-Leu-DNB CSP. Conditions: mobile phase ethyl acetate,
flowrate 2.0 mL min–1, UV detection at 380 nm. Injection 2 mL of 50 mg mL–1 racemate solution. Frac-
tions collected before and after the indicated cut point were 98.4 % ee and 97 % ee pure, respectively.
(Reprinted with permission from ref. [86]. Copyright 1999, American Chemical Society.)

Fig. 3-8. HPLC evaluation of a 250 × 4.6 mm i.d.
analytical column packed with the selected dipep-
tidic (S)-Glu-(S)-Leu-DNB CSP. Conditions:
mobile phase 20 % 2-propanol in hexane, flowrate
2.0 mL min–1, UV detection at 280 nm. (Reprinted
with permission from ref. [86]. Copyright 1999,
American Chemical Society.)



The use of silica beads as a support for the preparation of peptide libraries appears
to be somewhat problematical. While Welch could demonstrate the very satisfactory
results described above [84–86], Li was not able to achieve complete coupling of the
first amino acid to all of the surface functional groups of modified silica, thus leav-
ing behind a number of functionalities that might be detrimental for the desired chi-
ral separations [87]. Therefore, Li’s group used the organic polymer supports that are
most common in the field of solid-phase synthesis: aminomethylated Merrifield
resin (2 % crosslinked polystyrene beads) and amine-terminated polyethylene glycol
modified polystyrene resin (NovaSyn TG amino resin). They prepared two 4 × 4 par-
allel libraries using these supports, each consisting of 16 selectors obtained from
four amino acids (L-leucine 9, L-alanine 10, glycine 11, and L-proline 12) and four
carboxylic acids providing π blocks (3,5-dinitrobenzyl 13, benzyl 14, naphthyl 15,
and anthryl 16) with varied aromatic moiety. The achiral glycine unit 11 served as a
negative internal control. The solid-phase synthesis of this 16-member library on
resin was performed using a Hi-top filter plate manual synthesizer and Fmoc strat-
egy.

The screening was performed in a way similar to that of Welch, except that it
involved the use of a spectropolarimeter instead of chiral chromatography to deter-
mine the selectivity. Equal amounts of the target racemate 17 were added into each
of the 16 wells containing beads and the ellipticity of the supernatant liquid in each
well was measured after equilibrating for 24 h at the wavelength of the maximum
adsorption (260 nm). Knowing the specific ellipticity of one enantiomerically pure
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analyte and the total concentration of enantiomers in the solution determined from
UV adsorption, the enantiomeric ratio of components in the supernatant liquid could
easily be calculated. The results are summarized in Fig. 3-10. Obviously, no selec-
tivity is expected for the glycine-based selectors. Thus the readings for these selec-
tors set the accuracy limits of the circular dichroism method. Comparison of ellip-
ticities measured with the same selector prepared on both different resins indicated
that the more polar and hydrophilic TG resin afforded lower selectivities. However,
the effect of the matrix did not change the fact that the highest ellipticity was found
for beads with the same selectors. This suggested that the support chemistry might
affect the screening, a fact, that was also demonstrated quite convincingly by our
research group [8, 10].

Fig. 3-10. Ellipticities measured at 260 nm for separations achieved with the members of the parallel
library of 16 dipeptide CSPs (Reprinted with permission from ref. [87]. Copyright 1999, American
Chemical Society.)

The two best selectors resulting from Li’s screening, DNB-L-ala and DNB-L-leu,
were then prepared on a larger scale, attached to silica beads modified with 3-amino-
propyl-triethoxysilane, and the CSPs were packed into columns. Respective separa-
tion factors of 4.7 and 12 were found for the separation of racemic naphthyl leucine
ester 17 using these CSPs.
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3.7.2 Reciprocal Screening of Parallel Library

In our own research we have demonstrated the power of the reciprocal approach with
the screening of a library of substituted dihydropyrimidines. These compounds rep-
resent a new family of potential selectors not derived from natural chiral blocks [55,
88]. The library of dihydropyrimidines was prepared using a multicomponent con-
densation strategy [89]. Multicomponent reactions involve two or more reactants in
a single-step process that provides durable core structures and highly variable side
chains from simple starting materials. Therefore, these strategies are very useful for
combinatorial syntheses of libraries of small molecules. The Biginelli dihydropy-
rimidine synthesis, first reported more than 100 years ago [90] is one of such multi-
component reactions. It involves a one-pot cyclocondensation of β-keto esters 18,
aldehydes 19, and ureas 20 that affords dihydropyrimidine heterocycles 21 (Scheme
3-5) [91]. This simple approach was applied in our laboratory to create a library of
over 160 diverse racemic dihydropyrimidines [55]. Although this library was not
very large, its diversity was sufficient to obtain an efficient selector and to establish
a correlation between structural features and enantioselectivity. The approach is also
notable for its direct applicability to libraries of racemic molecules.

Scheme 3-5.

In order to perform such a correlation, our library was “screened” using a “recip-
rocal” CSP with an arbitrary bound chiral target (L)-(3,5-dinitrobenzoyl) leucine
(Fig. 3-11).

The target was immobilized on monodisperse macroporous poly
((N-methyl)aminoethyl methacrylate-co-methyl methacrylate-co-ethylene di-
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methacrylate) beads [10] affording CSP 11. Some results of the screening of the
library are shown in Fig. 3-12 and 3-13. They revealed that many racemic dihy-
dropyrimidines are not resolved at all (separation factor α = 1.0), while rather high
α values of up to 5.2 were achieved for top candidates such as 4-(9-phenanthryl)-
dihydropyrimidine 22. Figure 3-14A shows the chromatographic separation of this
racemate.

We also performed a single-crystal X-ray structure analysis of this lead com-
pound. The solid state structure of this compound depicted in Fig. 3-15 shows a half-
boat-like (“sofa”) conformation with the 9-phenanthryl group in a quasi-axial or
quasi-flagpole position, and the α,β-unsaturated exocyclic ester in a s-cis confor-
mation. This cleft-like conformation is advantageous for the creation of centers with
a high recognition ability, since one enantiomer “fits” in better than the other thus
leading to selectivity.

Inspection of the large body of data collected from the separation experiments
also revealed several structural requirements necessary for good chiral recognition.
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Fig. 3-11. Concept of reciprocal combinatorial approach to the preparation of chiral stationary phase.
(Reprinted with permission from ref. [55]. Copyright 1999, American Chemical Society.)
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Fig. 3-12. Selectivity factors for the separations of sublibraries of racemic ethyl (6-methyl-) and 
(ethyl 1,6-dimethyl) 2-oxo-4-substituted-1,2,3,4-tetrahydropyrimidine-5-carboxylates. (Reprinted with
permission from ref. [55]. Copyright 1999, American Chemical Society.)
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For example, only those dihydropyrimidines that contained a hydrogen-bonding
donor at position 3 next to the chiral center were separated. Remarkably, dihy-
dropyrimidines with non-substituted nitrogen atoms at positions 1 and 3 resulted in
separations with longer retention times and decreased separation factors α. Increas-
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Fig. 3-14. Separation of (A) (±)-4-(9-phenanthryl)-dihydropyrimidine 22 on chiral stationary phase CSP
11 and (B) racemic 3,5-dinitrobenzamidoalanine-N,N-diethylamide on chiral stationary phase CSP 12.
Conditions: column 150 × 4.6 mm i.d.; mobile phase dichloromethane; flowrate 1 mL min–1.

Fig. 3-15. Spatial structure of (±)-4-(9-phenanthryl)-dihydropyrimidine 22 determined by X-ray diffrac-
tion. The hydrogen atoms are not shown for clarity.



ing the π-basicity of the aromatic group at C4 resulted in higher separation factors
due to a stronger interaction with the π-acidic 3,5-dinitrobenzoyl group of CSP 11
used for the screening. Obviously, the substitution pattern as well as the π-basicity
of the aromatic group at the C4 atom play essential roles. Dihydropyrimidines with
ortho-substituted aromatic groups show much higher enantioselectivities compared
to meta- and para-substituted groups. For example, the observed enantioselectivity
for the 1-naphthyl-dihydropyrimidines was almost twice that of the corresponding 2-
naphthyl derivative (see Fig. 3-12). Addition of a second ortho substituent in the aro-
matic ring of the dihydropyrimidines led to a dramatic deterioration of enantiosepa-
ration as observed with the 9-anthryl or 2-methoxy-1-naphthyl substituted com-
pounds. Finally, another important effect on enantioselectivity was observed when a
thiourea was used instead of urea for the preparation of 21. In general, the selectiv-
ity factor for the 2-thio analogs increased two-fold compared to the corresponding
2-oxo-DHPMs (see Fig. 3-13). For example, 4-(9-phenanthryl)-2-thiodihydropyri-
midine exhibited a selectivity of α = 11.7 instead of 5.2 for the best oxygenated ana-
logue. However, the lability of the thio-containing compounds compared to the oxo-
analogue led us to select the latter for the preparation of more rugged CSPs.

In the next step, the best candidate from the series 2-oxo-4-(9-phenanthryl)-dihy-
dropyrimidine 22 was prepared and isolated in enantiomerically pure form, then
attached to a macroporous polymer support. To attach the isolated selector to the amino
functionalized macroporous polymethacrylate support, a suitable reactive “handle” had
to be introduced into the dihydropyrimidine. We chose to functionalize the methyl
group at the C6 carbon atom by a simple bromination to afford (-)-22. Coupling of this
compound to the amino functionalized support then gave the desired chiral stationary
phase CSP 12 (Scheme 3-6) containing 0.20 mmol g–1 of the selector.
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CSP 12 afforded good separations for a variety of racemic α-amino acid deriva-
tives. Figure 3-14B shows an example of a typical separation of 3,5-dinitrobenz-
amidoalanine-N,N-diethylamide enantiomers with a separation factor α = 7.7. Even
though CSP 12 was designed for the separation of derivatized amino acids, other
classes of compounds such as dihydropyrimidines and profens could also be
resolved. In addition, this phase could be utilized under reversed-phase separation
conditions. Despite the suppression of the hydrogen bonding interactions between
the CSP and analyte, rather good enantioselectivities (α = 3.5) were obtained even
in a mobile phase consisting of 50 % water. This confirmed that CSP 12 was a ver-
satile phase capable of enantioseparations in either reversed-phase or normal-phase
mode.

The reciprocal strategy is best suited for typical situations encountered in the
industry that require the preparation of a highly selective CSP for the separation of
only a single racemic product such as a drug. Since single enantiomers of that com-
pound must be prepared for the testing, the preparation of a “reciprocal” packing
with a single enantiomer attached to the support does not present a serious problem.
Once this CSP is available, a broad array of libraries of potential racemic selectors
can easily be screened. Although we selected a simple Biginelli three-component
condensation reaction to prepare the library of selectors based on “non-natural”
compounds, many other libraries of chiral organic compounds could also be
screened as potential selectors for the chiral recognition of specific targets. This
approach provides one more benefit: when such an extensive study is carried out
with structurally related families of compounds typical of chemical libraries, a bet-
ter understanding of chiral recognition may quickly be generated and used for design
of even more successful selectors.

3.7.3 Reciprocal Screening of Mixed Libraries

The reciprocal screening of a mixed library described by Li’s group very recently
[92] is an interesting variation of the approach outlined in the previous text. Follow-
ing a standard procedure, a L-naphthylleucine CSP 13 containing the target analyte
was prepared first by attaching L-17 onto silica using a standard hydrosilylation pro-
cedure.

A mixed 4 × 4 peptide library consisting of 16 members was again prepared from
the earlier-shown two families of building blocks 9–12 (all L enantiomers) and
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13–16 shown earlier, each terminated with a glycine unit, using a solid-phase syn-
thesis followed by cleavage. This complete library was injected on a short column
packed with CSP 13 and eluted in a gradient of 2-propanol in hexane (Fig. 3-16a).
The chromatogram features a number of peaks. Obviously the retention times
depended on the interaction of individual library members with the immobilized tar-
get as well as on possible interactions with both the support and the mobile phase.
However, the retention times alone did not provide any information that might be
related to the chiral recognition since only one enantiomer of each potential selector
is present in the library. Therefore, an identical library was also prepared using all D
enantiomers of the amino acid building blocks and the separation process was
repeated on the same column (Fig. 3-16b).

Fig. 3-16. Chromatograms of mixed libraries of 16 L (a) and 16 D (b) selectors using reciprocal station-
ary phase CSP 13. Conditions: column 50 × 4.6 mm i.d.; mobile phase gradient of 5–20 % 2-propanol
in hexane; flowrate, 1.2 mL min–1; UV detection at 254 nm. (Reprinted with permission from ref. [92].
Copyright 1999, American Chemical Society.)

The substantial difference between these two chromatograms was a clear proof
that CSP 13 interacted differently with the mixtures of L and D enantiomers. This
also indicated the presence of at least one pair of enantiomers that interacted selec-
tively with the CSP. Unfortunately, a tedious synthesis of 16 sublibraries (eight L and
eight D) containing decreasing numbers of blocks had to be prepared to deconvolute
the best selector. A comparison of the chromatograms obtained from these subli-
braries in each deconvolution step was used again, and those selectors for which no
difference was observed were eliminated. This procedure enabled the identification
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of two powerful selectors, DNB-L-leu-gly and DNB-L-ala-gly in agreement with the
results of the parallel screening [87].

These two selectors terminated with a glycine were then prepared on a larger
scale, their carboxyl groups reacted with 3-aminopropyltriethoxysilane, and the con-
jugate immobilized onto silica. Each CSP was packed into columns and used for the
separation of racemic (1-naphthyl)leucine ester 17. Separation factors of 6.9 and 8.0
were determined for the columns with DNB-ala-gly and DNB-leu-gly selector
respectively. These were somewhat lower than those found for similar CSPs using
the parallel synthesis and attached through a different tether [87].

The major weakness of this method appears to be the limited size of the library
that can be screened. Although the authors believe that their method is well suited to
screen medium-sized libraries with up to a few hundred members, the most impor-
tant limit is the requirement of having equal sets of both L and D building units. This
is easily achieved with amino acids that provide relatively large diversity at a rea-
sonable cost. However, this may be a serious problem with many other families of
chiral compounds. The other drawback of the current implementation is the large
number of sublibraries that must be synthesized and screened to specify the best
selector. In fact, the number of sublibraries in the published procedure equaled the
number of members of the original library thus making the expected acceleration
effect of this combinatorial approach questionable. However, the use of the mass
spectroscopic detection during the first two parallel screening separations of Fig. 3-
16 would afford molecular weights of the separated compounds that are specific for
each individual selector. If the retention of any of the injected compounds is the
same for both D- and L-libraries, no selectivity occurs. In contrast, different retention
times in both runs indicate selectivity and even allow an estimation of selectivity fac-
tors. Such an approach might totally avoid the tedious multistep deconvolution pro-
cess and accelerate the screening procedures.

3.7.4 Library-On-Bead

Our group also demonstrated another combinatorial approach in which a CSP carry-
ing a library of enantiomerically pure potential selectors was used directly to screen
for enantioselectivity in the HPLC separation of target analytes [93, 94]. The best
selector of the bound mixture for the desired separation was then identified in a few
deconvolution steps. As a result of the “parallelism advantage”, the number of columns
that had to be screened in this deconvolution process to identify the single most selec-
tive selector CSP was much smaller than the number of actual selectors in the library.

Our strategy consisted of the following steps: A mixture of potential chiral selec-
tors is immobilized on a solid support and packed to afford a “complete-library col-
umn”, which is tested in the resolution of targeted racemic compounds. If some sep-
aration is achieved, the column should be “deconvoluted” to identify the selector
possessing the highest selectivity. The deconvolution consisted in the stepwise
preparation of a series of “sublibrary columns” of lower diversity, each of which
constitute a CSP with a reduced number of library members.
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The feasibility of this approach was demonstrated with a model library of 36
compounds prepared from a combination of three Boc protected L-amino acids
(valine 23, phenylalanine 24, and proline 25) and 12 aromatic amines (3,4,5-
trimethoxyaniline (26), 3,5-dimethylaniline (27), 3-benyloxyaniline (28), 5-
aminoindane (29), 4-tert-butylaniline (30), 4-biphenylamine (31), 1-3-benyloxyani-
line (28), 5-aminoindane (29), 4-tert-butylaniline (30), 4-biphenylamine (31), 1-
aminonaphthalene (32), 4-tritylaniline (33), 2-aminoanthracene (34),
2-aminofluorene (35), 2-aminoanthraquinone (36), 3-amino-1-phenyl-2-pyrazolin-
5-one (37)). The complete library was prepared by a two-step procedure that
includes the activation and coupling of the N-Boc-protected α-amino acids with the
various amines followed by deprotection of the resulting protected amides (Scheme
3-7). The mixture of deprotected amino acid derivatives in solution was then immo-
bilized onto a polymeric solid support, typically activated 5-µm macroporous
poly(hydroxyethyl methacrylate-co-ethylene dimethacrylate) beads, to afford the
chiral stationary phases with a multiplicity of selectors. Although the use of columns 
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with mixed selectors has not been recommended for actual enantioseparations [95],
it is ideally suited for our combinatorial approach to optimized selectors.

As expected from the design of the experiment, the HPLC column packed with
CSP 14 containing all 36 members of the library with π-basic substituents separated
π-acid substituted amino acid amides. Although encouraging since it suggested the
presence of at least one useful selector, this result did not reveal which of the numer-
ous selectors on CSP 14 was the most powerful one. Therefore, a deconvolution pro-
cess involving the preparation of series of beads with smaller numbers of attached
selectors was used. The approach is schematically outlined in Fig. 3-17.
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Scheme 3-7.

Fig. 3-17. Schematic of the deconvolution process used in the library-on-bead approach.



In the next step, each single amino acid was coupled separately with the 12
amines resulting in three new CSPs (CSP 15–CSP 17) each containing mixed li-
gands. Once packed into HPLC columns these CSPs were evaluated. The highest
selectivity factor of 13.7 in the first deconvoluted series of columns was found for
the proline-based CSP 17 while the α-values of the two other columns were close to
5. Further deconvolution of the proline-based column was carried out by splitting the
12 members of the amine building blocks 26–37 in two subgroups to afford a third
set of columns (CSP 18 and CSP 19). Thus, the first proline-based sublibrary col-
umn (CSP 18) was prepared using 6 amines with smaller aromatic substituents
(amines 26–31), and the second column (CSP 19) with amines having larger sub-
stituents (32–37). These columns exhibited selectivity factors of 13.6 and 7.3,
respectively. In the next step, the 6 amine-based groups present in the more selective
column CSP 18 were divided again into 2 groups (26–28 and 29–31), containing 3
amines with mainly meta-substituted aromatic amines and another 3 with para-sub-
stituted amines. The respective columns CSP 20 and CSP 21 exhibited rather high
α-values of 17.4 and 14.9 for racemic (3,5-dinitrobenzoyl)leucine diallylamide and
indicated that both groups involved at least one selector with a very high selectivity.
This was not surprising for CSP 20, since we have previously demonstrated that the
selector substituted with 3,5-dimethylaniline (27) that was intentionally used in our
experimental design, was quite powerful [8]. Since the performance of these two
columns was similar, we decided to further deconvolute CSP 21 as it involved an
entirely new set of selectors. Three columns CSP 22–CSP 24 packed with beads con-
taining only individual selectors were prepared with the amines 29, 30, and 31,
respectively. Although all these columns exhibited rather high selectivities, an α-
value of 23.1 was achieved with CSP 22 featuring 5-aminoindane 29 as a part of the
proline selector. Figure 3-18 shows the changes in selectivity factors determined for
(3,5-dinitrobenzoyl)leucine diallylamide on CSP 14–24.
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Fig. 3-18. Selectivity factors 
α determined for (3,5-dinitroben-
zoyl)leucine diallylamide on CSP
15–24. Conditions: analyte (3,5-
dinitrobenzoyl)leucine diallyl-
amide; column 150 × 4.6 mm i.d.;
mobile phase 20 % hexane in
dichloromethane; flowrate 1 mL
min–1, UV detection at 254 nm.



Since this method of screening initially operated by selecting groups of molecules
rather than individual compounds, and since the difference between both CSP 20 and
CSP 21 was small, it is indeed possible that our “best” CSP 22 was not actually the
most efficient selector of the original mixture. To confirm this, as well as to satisfy
our curiosity to uncover which other selector was very powerful, we prepared three
additional columns CSP 25–27 containing single proline-based selectors with
amines 26–28 as a control experiment. As expected from the previous work [8], CSP
26 prepared with amine 27 also exhibited a very high selectivity (α = 24.7 for (3,5-
dinitrobenzoyl)leucine diallylamide) similar to that of CSP 22. Surprisingly, CSP 24
and CSP 27, prepared with amines 26 and 28 respectively, afforded only modest α-
values of less than 4.

The rapid increase in the separation factors observed for the individual series of
columns reflected not only the improvement in the intrinsic selectivities of the indi-
vidual selectors but also the effect of increased loading with the most potent selec-
tor. Although the overall loading determined from nitrogen content remained virtu-
ally constant at about 0.7 mmol g–1 for all CSPs, the fractional loading of each selec-
tor increased as the number of selectors in the mixture decreased. Thus, the whole
method of building block selection and sublibrary synthesis can be also viewed as an
amplification process.

In the classical one-column-one-selector approach, the number of columns that
have to be tested equals the number of selectors. Using the chemistry described
above, this would require the preparation, packing, and testing of 36 CSPs. In con-
trast, our combinatorial scheme allowed us to obtain a highly selective CSP from the
same group of 36 selectors using only 11 columns (less than one-third). A simple
theoretical calculation reveals that the use of all 20 natural amino acids with 12
amines would lead to a library of 240 selectors. While the preparation and testing of
240 columns would be time consuming, a mixture of these selectors could be decon-
voluted using our approach with only 15 columns or just 1/16 of the total number of
columns that would otherwise be required. The parallelism advantage of the
“library-on-bead” approach with mixed selector column would be even more
impressive with much larger libraries of selectors for which the deconvolution by
splitting the library in each step to two or three sublibraries would rapidly lead to the
most selective CSP. Obviously, this approach can dramatically decrease the time
required for the development of novel CSPs.

Although the power of this combinatorial approach was clearly demonstrated, our
method also has some limitations. For example, in a hypothetical situation in which
only a single selector is active and all members of a much larger library are attached
to the beads in equal amounts, the percentage of the active selector in the mixture is
low. Despite its possibly of high specific selectivity (selectivity per unit of loading),
the actual selectivity of a mixed selector CSP may be rather small because of the low
loading of the specific selector. Accordingly, the peaks for both enantiomers may
elute close to each other and the actual separation may become impossible to
observe within the limits of experimental errors. Thus the sensitivity of the chro-
matographic screening may somewhat limit this approach. However, the number of
selectors that can be screened in a single column remains impressive.
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In contrast, there are fewer limitations from the chemical point of view. The
preparation of large, well-defined, libraries that involve amino acid building blocks
has been demonstrated many times. Carefully optimized reaction conditions for the
preparation of other mixed libraries can also ensure that each desired compound is
present in sufficient amount. However, the reaction rates of some individual selec-
tors with the activated solid support may be lower than that of others. As a result, the
more reactive selectors would occupy a majority of the sites within the beads. Since
the most reactive selectors may not be the most selective, testing of a slightly larger
number of specifically designed CSPs may be required to reduce the effect of false-
negative results.

While the reciprocal approach is best suited for the development of a CSP for a
single, well-known racemic target, the library-on-bead technique is more useful for
the initial scanning of various targets to find a lead selector. It is easy to imagine a
development laboratory with a number of columns with immobilized libraries of
selectors used to screen target racemates in very rapid fashion. Such pre-screening
would suggest the type of selector chemistry that may be best suited for a specific
target. The next step would either involve deconvolution of the library on bead or
reciprocal testing of parallel libraries of selectors with analogous core chemistries.

3.8 Conclusion

Combinatorial chemistry, a powerful tool in many areas such as drug discovery,
materials research, and catalysis, can also be used effectively in the area of molecu-
lar recognition to discover new selectors for the recognition of chirality. To date,
only a few combinatorial strategies leading to chiral selectors have been demon-
strated in the literature. Other approaches such as combinatorial molecular imprint-
ing [96–98] may soon emerge to expand the scope of combinatorial recognition pro-
cesses. In the future, it is very likely that combinatorial methods will become a
widely used tool, even for the development of effective selectors for specific targets.

The power of combinatorial chemistry resides in both the large numbers of com-
pounds that can be prepared within a very short period of time and the rapid assay
and deconvolution techniques that may be used for testing to discover the optimal or
near-optimal selector within the library. This availability of libraries encompassing
a broad diversity of ligand types enables rapid identification of suitable selector fam-
ilies, their comparative screening, and the rapid preparation of custom-made separa-
tion media for the resolution of specific racemates [99]. As an additional benefit,
studies carried out with broad arrays of structurally related families of selectors can
further improve the general understanding of chiral recognition.

Chiral separation media are quite complex systems. Therefore, neither combina-
torial methods nor even the identification of the best selector can ensure that an out-
standing chiral separation medium will be prepared. This is because some other vari-
ables of the system such as the support, spacer, and the chemistry used for their con-
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nection to the selector must also be taken into the account. It is likely, that combi-
natorial methods will also soon be used for the optimization of these subunits of the
system.
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4.1 Introduction

The past two decades have seen remarkable advances in chiral chromatography, as
only 20 years ago, the direct resolution of enantiomers by chromatography was still
considered to be an impressive technical achievement.

The enormous increase in the number of groups working in this domain, in con-
cert with the advances in the fundamental techniques of chromatography and labo-
ratory automation (screening technologies) have led to the rapid and unprecedented
accumulation of data [1].

Despite the difficulties caused by the rapidly expanding literature, the use of chi-
ral stationary phases (CSPs) as the method of choice for analysis or preparation of
enantiomers is today well established and has become almost routine. It results from
the development of chiral chromatographic methods that more than 1000 chiral sta-
tionary phases exemplified by several thousands of enantiomer separations have
been described for high-performance liquid chromatography (HPLC).

The intended fields of usage of these methods include a broad range of R&D and
control applications (pharmacokinetics, asymmetric synthesis, enzymatic resolution,
simulated moving bed technology, etc.) in the pharmaceutical and agrochemical, as
well as the food and biotechnology industries. This gives rise to one important out-
come for the application of chiral technology: an increasing number of scientists
with different scientific cultures have to select the correct analytical tools.

If the end-users of these tools have different objectives and requirements depend-
ing on the field of their activity, they do have in common the same issue: which CSP
and working conditions should be selected for the enantiomeric separation of a given
pair of enantiomers?

Such an achievement of a chiral separation often requires large numbers of expen-
sive and time-consuming laboratory experiments, even for experienced groups and
organizations. Without considering the resulting loss of time and money for those
who repeat negative experiments already mentioned in the literature, substantial
savings in resources can be expected by strategies in which a substance’s behavior
on a given CSP can be evaluated from a database search of its molecular structure.
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The need for an overall and combined chemical structure and data search system
became clear to us some time ago, and resulted in the decision to build CHIRBASE,
a molecular-oriented factual database. The concept utilized in this database approach
is related to the importance of molecular interactions in chiral recognition mecha-
nisms. Solely a chemical information system permits the recognition of the molecu-
lar key fingerprints given by the new compound among thousands of fingerprints of
known compounds available in a database.

The first system designed to perform these basics was developed in 1989 [2]. In
early 1990, a first version of 5000 entries was made available to the scientific com-
munity on an IBM PC DOS-based program: ChemBase. Now, some 10 years later,
the database has increased to several tens of thousands of entries, and the entire sys-
tem can be searched with the powerful ISIS software [3] as rapidly as it was searched
on the old computer systems.

Since the original version was released, there have been significant changes [4] and
improvements following the advent of new generations of computers and chemical
substructure systems [5], but the main goal of the project has not changed: to gather
together comprehensive structural, experimental and bibliographic information on suc-
cessful or unsuccessful chiral separations which have been obtained on CSPs by liq-
uid chromatography, and with an emphasis on molecular structures searches.

Besides the rapidly growing accumulation of data, the need to systematize and
analyze the data becomes correspondingly ever more demanding. Hence today, the
challenge resides not only in the management of this huge quantity of information,
but also in its investigation in order to reveal the knowledge implicit within the data.
It must be emphasized here that CHIRBASE data can be directly exported from ISIS
under various formats; consequently, a number of different computational methods
and tools to handle and analyze these data can be readily employed.

In this chapter, we will discuss the present status of CHIRBASE and describe the var-
ious ways in which two (2D) or three-dimensional (3D) chemical structure queries can
be built and submitted to the searching system. In particular, the ability of this infor-
mation system to locate and display neighboring compounds in which specified molec-
ular fragments or partial structures are attached is one of the most important features
because this is precisely the type of query that chemists are inclined to express and
interpret the answers. Another aspect of the project has been concerned with the inter-
disciplinary use of CHIRBASE. We have attempted to produce a series of interactive
tools that are designed to help the specialists or novices from different fields who have
no particular expertise in chiral chromatography or in searching a chemical database.

Finally – and previously defined as a long-term goal of our development effort –
data collection has reached the point where meaningful data mining studies are
beginning to emerge. The extraction of implicit, previously unknown, and poten-
tially useful patterns from data is facilitated by the link between 2D or 3D database
searching, automated molecular property calculation, data analysis and visualization
tools (Fig. 4-1). These developments will certainly play an important role in our
objective to build an information system that provides not only a data collection but
also some knowledge about the processes of the chiral separation, and also help to
identify the research that is needed to fill the gaps in our knowledge.
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4.2 Database Status, Content and Structure

As we have already pointed out, the first objectives of CHIRBASE project are to:

� compile a comprehensive bibliography;
� offer a diagnostic resource for resolution of newly prepared compounds; and
� supplement existing entries by new structural and bibliographic information as

they become available (the database is updated quarterly).

The sources of the data comprise not only the primary chemical literature from
international journals and patents (including the synthetic chemistry literature), but
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also the secondary and the gray literature: manufacturer catalogues, posters or lec-
tures from congresses and unpublished experiments sent by the authors.

Some details of the database are available on the Web [6] and consist today of
about 61 000 different chiral separations (Table 4-1). Between 12 000 and 15 000
new separations are stored continuously each year in CHIRBASE.

Table 4-1. Overall statistics.

Number of entries (unique sample-CSP combinations) 40 000
Number of experiments (different chiral separations) 61 000
Number of samples with 2D coordinates 18 000
Number of samples successfully converted into 3D coordinates 16 277
Number of CSPs (2D co-ordinates) 1077
Number of solvents or modifiers (2D co-ordinates) 205
Number of entries with data corrected/completed by the authors 6110
Number of new chiral separations per update (each 4 months) 3–5000

As already stated above, the database has been developed using ISIS software.
The program operation is very simple, and about 30 min to learn the particular com-
mands of this structure-searching program. ISIS provides both storage and retrieval
of chemical structures. It is also possible to store text and numeric data into database
entries. Because molecular structures are searchable in many ways, ISIS software is
an excellent tool for exploiting data, and not simply archiving it.

ISIS databases are hierarchical, so CHIRBASE was designed to incorporate about
60 data fields on several levels of detail (the main fields are listed in Table 4-2). The
first level contains the molecular structure of the sample combined to the molecular
structure of the CSP, producing a unique location or entry for a specific sample-CSP
couple. Consequently, in the current version of CHIRBASE, which contains 40 000
entries, one entry corresponds to the separation of one sample on one CSP and con-
tains in different sublevels a compilation of all the references and the various ana-
lytical conditions available for this separation.

If some fields may be empty in the sublevels, all the fields in the main level are
required for each entry. A new chiral separation record can be added in CHIRBASE
solely if the authors correctly identify both sample and CSP. Since the beginning of
the project, our policy has been to contact the authors of all publications containing
incomplete, ambiguous or inconsistent data and to ask for additional information.
Providing the separations with unique case numbers helps us considerably in this
essential task, and also facilitates avoiding redundancies in the database. When chi-
ral separations are reported for the second time in a new publication with exactly the
same chromatographic conditions, this is stated in a footnote added in the field
« comments ». In this field, miscellaneous information that cannot appear elsewhere
are listed (detection limit, description of a reported chromatogram, racemization
study, mobile phase limitations, etc.).
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Table 4-2. Main CHIRBASE fields.

Category Field names Category Field names

REFERENCE Authors CONDITIONS Method
Journal Detection
Volume Scale
Page Injected amount
Year Flow-rate

SAMPLE Sample_name Temperature
Sample_chirality pH
Sample_molstructure Mobile_phase
Sample_molformula RESULTS First_eluted
Sample_molecular_weight Second_eluted

CSP CSP_ame k1
CSP_molstructure k2
CSP_molecular_weight Rt1
CSP_molformula Rt2
CSP_trade_name Alpha
CSP_supplier Resolution
CSP_type_of_column
CSP_particle_size Comments

4.3 Data Registration

New entries are built via an in-house-developed ISIS application called REGISTER.
This application contains customized forms (Fig. 4-2) and dialog boxes which

assist the user during registration.
The forms comprise several sections (REF, CSP, COND, SAMP, and DATA)

which follow the ordered way chiral separations are planned in an organized labora-
tory. The user first puts in the section REF the full information related to a given ref-
erence. Then, in CSP, SAMP and COND he or she will enter all the columns, sam-
ples and operating conditions. The separations are actually created in the last win-
dows DATA, where each sample will be connected to all the columns which have
been used, and each column will be connected to all the tested conditions; in front
of these conditions are entered the experimental results of each separation. This hier-
archical structure thus enables a rapid and easy registration of several chiral separa-
tions for a given compound.

All the sections must be completed by the user and then submitted to a single
administrator for addition to the database. Upon completion of the form, the user has
the option of making a check submission, which processes the data and performs
error checks as normal, but displays the verdict on screen for the user rather than
sending the data to the administrator. A variety of errors are checked, including miss-
ing data and inconsistent data, invalid molecular structures or numeric data outside
the normal range. When the user is satisfied with the form data, they can be submit-
ted to the administrator via the “export” button. Upon submission, the data are stored
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in a file in an archive directory of submissions. A copy of the files is then sent to the
administrator. The export function of the REGISTER program causes the data to be
read and converted into a database of the same structure as the final database storing
all the existing chiral separations data. For each record, some fields (such as the sol-
vent or modifier molecular structures) are automatically calculated from the trans-
ferred information. The administrator can then choose to add each imported record
to the master CHIRBASE database and, if necessary, add further data or comments
to each record, thus ensuring the homogeneity of the available information on each
separation.

It is important to stress that in contrast to computer-generated derived databases,
a great deal of human involvement is necessary for the creation and updating of
entries.

The most complicated aspect of the CHIRBASE project effort is the actual incor-
poration and validation of data. It is largely due to the complexity of the problem and
to the difficulty of extracting and interpreting the relevant information, since the vast
majority of all useful data is disseminated in the papers rather than in a “user-read-
able” or a “computer-readable” form.

We are providing these tools to enter data into the database and trying to convince
chemists that it is in their own interest to participate with their data for use by the
community. This is a very important aspect of the project, as an increasing number
of results obtained as a result of analytical chiral methods are published without ade-
quate description of these tools.

The REGISTER application can also be easily modified to meet the requirements
of other organizations, which may use it for corporate data registration and storage
as a central depository of proprietary chiral separations.

Fig. 4-2. Screen of REGISTER (data registration tool for enantioseparations).
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4.4 Searching the System

ISIS provides means for manipulation, comparison, search and retrieval of records.
Searches through the database can be carried out in a number of ways using:

� Molecule queries (one or two associated molecules) for sample, CSP or solvent:
– Exact match
– Substructure
– Similarity
– Name
– Formula

� Data queries for chromatographic data, literature references, analytical conditions
and any other text or numeric data that is associated with a separation:
– String, substring or numeric data

� Multiple component queries for any combination of structures (one or two
molecules) and text or numeric data:
– Combined molecule and data components

As we have already mentioned, graphical molecule-oriented searching strategies
are the best tools to solve a chiral separation problem. Chemical substructure search-
ing (SSS) is the ability to search a structure database using any structure fragment.
The results of a SSS are the chemical structures in the database which contain the
query structure fragment. One of the major advantages of this type of search in the
chiral chromatography domain is that it allows the retrieval of a given sample of all
the derivatives, and thus a choice of the best derivatization reagent to achieve a good
resolution on a specific CSP.

Molecular similarity searching provides the possibility of finding unrelated but
functionally analogous molecules. This is a very nice feature because many distinct
structures in contact with a CSP often share the same active sites. The compounds
which have a structure similar to the structure of the sample query can be displayed
automatically in order of their similarity. The degree of similarity is measured by a
numerical value on a scale of 0 to 100 that may be included in the output form. An
example of a similarity search is shown in Fig. 4-3. In this example, a search is being
performed for the AZT with a similarity value >65 %.

The stereochemistry shown in CHIRBASE includes relative configurations, abso-
lute configurations, and geometric isomers. A chiral flag on the chiral selector of a
CSP identifies a specific enantiomer of a molecule. Up- and down- stereo bonds rep-
resent relative configurations, and together with a chiral flag, they represent the
absolute configuration of the CSP. Polymeric supports are stored as generic
monomer structures in the database. In such molecules, the pseudoatom “[” defines
the linkage that connects all the monomers of the polymer. Other searchable pseu-
doatoms may be connected to a portion of the polymer structure such as a methylene
group. For instance, the pseudoatoms “coated” or “Beads” will characterize the
preparation mode of the CSP.
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Fig. 4-3. Molecular similarity searching of AZT in CHIRBASE. (Compounds reported in Refs.
[7–12].)

In addition to addressing the practicalities of database maintenance, we also aim
to enhance the range of the facilities available, to make the information within
CHIRBASE more readily accessible to users. CHIRBASE contains two form-based
applications for query building designed to help novice or expert users to formulate
queries: the query menu and the automatic search tool.

4.4.1 The Query Menu

CHIRBASE provides integrated responses from single questions, as well as from
combinatorial questions constructed on the basis of any specific query correspond-
ing to one or several field(s) occurring in the database. With the molecular structure
of a sample in hand, the search can be conducted interactively from the query menu
form.

By clicking the appropriate buttons on the form, the user can combine molecular
structure queries of sample, CSP and solvent, using operators AND, OR, NOT with
data queries in one search. A query for the search of chiral separations of alpha-aro-
matic acids on any polysaccharide phases coated on silica gel providing an alpha
value superior to 1.2 is shown in Fig. 4-4.

The query menu is simple to use for answering most of the questions commonly
addressed to the database:
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We have one specific sample. We want to find all possible CSPs for its analytical
or preparative separation and closely related molecules.

We want to explore the application of specific CSPs. We want to find all separa-
tions that use them or that use structurally similar CSPs and specific data that are
associated with them.

We have specific types of compounds of interest. We want to include or exclude
that use these specific solvents or types of solvents.

We want to find all separations that have a given combination of structural fea-
tures and data in common.

We want to retrieve the literature citations to specific structures or family of struc-
tures.

Fig. 4-4. The query menu form: search of chiral separations of alpha-aromatic acids on any polysac-
charide CSPs with α > 1.2.

4.4.2 The Automatic Search Tool

The entire formulation of a chemical question can involve a number of issues, some
of which are often obscure to the user. Questions such as what components can be
substituted at a given atom site, what types of bonds are favorable for a given chem-
ical fragment query (single, double, ring, chain, aromatic, etc.), and should the query
contain explicit or implicit substitution, are just a few of the issues facing a user.
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For the inexperienced or infrequent users it is even more of a problem. Inexperi-
enced users should have the ability to exploit easily the wide variety of structural
search techniques.

To address these issues regarding adequate structural searching in CHIRBASE,
some facilities have been recently added to the user interface. The result is the auto-
matic generation and search of strategic 2D query structures defined with the help of
the following commands (Fig. 4-5):

� Auto Search: This button initiates from a structure query two or three automated
series of search: exact and substructure searches in local desktop versions; exact,
substructure and similarity searches in network version (under ISIS/Host). All the
result lists are saved in CHIRBASE using « exact-auto », « SSS-auto » and
« SIMXX %-auto » names. XX is the highest similarity search value (from 80 %
to 40 %) allowing to retrieve hits in CHIRBASE. The records in all the lists
are unique. The SSS-auto list does not include records that are in the exact-auto
list. The SIMXX %-auto list does not include records that are in exact and SSS-
auto lists.

� Auto Build: This application has been built upon the knowledge and experiences
of our working group in order that beginner has access to all pertinent informa-
tion. Auto Build automatically adds in the sample query structure the appropriate
atom and bond query features. Then clicking on SSS button initiates a substruc-
ture search. Some examples of the query features, which may be added to a query
structure, are:
– I, Cl, F, Br atoms are replaced by a list of halogens [I, Cl, Br, F].
– Cycles or chains are respectively specified with the “Rn” or “Ch” query bond

features.
– The query atom «A» (Any atoms) is added in phenyl, naphthyl, etc. aromatic

cycles to allow finding any hetero-aromatic cycles.
– S/D (Single/Double bonds) query bond features added if tautomers can be built

from sample structure.

When a search of any sort is completed, the number of hits is reported to the user.
The search can be further narrowed by restricting the range of structural features to
be retrieved. Specific substituents can be added and substring/numerical searches can
also be included on fields such as “alpha” and “CSP trade name”. Here, the rapidity
with which results to the queries are provided is decisive, because the answers often
constitute the support of a subsequent query. This feedback loop is extremely
resourceful and any use of chemical database should be based around this inventive
approach. A highly interactive system which supplies immediately the answer to a
question enables the user to detect the defaults in a question and then successively to
adjust the query until he or she finds the best questions which are often not well-
known in the beginning of the search. Thus, the crucial point in searching CHIR-
BASE is not only how to formulate a question, but also to find the best questions. That
is why different output forms have been developed to visualize the results of database
searches: either full data for each matching record, concise data comprising selected
fields (the summary form is displayed in Fig. 4-6) or tables are available.
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Fig. 4-5. Use of the Auto Build command to create a query structure. A: any atoms; Ch: chain bond;
Rn: ring bond; [S,O]: oxygen or sulfur atom.

Fig. 4-6. CHIRBASE Summary output form.



4.5 3D Structure Database Searches

Today, 3D databases, which provide the means for storing and searching for 3D
information of compounds, are proven to be useful tools in drug discovery programs.
This is well exemplified with the recent discovery of novel nonpeptide HIV-1 pro-
tease inhibitors using pharmacophore searches of the National Cancer Institute 3D
structural database [13–15].

In 3D searching strategies, the relevant molecules will be found by searching the
fitting 3-D molecular properties around the chirality center instead of similar func-
tional groups, as it can be searched using 2D query structures. The facilities of
ISIS/3D fulfil this ability to import and search 3D structures in CHIRBASE. The 3D
structures were built with the program CORINA developed by Gasteiger’s group
[16] and included in TSAR [17], a fully integrated quantitative structure-activity
relationship (QSAR) package. For each 2D structure, only a single conformation
was stored in CHIRBASE because ISIS/3D allows conformationally flexible sub-
structure (CFS) searching [18]. In a CFS search, the conformational fitting is the
process of rotating single bonds in 3D structures to fit the constraints of the query.
Actually, searching a database of flexible conformations is quite efficient and does
not require the storage of accurate models as produced from X-ray crystallographic
data, as long as we always build the database with models derived from the same
force field calculations and therefore control the errors.

A very interesting approach in the prediction of a chiral resolution is the study of
the solute binding to the stationary phase receptor. This habitually requires the uti-
lization of sophisticated docking and molecular dynamics techniques, and much
computer time. However, numerous reasonable predictions of CSP-solute binding
have been made in the literature simply by specifying the spatial arrangement of a
small number of atoms or functional groups [19]. Here, we will call such an arrange-
ment “enantiophore”. A key concept of CHIRBASE 3D searches is to find molecules
from a 3D query of a compound reduced to a description of the chemical environ-
ment that corresponds to the enantiophore hypothesis. This new approach now per-
mits us to consider the molecules in terms of interaction centers of the solute and the
geometric relationship between those centers. For example, an “enantiophore” may
be defined by three atoms separated by a set of distances with some tolerances (usu-
ally 0.5 A). Then a search in ISIS/3D will find only the structures that satisfy the
enantiophore query. In this work, we will explore two kinds of strategies.

4.5.1 Queries Based on CSP Receptor

The enantiophore query used in the search is derived from the CSP and directly built
from a 3D structure model of the target CSP molecule, as it can be used today for
the determination of new lead compounds [20, 21]. This procedure does not need an
important modeling expertise. One can easily recognize the different center types in
the receptor in question. These can be hydrogen-bond donors and acceptors, charged
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centers, aromatic ring centers, lipophile centers, etc. These will be assumed to rep-
resent the types of interactions that the sample is likely to have at the CSP receptor
sites. Once potential CSP active sites have been identified, the user can propose dif-
ferent enantiophores, which are complementary to the sites and since, may be con-
sidered as CSP receptor-based queries. The main purpose of this enantiophore build-
ing is then to locate in CHIRBASE the potential structures that can fit into a given
CSP receptor.

This technique has been used to track conceivable enantiophores of the Whelk-O
1 CSP ((3R,4S)-4-(3,5-dinitrobenzamido)-3-[3-(dimethylsilyloxy)propyl ]-1,2,3,4-
tetrahydrophenanthrene) which was prepared in 1992 by Pirkle and Welch [22]. As
seen in Fig. 4-7, a Whelk enantiophore should contain two ore more of the follow-
ing molecular properties:

� aromatic center (π-π interaction)
� hydrogen-bond donor center
� hydrogen-bond acceptor center
� dipole-dipole stacking

The hypothetical enantiophore queries are constructed from the CSP receptor
interaction sites as listed above. They are defined in terms of geometric objects
(points, lines, planes, centroids, normal vectors) and constraints (distances, angles,
dihedral angles, exclusion sphere) which are directly inferred from projected CSP
receptor-site points. For instance, the enantiophore in Fig. 4-7 contains three point
attachments obtained by:

� projecting a point at a 3 Å distance along a line that is perpendicular to an aro-
matic ring plane. This point is surrounded by an exclusion sphere (1.5 Å in diam-
eter) to exclude atoms within this sample space.

� projecting a point along the direction of a hydrogen at a 3 Å distance from the
hydrogen bond donor site.

The distances then retrieved between the enantiophore points are exactly based on
the actual receptor-site information, and so well justify the expression of “CSP
receptor-based query” quoted above. It is well recognized today that samples that are
resolved on a common CSP receptor do not systematically bind with analogous
functional groups. Many CSPs often present multiple modes of chiral recognition
mechanisms. For this Whelk CSP study, we have elaborated the following simple
enantiophore queries (Fig. 4-8) using the exposed strategy:

Query 1: contains two aromatic groups. The «A» (any) atoms mean that we allow
the retrieval of heterocyclic systems.

Query 2: an aromatic group and a hydrogen-bond acceptor center. R1 is a complex
generic group (not detailed here) which delimits the search to all groups
that provides lone-pair electrons to the hydrogen bond.

Query 3: an aromatic group and a hydrogen-bond donor center.
Query 4: one aromatic group and an amide group.

All these queries have at least one lipophilic aromatic group.
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Fig. 4-7. One possible three interaction points enantiophore built from the Whelk-O 1 CSP.

Fig. 4-8. Whelk-O 1 CSP receptor-based
queries.



One may be surprised by the simplicity of those enantiophore queries. Neverthe-
less, in respect of the stereochemical constraints, such combinations of interactions
involving hydrogen-bond donor or acceptor groups and π-stacking are sufficiently
specific and directional to provide adequate chiral recognition models. A certain tol-
erance has been attached to the distances (± 0.5Å) or angles because a precise coin-
cidence of atoms is not necessary as specific interactions may take place over a range
of angles and distances.

The four queries were examined against a list of samples tested on Whelk CSP
that constitutes our search domain. Search results are summarized in Table 4-3. Of
the 616 3D structures in this database list, 370 fit at least one of the query (one sam-
ple may fit more than one query) and 335 are given as resolved according to chro-
matographic data or information reported in the field comment. Query 2 retrieved
the largest number of compounds with a high percentage of resolved samples in the
hit list. While the number of hits retrieved with Query 1 is lower, this query provided
a similar proportion of resolved samples (93 %).

Table 4-3. Search results from CHIRBASE 3D with enantiophore queries built from the Whelk CSP.

Number of hits Number of resolved % of resolved samples 
samples in the hit list

Query 1 141 131 93
Query 2 286 266 93
Query 3 116 76 65
Query 4 129 109 84
Total 370 335 90

One approach to dealing with the problem of the consistency of the distance
ranges attached to the queries is to perform additional CFS searches with different
distance constraints assigned arbitrarily. We have not yet completed these trials, but
first results led to a decrease in the number of retrieved hits and the yields of com-
pounds given as resolved. Another way to control the quality of the enantiophore
queries is to seek if they really contain the essential features responsible for chiral
recognition. This can be done by examining the query embedded within the retrieved
structures in their bound conformations as displayed in Fig. 4-9. In this figure, the
query embedded in sample 4 indicates that only one aromatic group presumably
interacts with the CSP; the other aromatic group seems not involved in sample bind-
ing. This assumption was quite consistent with other result hits. For instance, the
same query was also able to retrieve N-methyl-3-phenyl-3-trimethylsilyl-
propanamide, which is also well separated on Whelk CSP and only contains one aro-
matic group.

From these preliminary results, we can assume that such enantiophore queries
could be used to search in a database of compounds with unknown enantioselectiv-
ities. With respect to the percentage of resolved samples that are retrieved in CHIR-
BASE, the resulting list should contain a similar yield of compounds providing
favorable specific interactions with the CSP receptor binding sites.
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Fig. 4-9. Four examples of sample respectively fitting the queries 1, 2, 3 and 4 of Fig. 4-8.

4.5.2 Queries Based on Sample Ligand

This method represents the most common and traditional application of computa-
tional tools to rational drug design. From a list of molecules of known activity, one
can establish a 3D-pharmacophore hypothesis that is then transformed into a 3D-
search query. This query is then used to search a 3D database for structures that fit
the hypothesis within a certain tolerance. If the yield of active molecules is signifi-
cant, then the query can be used to predict activities on novel compounds. In our sit-
uation, the enantiophore is built from the superposition of a list of sample molecules,
which are all well separated on a given CSP. Hence, the common features of this
series of molecules can become a good enantiophore hypothesis for the enantiores-
olution on this CSP.

Starting from a collection of samples remarkably well resolved (alpha > 6) on
Chiralcel OD (Cellulose tris(3,5-dimethylphenylcarbamate) coated on aminopropyl
silica), a putative three-point enantiophore for binding to CSP was derived (Fig. 4-
10). This enantiophore query was used to search (CFS 3D search) within a list com-
prising 4203 compounds tested on Chiralcel OD. From this search domain of CHIR-
BASE 3D, 191 structures were found to match the enantiophore.
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In order to enhance our ligand-based query hypothesis, the structural fragments of
the initial query were generalized but linked with the same distance constraints. A
search of this final query (see Fig. 4-10) in the same list yielded 690 hits and a sta-
tistically significant correlation of the presence of this enantiophore and the enan-
tioselectivity of the compounds was found (94 % of those are well resolved on Chi-
ralcel OD). Note that out of the 4203 compounds of the Chiralcel OD domain search,
a 2D search found 1900 structures that contain the substructural features of the gen-
eralized query.

Fig. 4-10. Chiralcel OD ligand-based queries.

In Fig. 4-11, two different samples are displayed in their original conformations
and conformations fitted to the query as they are highlighted by the CFS search pro-
cess. The CFS process rotates single bonds between two atoms to find the maximum
and minimum difference possible with the distance and angle constraints. Then,
using a torsional fitter, it attempts to minimize in those conformations the deviations
between measured values of 3D constraints and the values that are specified in the
3D-search query.

We have seen here that these simple methods which only rely upon the optimal
use of molecular graphics tools can address highly specific receptor-ligand interac-
tions.

These first-created enantiophores are rudimentary, but may serve as useful guide-
lines for a further design of more sophisticated and efficient search queries in con-
sideration of possible alternative modes of binding and conformational changes in
the CSP receptor structure. Undoubtedly, this query optimization will soon take
advantage of the backgrounds of our new 3D-database project called CHIR-
SOURCE.

CHIRSOURCE aims to explore the use of chiral chromatography for combinato-
rial chemistry approaches. Combinatorial chemistry, as well as parallel synthesis,
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requires the availability of both enantiomers to address the configurational diversity
issues. The availability of both enantiomers is not so common as far as the sources
come from the « chiral pool » or implies two separated asymmetric synthesis or res-
olution, which often require further enantiomeric purification. Preparative (or
semipreparative) chiral liquid chromatography is the method of choice for the avail-
ability of both enantiomers in high enantiomeric purity in a single shot. Simulated
moving bed technology is available for larger-scale separations.

Designed from CHIRBASE-3D, CHIRSOURCE provides 30 000 structures in
terms of configurational diversity, most of them easily available by semipreparative
scale on corporate installation or in dedicated companies with minor further opti-
mization.

We are today persuaded that CHIRSOURCE can help to reduce the costs and
means that are required to launch a new chiral drug to market. CHIRSOURCE will
include molecular attributes (dipole, lipophilicity, surface area and volume, HOMO-
LUMO, Verloop parameters, molar refractivity) and molecular indices (describing
connectivity, shape, topology and electrotopology, atom, ring and group counts).
Such 3D molecular descriptors are often used in cluster analysis to identify dissim-
ilar compounds for combinatorial chemistry and high-throughput screening applica-
tions.

3D structures in database 3D structures fitted to the query

Fig. 4-11. Examples of structure fitting the generalized Chiralcel OD ligand-based query.
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4.6 Dealing with Molecular Similarity

Besides 3D structure database searches, molecular similarity is also widely used for
drug design by the pharmaceutical industry, as demonstrated by two recent reviews
[23, 24]. More particularly, 2D fingerprints used to calculate the 2D topological sim-
ilarity of molecules were found valid to quantify molecular diversity and thus man-
age the global diversity of structure databases [25]. In this section, we describe the
application of similarity measures, in order to determine some relationships between
CSPs by production of a molecular similarity matrix displayed as a dot plot. More
precisely, the molecular similarity calculations applied to CHIRBASE provides a
way of comparing the samples within a dataset, as well as comparing different
datasets using the two following methodologies:

1. Select a set of compounds resolved on a given CSP, calculate the similarity
indices between all possible molecule pairs, and then use these indices to build a
similarity matrix containing relevant information about the structural diversity
within the set of samples separated on this CSP.

2. Select two sets of compounds resolved on two different CSPs, calculate the sim-
ilarity indices between all possible molecule pairs of these two sets, and then use
these indices to build a similarity matrix containing relevant information about the
structural affinities of these two CSPs.

The similarity matrices are constructed by one in-house program developed inside
CHIRBASE using the application development kit of ISIS. They contain the simi-
larity coefficients as expressed by the Tanimoto method. In ISIS, the Tanimoto coef-
ficients are calculated from a set of binary descriptors or molecular keys coding the
structural fragments of the molecules.

These structural key descriptors incorporate a remarkable amount of pertinent
molecular arrangements covering each type of interaction involved in ligand-recep-
tor bindings [26]. Since every structure in a database is represented by one or more
of the 960 key codes available in ISIS, suppose that two molecules include respec-
tively A and B key codes, then the Tanimoto coefficient is given by:

In ISIS, the similarity value is ranging between 0 and 100. A similarity value of 0
means that the two molecules are totally dissimilar, whereas a value of 100 will be
obtained when the two molecules are 100 % identical. The matrices are called sim-
ilarity matrix by convention, as larger numbers indicate more similarity between
items. Dot plots of the matrix are produced by another in-house application devel-
oped with Visual Basic using the InovaGIS object library [27]. The pixels in the map
are color-coded by similarity coefficients, providing a visual representation of simil-
itudes among one or two sets of molecules. Such a representation is a simple but
very powerful means for quickly visualizing and finding trends in very large data
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sets (up to 250 000 points). The present work is preliminary, and it is intended to
illustrate one interesting issue that can be addressed with CHIRBASE.

4.6.1 Comparison of Sample Similarities within a Molecule Dataset

In these first studies, similarity measures were investigated to survey the molecular
diversity of a set of molecules resolved on a given CSP in order to compare the
extent of their application range.

Three types of CSPs were compared:

� Polysaccharide-based CSPs [28]:
– Chiralcel OD: Cellulose tris(3,5-dimethylphenylcarbamate coated on amino-

propyl silica.
– Chiralpak AD: Amylose tris(3,5-dimethylphenylcarbamate) coated on amino-

propyl silica.
� Pirkle-like CSPs [29]:

– Whelk-O 1: (3R,4S)-4-(3,5-Dinitrobenzamido)-3-[3-(dimethylsilyloxy)pro
pyl]-1,2,3,4-tetrahydrophenanthrene).

– Pirkle DNPG: (R)-N-3,5-Dinitrobenzoyl-phenylglycine covalently bonded to
aminopropyl silica.

� Inclusion-based CSPs [28]:
– Crownpak CR(+): (S)-18-crown-6 ether coated on silica.

In the first category, we have chosen two cellulose- and amylose-based CSPs
which provide today a considerable application range in CHIRBASE. In the second
category, we have chosen to evaluate the behavior of the Whelk-O 1 CSP because of
its well-recognized ability to resolve a broader range of samples than standard
Pirkle-like CSPs. In the last category, Crownpak CR is a good example of a CSP
offering a limited field of application with a large proportion of amino acids in our
molecule library. Today, such qualitative trends can be revealed to the analyst from
the published literature, or by manual examination of the structures in CHIRBASE
through a time-consuming and biased procedure, but have not yet been clearly
determined through a rational and systematic manner.

A set of about 500 molecules was used for each CSP. Figure 4-12 illustrates some
results of dot plots. The similarity measures are displayed here according to a gray
value gradient (white for 0 to black for 100). As the way the data points are presented
to the application is dependent upon the organization of the molecules in CHIR-
BASE, dots are put in the maps at random positions by the algorithm in order to pro-
vide a good statistical repartition, and thus facilitate the ability to distinguish visu-
ally the global diversity of samples.

For each of these images, a mean value of the luminance can then be measured
directly using a standard photo-editor software.

As shown in Table 4-4, the image luminance values are found to be in good agree-
ment with the calculated mean similarity values of the molecule sets. Therefore, the
level of similarity of the molecule set can be immediately judged based on the aver-
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age luminance of the full image: the smaller similarity between molecules, the
higher luminance in the picture will be found. As the luminance values depend on
the initial choice of molecules, other experiments were repeated with different pop-
ulations of molecule. The results obtained with these additional molecule sets
showed very little variation of map patterns.

To demonstrate the excellent correlation (r2 = 0.99) between the luminance of the
images and molecular diversity, we plotted the luminance values of the map versus
the mean similarity values of data sets (Fig. 4-13). From this plot, a scoring scheme
for the classification of CSPs from specific to broad application range can be well
established: Crownpak CR > Pirkle DNBPG > Whelk > Chiralpak AD > Chiralcel
OD.

Table 4-4. Map luminance and mean similarity values of CSP datasets.

Mean similarity Luminance

Whelk 21.34 201
Chiralcel OD 16.62 212
Chiralpak AD 18.20 209
Pirkle DNBPG 24.89 192
Crownpak CR 26.30 188
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Fig. 4-13. Plot of map luminance versus mean similarity of molecule sets.

The results obtained are in accordance with our previous observations:

� Chiralcel OD and Chiralpak AD are associated with the largest mean values of
molecular diversity.

� Whelk-O 1 and Pirkle DNBPG have appreciable differences in terms of applica-
tion range. This is not surprising since Pirkle DNBPG often requires a prior
derivatization of solutes to achieve a separation. This also confirms the atypical
character of Whelk-O 1 compared to other Pirkle-like CSPs.

� Crownpak CR(+) exhibits the lowest diversity of structural features.

For comparative purposes, Chiralcel OD and Crownpak CR could be used as an
extreme case to delineate the basis of a molecular diversity scale.

4.6.2 Comparison of Molecule Dataset Similarities between two CSPs

In the following studies, the same computational steps have been used in a straight-
forward manner as before to compare pairs of CSP. The molecule datasets employed
in these studies are the same as that used above. In addition, two protein-based CSP
were also compared:

� Chiral-AGP: alpha-acid glycoprotein bonded to silica.
� Ultron ES-OVM: ovomucoid-conjugated bonded to aminopropyl-silica.
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A quick inspection of similarity maps in Fig. 4-14, allows one to see at once that
Chiralcel OD and Whelk-O 1 molecule sets contain notable structural differences,
whereas AGP and OVM data sets contain much more structurally related molecules.

Caution must be emphasized here that this simple method which aims to measure
the molecular diversity between two CSP classes does not provide an absolute scale.
However, a relative analysis of luminance values (Table 4-5) can show how poten-
tially different are the application range of two CSPs and can also help to select a
subset of CSPs that represent the largest scope of applications.

Table 4-5. Map luminance of pairs of CSP datasets.

Luminance

OD-Whelk 213
AD-Whelk 209
AD-OD 214
Whelk–Pirkle DNBPG 202
AD-Pirkle 206
OD-Pirkle 210
AGP-OVM 197

Fig. 4-14. Similarity maps comparing molecular diversity between two couples of CSP.

A data plot, as displayed in Fig. 4-15, may then constitute a useful support for the
simple selection of candidate CSPs that should be available in a laboratory. For pur-
poses of comparison, luminance data were scaled by normalizing the data in the
range [0,100] by means of the following equation:

Di = [100 (Li – Lmin)/(Lmax– Lmin)]
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where Di is the scaled value, Li is the original luminance, and Lmin and Lmax are the
minimum and maximum values of luminance.

As we have already indicated, the diversity value of molecule sets combining two
CSPs is difficult to interpret on an absolute scale. Only the relative position of each
set can be useful to compare, and also the arrangement of the points in regard to the
molecular diversity inherent to each individual molecule set of CSP.

On this basis, the AD-OD combined set appears to be the most diverse, and its
score establishes a practical larger bound. It is interesting to note that this combined
set has a larger diversity than each original AD and OD set. This increase of diver-
sity is also observed for the combined OD-Whelk set. This may explain why these
CSPs are often good candidates in CSP screening strategies. Comparison of Whelk-
Pirkle set reveals no reduction of diversity of the original Whelk set. This result sug-
gests that more specific Pirkle-like CSPs contribute well to augment the diversity
space defined by the Whelk-O 1 CSP.

Fig. 4-15. Plot of pairs of CSP according to a scaled value of map luminance.

More surprising is the loss of diversity shown by the AGP-OVM combined set;
this result seems to confirm the significant “overlap” of AGP and OVM solutes
found in earlier works [30].

As a first conclusion, this work shows that similarity coefficients, which code
molecules in terms of chemical substructures, are useful to assess the efficiency of
CSPs. The purpose of this work was not to propose a new method for solving the
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complex task of CSP classification. Indeed, the aim was basically to compare CSP
applications through simple and easily interpretable similarity maps for simplifying
the analysis of large data matrices. From a practical point of view, it is impossible to
test all the existing CSPs. The comparison of maps allows a direct classification of
whether a given CSP presents a broad variety of applications or not. For screening
purposes, a CSP choice made throughout such studies should be much better than a
random selection of CSPs.

Furthermore, this approach can also supply a straightforward procedure to predict
the potentialities of newly designed CSPs. Also, similarity maps can serve to depict
resemblance between CSPs when there is no information available regarding the
structural requirements for interaction with CSP. Compared to other methods such
as hierarchical clustering approaches using structure-based fingerprints, our
approach requires much less CPU time (less than 1 h to build a map of 250 000 dots).
Thus, this rapid diversity analysis process may be proven useful in other areas, such
as aiding in investigating diversity in databases of high-throughput screening results.

4.7 Decision Tree using Application of Machine Learning

Machine learning provides the easiest approach to data mining, and also provides
solutions in many fields of chemistry: quality control in analytical chemistry [31],
interpretation of mass spectra [32], as well prediction of pharmaceutical properties
[33, 34] or drug design [35].

Utilization of intelligent systems in chiral chromatography starts with an original
project called “CHIRULE” developed by Stauffer and Dessy [36], who combined
similarity searching and an expert system application for CSP prediction. This issue
has recently been reconsidered by Bryant and co-workers with the first development
of an expert system for the choice of Pirkle-type CSPs [37].

Machine learning can analyze a large dataset and determine what information is
most pertinent. Such generalized information can then be converted into knowledge
through the generation of rule sets that will enable faster and more relevant deci-
sions.

A decision tree is constituted of two types of nodes: parent and leaves. Each par-
ent node corresponds to a question or an attribute; each leaf node designates a sin-
gle class. The branches connected to a parent node correspond to a split of the pop-
ulation node according to the answers to the question or the value of the attribute.
Each subset of the population is split again, recursively, using different questions or
attributes until a subset belong to a single class. In this case, the branch of the tree
stops with a leaf node labeled with a single class.

A tree is read from root to leaves. We begin at the root of the tree which contains
all the population. Then, following the relevant branches according to the question
asked at each branch node, we finally reach a leaf node. The label on that leaf node
provides the class which is the resulting conclusion induced from the tree.
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The first tree induction algorithm is called ID3 (Iterative Dichotomizer version 3)
and was developed by Quinlan [38]. Subsequent improved versions of ID3 are C4.5
and C5. In our study, we used MC4 decision tree algorithm which is available in the
MLC++ package [39]. MC4 and C4.5 use the same algorithm with different default
parameter settings.

The purpose of this study is only intended to illustrate and evaluate the decision
tree approach for CSP prediction using as attributes the 166 molecular keys publicly
available in ISIS. This assay was carried out a CHIRBASE file of 3000 molecular
structures corresponding to a list of samples resolved with an α value superior to 1.8.
For each solute, we have picked in CHIRBASE the traded CSP providing the high-
est enantioselectivity. This procedure leads to a total selection of 18 CSPs commer-
cially available under the following names: Chiralpak AD [28], Chiral-AGP [40],
Chiralpak AS [28], Resolvosil BSA-7 [41], Chiral-CBH [40], CTA-I (microcrys-
talline cellulose triacetate) [42], Chirobiotic T [43], Crownpak CR(+) [28],
Cyclobond I [43], DNB-Leucine covalent [29], DNB-Phenylglycine covalent [29],
Chiralcel OB [28], Chiralcel OD [28], Chiralcel OJ [28], Chiralpak OT(+) [28],
Ultron-ES-OVM [44], Whelk-O 1 [29], (R,R)-β-Gem 1 [29].

After importing the data file into MLC++ and selecting “gain-ratio” as splitting
method, the program builds the full tree shown in Fig. 4-16. The tree has 631 nodes,
316 leaves and 107 attributes. Attributes are molecular key features and leaves are
CSPs.

Fig. 4-16. Decision tree built by MLC++ from the analysis of 3000 solutes resolved on 18 commer-
cially available CSPs. The magnifying glass shows the region zoomed in Fig. 4-17.
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As the entire tree is complex and cannot be clearly displayed in one screen, we
report in Fig. 4-17 an expanded (zoomed) fraction of the “nonaromatic” population
set of the tree.

Fig. 4-17. Zoomed picture of the decision tree in the “nonaromatic” region. (0) indicates “no”; (1)
indicates “yes”. (A) for any atom except hydrogen. ($) indicates that the bond is part of a ring, and (!)
bond is part of a chain. CC(C)(C)A for tBu.

Since this current study is restricted to the best enantioseparations (α > 1.8), it is
quite clear that the tree does not accurately reflect the full information contained in
CHIRBASE.

However, it has provided some interesting results. At the top of the tree, the
molecule population is first divided according to the presence or absence of the
attribute “NH2” (primary amine). If the answer is “yes”, the developed branches (on
the right of the tree) mostly leads to the Crownpak CSP. The next attribute is “Aro-
matic”. If the answer is “no”, here the predominant CSP is Chiralpak AD. Aromatic
compounds form the largest part of the tree and as expected the dominant CSP is
Chiralcel OD which is disseminated in almost every region of the tree.
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Some other interesting results are:

� The importance of steric and hydrogen bond interactions in chiral separations of
nonaromatic samples

� Chiralpak OT(+) dominates the branches built under the “spiro” and “ARO-
MATIC RING>1” molecular keys.

� CTA-I and Chiralcel OJ are found under the key “AROMATIC” and “8 member
ring or larger”. If sample also contains one amino group, then the tree leads to
Chiralcel OJ.

� Whelk-O 1 well predominates the aromatic samples bearing an axial chirality cre-
ated by a C–N bond.

� Chiralcel OB is associated with the separation of aromatic and nonaromatic sul-
foxides and Chiralcel OD with aromatic alcohols.

Nonetheless, these results are partial and can be seen only as a test study, and
clearly many improvements will be considered. For example, the decision at each
node should not be restricted to the only use of molecular key attributes, but should
also take into account the mobile phase constituents. Future works will also extend
this approach to the full database and will probably lead to the introduction of
knowledge rules in CHIRBASE. Knowledge rules will help the users not only in the
choice of a wide range of columns but also in the selection of appropriate experi-
mental conditions.

From these initial results we have seen that this approach has exciting practical
issues. However, we have also found that it does not match the accuracy of a
database structure search, and the latter will certainly continue to be the best
approach for CSP prediction for separation of a particular structure.

4.8 Conclusions

Today, the use of CHIRBASE as a tool in aiding the chemist in the identification of
appropriate CSPs has produced impressive and valuable results. Although recent
developments diminish the need for domain expertise, today the user must possess a
certain level of knowledge of analytical chemistry and chiral chromatography. Nev-
ertheless, further refinements will notably reduce this required level of expertise.
Part of this effort will include the design of an expert system which will provide rule
sets for each CSP in a given sample search context. The expert system will also be
able to query the user about the specific requisites for each sample (scale, solubility,
etc.) and generate rules which will indicate a ranked list of CSPs as well their most
suitable experimental conditions (mobile phase, temperature, pH, etc.).

Such an expert system can also be adapted for the evaluation of data in the pub-
lished literature. However, this point raises a number of practical questions. A better
exploitation of chromatographic data in this field would require an important effort
to be made by analysts to constitute standards for quality control and interpretation
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of results. It is essential that authors report detailed and specific information on the
techniques and experimental conditions used for chiral analysis. For instance, one
simple means of improving the quality of data would be to report the exact value of
the temperature and not “room temperature” or “ambient temperature”, as is often
found. An examination of CHIRBASE data completed by the authors shows that this
expression can cover a large range of temperature from 15 °C to 30 °C. Reports
should always include standardized chromatographic data information (k, α and res-
olution), as well as, if available, other important measurements such as elution order.

We have seen that the accumulation of data is now furnishing a variety of
hypotheses that could be further verified in the laboratory. While predictive tech-
niques can be designed without data, they cannot be evaluated in the absence of such
data. Clearly, data are essential for study designs aimed at the investigation of CSP-
solute chiral interactions. We are convinced that it is actually possible to attain a
detailed structural knowledge of the mechanisms of chiral separations using statisti-
cal analysis techniques such as cluster analysis and other multivariate analysis meth-
ods combined with data mining, rather than only via the means of molecular model
building. None of these concurrent studies can be performed today without the avail-
ability of large amounts of experimental data.

From this perspective, and with a continued lack of models and a better under-
standing of enantioseparation mechanisms, we can assume that the role of comput-
ers in this field will become increasingly determinant.
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5.1 Introduction

At present moment, no generally feasible method exists for the large-scale produc-
tion of optically pure products. Although for the separation of virtually every
racemic mixture an analytical method is available (gas chromatography, liquid chro-
matography or capillary electrophoresis), this is not the case for the separation of
racemic mixtures on an industrial scale. The most widely applied method for the
separation of racemic mixtures is diastereomeric salt crystallization [1]. However,
this usually requires many steps, making the process complicated and inducing con-
siderable losses of valuable product. In order to avoid the problems associated with
diastereomeric salt crystallization, membrane-based processes may be considered as
a viable alternative.

During the past decades, the range of conventional separation techniques has been
extended by a wide range of membrane separation processes. The first applications
of membranes are found in biomedical applications such as hemodialysis and
plasmaphoresis [2]. The first industrial membrane application has been the desali-
nation of water streams, mainly for potable water production [3]. A significant effort
in membrane materials development has led to many industrial applications of a
variety of processes, including gas separations, pervaporation, pertraction, electro-
dialysis and various filtration processes (reverse osmosis, RO; nano filtration, NF;
ultrafiltration, UF; micro filtration, MF) [4]. Membrane separations often provide
opportunities as a cost-efficient alternative to separations that are troublesome or
even impossible, using classical methods. Additionally, since most membrane pro-
cesses are performed at ambient temperature, they can offer clear advantages com-
pared to other separation processes, e.g. reducing the formation of by-products.

For the separation of racemic mixtures, two basic types of membrane processes
can be distinguished: a direct separation using an enantioselective membrane, or sep-
aration in which a nonselective membrane assists an enantioselective process [5].
The most direct method is to apply enantioselective membranes, thus allowing selec-
tive transport of one of the enantiomers of a racemic mixture. These membranes can
either be a dense polymer or a liquid. In the latter case, the membrane liquid can be
chiral, or may contain a chiral additive (carrier). Nonselective membranes can also
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provide essential nonchiral separation characteristics in combination with chirality
outside the membrane. The required enantioselectivity can stem either from a selec-
tive physical interaction, or from a selective (bio)conversion.

In this chapter we will provide an overview of the application of membrane sep-
arations for chiral resolutions. As we will focus on physical separations, the use of
membranes in kinetic (bio)resolutions will not be discussed. This chapter is intended
to provide an impression, though not exhaustive, of the status of the development of
membrane processes for chiral separations. The different options will be discussed
on the basis of their applicability on a large scale.

5.2 Chiral Membranes

5.2.1 Liquid Membranes

In general, a liquid membrane for chiral separation contains an enantiospecific car-
rier which selectively forms a complex with one of the enantiomers of a racemic
mixture at the feed side, and transports it across the membrane, where it is released
into the receptor phase (Fig. 5-1).

Fig. 5-1. Schematic representation of a liquid membrane for chiral separation.

The carrier should not dissolve in the feed liquid or receptor phase in order to
avoid leakage from the liquid membrane. In order to achieve sufficient selectivity,
minimization of nonselective transport through the bulk of the membrane liquid is
required. Liquid membranes can be divided into three basic types [6]: emulsion; sup-
ported; and bulk liquid membranes, respectively (Fig. 5-2).
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5.2.1.1 Emulsion Liquid Membranes

The application of an emulsion liquid membrane system involves three consecutive
steps [7]. First, two immiscible phases are stirred with a surfactant to generate an
emulsion. Subsequently, the emulsion is mixed with another liquid containing the
material to be extracted. The phases are then separated, and the emulsifying agents
are recovered in a de-emulsification step. Two examples of the use of the liquid 
emulsion membrane configuration are the selective extraction of phenylalanine
enantiomers, using copper(II)N-decyl-l-hydroxyproline (1) as the chiral selector [8],
and the permeation of dipeptides and derivatives, using Rokwin 60 (a commercial
nonionic surfactant, consisting of a mixture of esters of higher fatty acids with D-
sorbitol), as reported by Skrzypinski et al.[9].
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Fig. 5-2. Three types of the liquid mem-
brane configuration: (a) emulsion liquid
membrane; (b) supported liquid membrane;
(c) classical bulk liquid membrane set-up.
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5.2.1.2 Supported Liquid Membranes

In supported liquid membranes, a chiral liquid is immobilized in the pores of a mem-
brane by capillary and interfacial tension forces. The immobilized film can keep
apart two miscible liquids that do not wet the porous membrane. Vaidya et al. [10]
reported the effects of membrane type (structure and wettability) on the stability of
solvents in the pores of the membrane. Examples of chiral separation by a supported
liquid membrane are extraction of chiral ammonium cations by a supported (micro-
porous polypropylene film) membrane [11] and the enantiomeric separation of pro-
pranolol (2) and bupranolol (3) by a nitrate membrane with a N-hexadecyl-L-
hydroxy proline carrier [12].

5.2.1.3 Bulk Liquid Membranes

In the classical set-up of bulk liquid membranes, the membrane phase is a well-
mixed bulk phase instead of an immobilized phase within a pore or film. The prin-
ciple comprises enantioselective extraction from the feed phase to the carrier phase,
and subsequently the carrier releases the enantiomer into the receiving phase. As for-
mation and dissociation of the chiral complex occur at different locations, suitable
conditions for absorption and desorption can be established. In order to allow for
effective mass transport between the different liquid phases involved, hollow fiber
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membranes can be used (Fig. 5-3). Scimin et al. [13] used a chiral lipophilic ligand
as a carrier for the copper (II)-mediated, selective transport of α-amino acids across
a bulk liquid membrane. Pirkle and Doherty [14] reported a bulk liquid membrane
system, used for the selective transport of N-(3,5-dinitrobenzoyl)leucine.

Fig. 5-3. Bulk liquid membrane set-up by Pirkle and Doherty [14].

With regard to the enantioselective transport through the membrane, one advan-
tage of liquid membrane separation is the fact that the diffusion coefficient of a
solute in a liquid is orders of magnitude higher as compared to the diffusion coeffi-
cient in a solid. The flux through the membrane depends linearly on the diffusion
coefficient and concentration of the solute, and inversely on the thickness of the
membrane [7].

Addition of a chiral carrier can improve the enantioselective transport through the
membrane by preferentially forming a complex with one enantiomer. Typically, chi-
ral selectors such as cyclodextrins (e.g. (4)) and crown ethers (e.g. (5) [21]) are
applied. Due to the apolar character of the inner surface and the hydrophilic exter-
nal surface of cyclodextrins, these molecules are able to transport apolar compounds
through an aqueous phase to an organic phase, whereas the opposite mechanism is
valid for crown ethers.

Armstrong and Jin [15] reported the separation of several hydrophobic isomers
(including (1-ferrocenylethyl)thiophenol, 1’-benzylnornicotine, mephenytoin and
disopyramide) by cyclodextrins as chiral selectors. A wide variety of crown ethers
have been synthesized for application in enantioselective liquid membrane separa-
tion, such as binaphthyl-, biphenanthryl-, helicene-, tetrahydrofuran and cyclohex-
anediol-based crown ethers [16–20]. Brice and Pirkle [7] give a comprehensive
overview of the characteristics and performance of the various crown ethers used as
chiral selectors in liquid membrane separation.

5.2 Chiral Membranes 131



In general, high selectivities can be obtained in liquid membrane systems. However,
one disadvantage of this technique is that the enantiomer ratio in the permeate decreases
rapidly when the feed stream is depleted in one enantiomer. Racemization of the feed
would be an approach to tackle this problem or, alternatively, using a system contain-
ing the two opposite selectors, so that the feed stream remains virtually racemic [21].
Another potential drawback of supported enantioselective liquid membranes is the
application on an industrial scale. Often a complex multistage process is required in
order to achieve the desired purity of the product. This leads to a relatively complicated
flow scheme and expensive process equipment for large-scale separations.

5.2.2 Polymer Membranes

As the main disadvantage of liquid membrane systems is the instability over a longer
period of time, another approach would be to perform separation through a solid
membrane [22]. Enantioselective polymer membranes typically consist of a nonse-
lective porous support coated with a thin layer of an enantioselective polymer. This
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type of polymer membrane requires a high specific surface, low mass transfer resis-
tance, good mechanical strength and enantio recognition ability [23]. The separation
mechanism involves enantiospecific interactions (solution and diffusion) between
the isomers to be separated and the top layer polymer matrix. In case the required
optical purity cannot be obtained in one single step, a cascade of membrane units can
easily be applied to achieve the desired purity (see Section 5.2.4). Both the perme-
ability P (flux) and enantioselectivity (α) determine the performance of an enan-
tioselective membrane, for which α is defined as the ratio of the permeabilities of
the L- and D-enantiomers, respectively:

(1)

Enantiospecific polymers commonly used as stationary phases in chromatography
are potentially applicable for chiral membrane separation, e.g. polysaccharides,
acrylic polymers, poly(α-amino acids) and polyacetylene-derived polymers [24].
Additionally, chiral separations have been reported at high resolution and high rate
by a bovine serum albumin (BSA)-multilayer-adsorbed porous hollow-fiber mem-
brane as stationary phase [25]. In general, interest has been mainly focused on the
separation of racemic amino acids by enantioselective polymer membranes [26–35].
Although almost complete resolution can be obtained in a dialysis configuration, the
flux through this type of membranes is extremely low. Aoki and co-workers [36–41]
reported the preparation of membranes completely made of chiral polymer in order
to improve the permeability. The materials comprise derivatized poly-L-glutamate
membranes and PDPSP (6) membranes.

A different approach is the use of an ultrafiltration membrane with an immobi-
lized chiral component [31]. The transport mechanism for the separation of D,L-
phenylalanine by an enantioselective ultrafiltration membrane is shown schemati-
cally in Fig. 5-4a. Depending on the trans-membrane pressure, selectivities were
found to be between 1.25 and 4.1, at permeabilities between 10–6 and 10–7 m s–1,
respectively (Fig. 5-4b).

α = P
P

L

D
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Fig. 5-4. (a) Separation of d,l-phenylalanine by an amino acid immobilized in the pores of a polysul-
fone ultrafiltration membrane. (b) Effect of volume flux on the separation factor, Jv = volume flux,
T = 37 °C [32].

5.2.3 Molecular Imprinted Polymers

In addition to polymers typically used for chromatographic purposes, molecular
imprinted polymers, i.e. polymers having enantiospecific cavities in the bulk phase,
can be used as a basis for chiral membranes. In the past two decades, a novel tech-
nique of introducing molecular recognition sites into polymeric materials by molec-
ular imprinting has been developed [42, 43]. Molecularly imprinted polymers
(MIPs) find among others application as stationary phases in chromatography, sen-
sors, membranes, and catalysts. The preparation procedure of a MIP involves the for-
mation of a template– monomer complex. During the subsequent polymerization
with crosslinking agents, the geometry of the self-assembled template–monomer
complex is captured in the polymer matrix. After removal of the templates, the cav-
ities of the MIP possess a shape and an arrangement corresponding to the functional
groups of the template (Fig. 5-5).

Recently, an in-depth review on molecular imprinted membranes has been pub-
lished by Piletsky et al. [4]. Four preparation strategies for MIP membranes can be
distinguished: (i) in-situ polymerization by bulk crosslinking; (ii) preparation by dry
phase inversion with a casting/solvent evaporation process [45–51]; (iii) preparation
by wet phase inversion with a casting/immersion precipitation [52–54]; and (iv) sur-
face imprinting.

With regard to MIP membranes, the polymer morphology directly affects perme-
ability and selectivity of the membrane. The interactions of the template with poly-
mer domains may cause conformational reorganization of the MIP network struc-
ture. It is suggested [44] that chiral separation by MIP membranes occurs by sieving
as well as by selective transport through the template-specific cavities of the poly-
mer barrier (Fig. 5-6). The former mechanism is provided by the polymer structure
micropores, which are formed around template molecules during polymerization.
The latter mechanism results from the ligand-functional groups interactions inside
the MIP.
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Fig. 5-5. Schematic representation of the preparation procedure of molecular imprinted polymers
(MIP).

Fig. 5-6. Chiral separation by MIP membranes: a combination of sieving and selective transport [44].
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Several selective interactions by MIP membrane systems have been reported. For
example, an L-phenylalanine imprinted membrane prepared by in-situ crosslinking
polymerization showed different fluxes for various amino acids [44]. Yoshikawa et
al. [51] have prepared molecular imprinted membranes from a membrane material
which bears a tetrapeptide residue (DIDE resin (7)), using the dry phase inversion
procedure. It was found that a membrane which contains an oligopeptide residue
from an L-amino acid and is imprinted with an L-amino acid derivative, recognizes
the L-isomer in preference to the corresponding D-isomer, and vice versa. Excep-
tional difference in sorption selectivity between theophylline and caffeine was
observed for poly(acrylonitrile-co-acrylic acid) blend membranes prepared by the
wet phase inversion technique [53].

Possible applications of MIP membranes are in the field of sensor systems and sep-
aration technology. With respect to MIP membrane-based sensors, selective ligand
binding to the membrane or selective permeation through the membrane can be used
for the generation of a specific signal. Practical chiral separation by MIP membranes
still faces reproducibility problems in the preparation methods, as well as mass
transfer limitations inside the membrane. To overcome mass transfer limitations,
MIP nanoparticles embedded in liquid membranes could be an alternative approach
to develop chiral membrane separation by molecular imprinting [44].

5.2.4 Cascades of Enantioselective Membranes

Considering the limited enantioselectivities commonly found for chiral membranes,
these membranes are not capable of separating a racemic mixture in one single step.
For this reason a cascade of membrane steps must be used (Fig. 5-7). A description
of multistage membrane separations is derived from the graphical description of
other multistage separation processes (e.g. distillation) using the McCabe–Thiele
diagram. The “equilibrium“ curve is now obtained by plotting the retentate concen-
tration versus the permeate concentration [55]. Since it is impossible to consider a
membrane separation as an equilibrium separation, the term “selectivity curve“ is
more appropriate than equilibrium curve. A McCabe–Thiele diagram is shown in
Fig. 5-8, in which the curved line represents the selectivity curve. The tangent of line
AB in this diagram can be chosen freely, and equals the ratio of the permeate and
retentate streams. Using this approach the required membrane surface area can be
calculated for a given separation. The required number of stages and the total mem-
brane surface area are plotted versus the enantioselectivity of the membrane in Fig.
5-9. From this graph it will be obvious that at the enantioselectivities commonly
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found, a large number of stages is required, leading to a substantial membrane area.
The possibility to make membranes of opposite chirality, e.g. by using the MIP tech-
nique, allows for the use of membranes of alternating chirality. According to the
analysis described above, the required membrane surface area can then effectively
be lowered by approximately 25 %. Generally, it can be concluded that the large
number of (independent) stages required, resulting from low selectivities, in combi-
nation with low permeabilities leading to a large membrane area, are currently pro-
hibitive for application of enantioselective membranes on an industrial scale. Obvi-
ously, there is a need for increased selectivities at higher permeabilities, which
clearly will not be an easy task to perform.

Fig. 5-8. McCabe–Thiele diagram for α<1. The curved line is the selectivity curve.
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Fig. 5-7. Cascade configuration for the
separation of a racemic mixture into a top
and bottom concentration of X[N] and
X[1], respectively [55].



Fig. 5-9. Total number of stages and total membrane surface area versus membrane selectivity for the
separation of 1 kg s–1 of a racemic mixture at a membrane permeability of 1.6 × 10-2 kg m–2.s, yielding
both enantiomers at 95 % purity [55].

5.3 Membrane-Assisted Chiral Separations

One of the major advantages of membrane processes for the separation of racemic
mixtures lies in the ease of scale-up. As scale-up procedures are well established,
this enables the implementation of membrane processes for separations on a multi-
kilogram scale. From the foregoing sections, it will be obvious that enantioselective
membranes are still in an early stage of development, and large-scale applications
are not expected in the short term [5]. Nevertheless, enantioselective membranes do
have considerable potential for large-scale separations because of the existing expe-
rience with techniques such as reverse osmosis and ultrafiltration. When looking at
membrane processes for chiral separations which have found full-scale implementa-
tion, or which are close to this, the range is clearly limited to membrane-assisted pro-
cesses.

Nonselective membranes can assist enantioselective processes, providing essen-
tial nonchiral separation characteristics and thus making a chiral separation based on
enantioselectivity outside the membrane technically and economically feasible. For
this purpose several configurations can be applied: (i) liquid–liquid extraction based
on hollow-fiber membrane fractionation; (ii) liquid– membrane fractionation; and
(iii) micellar-enhanced ultrafiltration (MEUF).
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5.3.1 Liquid–Liquid Extraction

In principle, the same selectors can be used for chiral separation in conventional liq-
uid–liquid extraction as are applied in supported liquid membranes. Generally, enan-
tioselectivity is obtained by addition of a chiral selector to just one of the two phases.
Although relatively high separation factors can be obtained in these types of sys-
tems, a multistage configuration is required to achieve high optical purities. In order
to reach a large number of stages, good countercurrent flow is a prerequisite. The
countercurrent extraction described by Takeuchi et al. [56] meets these specifica-
tions, though scale-up of the proposed apparatus is expected to be difficult. The per-
formance of conventional extraction is often limited by back-mixing and flooding.
This can be avoided by immobilizing the liquid–liquid interface in the pores of a
membrane (Fig. 5-10), so-called “hollow-fiber membrane extraction”. Advantages
of hollow-fiber membrane extraction as compared to conventional extraction are the
high surface area per unit volume, as well as the fact that flow ratios can be chosen
independently [57–61].

For the separation of D,L-leucine, Ding et al. [62] used poly(vinyl alcohol) gel-
coated microporous polypropylene hollow fibers (Fig. 5-11). An octanol phase con-
taining the chiral selector (N-n-dodecyl-L-hydroxyproline) is flowing countercur-
rently with an aqueous phase. The gel in the pores of the membrane permits diffu-
sion of the leucine molecules, but prevents convection of the aqueous and octanol
phase. At a proper selection of the flow ratios it is possible to achieve almost com-
plete resolution of the D,L-leucine (Fig. 5-12).

Important numbers in the design of (membrane-based) liquid– liquid extractions
are the extraction factors for both enantiomers, EL and ED, defined as

(2)EL = ⋅m F
F
L e

r
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Fig. 5-10. Schematic representation of
hollow-fiber membrane extraction.



(3)

in which mL and mD are the distribution coefficients of the L and D enantiomers over
both phases, and Fe and Fr are the extract and raffinate flow, respectively [63]. In
order to achieve complete resolution, EL and ED should be opposite from unity. Due
to the fact that most racemic mixtures dissolve preferentially in either the aqueous
or the organic phase, this often results in extreme flow ratios. In the example of D,L-
leucine separation, the flow ratio is chosen as 4, yielding extraction factors of 1.32
and 0.64, respectively.

Fig. 5-11. Fractional extraction with gel-coated hollow fibers [57].

Fig. 5-12. Separation of d,l-leucine in hollow-fiber membrane extraction using a N-n-dodecyl-l-hydrox-
yproline solution in octanol as the enantioselective extraction liquid. The modules used were 32 cm long
and contained 96 Celgard X-20 polypropylene fibers [57].

ED = ⋅m F
F

D e

r

140 5 Membranes in Chiral Separations



5.3.2 Liquid–Membrane Fractionation

As described above, the application of classical liquid– liquid extractions often
results in extreme flow ratios. To avoid this, a completely symmetrical system has
been developed at Akzo Nobel in the early 1990s [64, 65]. In this system, a sup-
ported liquid–membrane separates two miscible chiral liquids containing opposite
chiral selectors (Fig. 5-13). When the two liquids flow countercurrently, any desired
degree of separation can be achieved. As a result of the system being symmetrical,
the racemic mixture to be separated must be added in the middle. Due to the fact that
enantioselectivity usually is more pronounced in a nonaqueous environment, organic
liquids are used as the chiral liquids and the membrane liquid is aqueous. In this case
the chiral selector molecules are lipophilic in order to avoid transport across the liq-
uid membrane.

Fig. 5-13. Schematic representation of the
Akzo Nobel enantiomer separation process.
Two liquids containing the opposing enan-
tiomers of the chiral selector (F1 and F2)
are flowing countercurrently through the
column (4) and are kept separated by the
liquid membrane (3). The racemic mixture
to be separated is added to the middle of the
system (1), and the separated enantiomers
are recovered from the outflows of the col-
umn (2a and 2b) [64].

The enantioselectivity α is defined as the distribution ratio of one single enan-
tiomer over the two chiral phases and has been determined experimentally for a vari-
ety of compounds (Table 5-1). It has been known from work by Prelog [66, 67] that
tartaric acid derivatives show selectivities towards α-hydroxyamines and amino
acids. However, from Table 5-1 it is obvious that tartaric acid derivatives show selec-
tivity for many other compounds, including various amino bases (e.g. mirtazapine
(10)) and acids (e.g. ibuprofen (11)). The use of other chiral selectors (e.g. PLA) 
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Table 5-1. Enantioselectivities determined for several drugs. All experiments were performed at room
temperature, except those marked with *, which were performed at 4 °C. In some cases a lipophilic anion
was used to facilitate the solubilization of the drug in the organic phases (PF6

– = hexafluorophosphate;
BPh4

– = tetraphenyl borate). DHT = dihexyl tartrate; DBT = dibenzoyl tartrate; PLA = poly (lactic acid).

Compound Selector Solvent Anion α

Norephedrine [8] 0.25 M DHT Heptane – 1.19
0.25 M DHT Heptane – 1.50*

10 wt % PLA Chloroform – 1.07
10 wt % PLA Chloroform – 1.10*

Ephedrine [9] 0.10 M DHT Heptane 0.06 M PF6
– 1.30

Mirtazapine [10] 0.10 M DHT Heptane – 1.05
0.25 M DHT Heptane – 1.06
0.50 M DHT Heptane – 1.08
0.25 M DBT Decanol – 1.06
10 wt % PLA Chloroform – 1.04
0.10 M DHT Heptane 0.01 M PF6

– 1.07
0.50 M DHT Heptane 0.03 M PF6

– 1.16
Phenylglycine 0.25 M DHT Heptane – 1.06
Salbutamol [11] 0.25 M DHT Heptane 0.018 M BPh4

– 1.06
0.25 M DHT Cyclohexane 0.0035 M BPh4

– 1.04
Terbutaline [12] 0.43 M DHT Dichloroethane 0.5 M PF6

– 1.14
2.15 M DHT Heptane 0.0045 M BPh4

– 1.05
Propranolol [2] 0.25 M DHT Heptane – 1.03
Ibuprofen [13] 0.10 M DHT Heptane – 1.10

also results in acceptable selectivities. Although most experiments were performed
at room temperature, the effect of temperature can be significant, as indicated for
norephedrine (8). When the temperature is lowered from 20 C to 4 °C, α increases
from 1.19 to 1.50 when DHT in heptane is used.

The degree of separation achieved in this system can be calculated according to

(4)

In which R/S is the required product purity and αR and αS are the distribution
ratios of the R- and S-enantiomers over the two chiral liquids, respectively (by defi-
nition αR = 1/αS). NTU is the number of transfer units required for the separation.
From the data given in Table 5-1 it can be concluded that enantioselectivities typi-
cally are in the range between 1.05 and 1.20. According to Equation (4), the number
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of transfer units can now be calculated. This is shown in Fig. 5-14. For a 99 % pure
product (R/S = 100), about 190 NTU are required at an enantioselectivity of 1.05, a
number decreasing to approximately 30 when α increases to a value of 1.20.

Once the required number of transfer units for a given degree of separation is
known, the height of a transfer unit (HTU) must be determined in order to design the
column. Membrane modules containing well-spaced Cuprophan regenerated cellu-
lose hollow fibers with an internal diameter of 200 µm and a dry wall thickness of 8
µm were used. The walls of the fibers are filled with the aqueous “membrane liquid”
and the two chiral liquids flow through the lumen and the shell side of the module,
respectively. Typical values for HTU were found to be in range of 2 to 6 cm [65].
These extremely low values are mainly due to the high specific surface area that can
be obtained in the hollow-fiber modules (typically in the order of 10 000 m2 m–3)
[62]. The total length of the membrane column used for the separation (L) is now
given by

L = NTU · HTU (5)

Using the calculated and measured values for NTU and HTU, typical column
lengths of 2–5 m are expected.

To demonstrate the potential of the process in obtaining both enantiomers at a
high purity, experiments were performed using racemic norephedrine as the com-
pound to be separated. Two columns of seven small membrane modules were used.
The enantiomer ratios in the outflows during start-up are shown in Fig. 5-15. It can
be concluded that the system reaches equilibrium within approximately 24 h, and
that both enantiomers are recovered at 99.3–99.8 % purity.

To evaluate the economics of this process, a cost model has been developed to
estimate the separation costs for a specific racemate [68, 69]. For this purpose, the
sensitivity of the separation costs for several key process parameters have been
established as compared to a base-case separation in which a purity of 99 % is
required at an enantioselectivity of 1.15. The maximum solubility of the drug is set
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Fig. 5-14. The optical purity (R/S)
of the outflows as a function of the
number of transfer units (NTU) in
the apparatus at equal flow rates.
Different lines are given for differ-
ent α values.



at 1 wt- %, and the membrane life time is taken 1.5 years. As can be seen from Fig.
5-16, the separation costs are not extremely sensitive to the required optical purity
and the membrane life time. However, the achieved enantioselectivity and attainable
concentration of the drug (in the center of the column) determine separation costs to
a large extent. This is mainly due to the costs involved for product recovery from a
large, relatively diluted stream. Clearly, the effectiveness of this separation process
is predominantly determined by a proper selection and optimization of the selec-
tor–solvent combination.

Fig. 5-16. Sensitivity of separation costs to key process parameters.
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Fig. 5-15. Enantiomer ratio 
in the outflow versus time for 
the separation of racemic
norephedrine.



5.3.3 Micellar-Enhanced Ultrafiltration

Ultrafiltration of micellar solutions combines the high permeate flows commonly
found in ultrafiltration systems with the possibility of removing molecules indepen-
dent of their size, since micelles can specifically solubilize or bind low molecular
weight components. Characteristics of this separation technique, known as micellar-
enhanced ultrafiltration (MEUF), are that micelles bind specific compounds and sub-
sequent ultrafiltration separates the surrounding aqueous phase from the micelles
[70]. The pore size of the UF membrane must be chosen such, that the micelles are
retained but the unbound components can pass the membrane freely. Alternatively,
proteins such as BSA have been used in stead of micelles to obtain similar enan-
tioselective aggregates [71].

For the separation of amino acids, the applicability of this principle has been
explored. For the separation of racemic phenylalanine, an amphiphilic amino acid
derivative, l-5-cholesteryl glutamate (14) has been used as a chiral co-surfactant in
micelles of the nonionic surfactant Serdox NNPTM10. Copper(II) ions are added for
the formation of ternary complexes between phenylalanine and the amino acid co-
surfactant. The basis for the separation is the difference in stability between the
ternary complexes formed with d- or l-phenylalanine, respectively. The basic princi-
ple of this process is shown in Fig. 5-17 [72].

The intrinsic enantioselectivity of the micelles has been established based on sin-
gle-component binding isotherms [73], resulting in a remarkably high value of 7.7. 

Fig. 5-17. Principle of micellar-enhanced ultrafiltration (MEUF). The d-enantiomer of a racemic mix-
ture is preferentially bound to the micelles, which are retained by the membrane. The bulk containing
the l-enantiomer is separated through the membrane [72].
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However, when complexation experiments are performed with both D- and L-enan-
tiomers (Fig. 5-18), this leads to selectivity values between 1.4 and 1.9. It was shown
that complexation by enantioselective micelles can effectively be described using
straightforward multicomponent Langmuir isotherms [74].

Fig. 5-18. Selectivity for D,L-phenylalanine, fitted with a multicomponent Langmuir isotherm [73].

Fig. 5-19. Cascaded system for countercurrent 99 %+ separation of racemic mixtures [75].

From the foregoing it will be obvious that a single-stage MEUF system will not
be capable of producing single enantiomers at high purity. Therefore, to achieve high
optical purities, a multistage separation process is required (Fig. 5-19) [75]. This
system is operated in a countercurrent mode, analogous to conventional extraction
and distillation processes. Here, the enantioselective micellar phase flows in oppo-
site direction of the water phase. In each stage a UF membrane separates the micel-
lar phase from its surrounding aqueous phase. To regenerate the saturated micelles
leaving the cascade, a simple decrease in pH leads to electrostatic repulsion between
selector and bound enantiomer [76]. Using the experimental Langmuir constants, the
process has been modeled in a cascade of 60 stages [77]. When the racemate is fed
to stage 34, the flows leaving stages 1 and 60 have an enantiomeric excess of 99.1 %
and 99.8 %, respectively (Fig. 5-20). An industrially important feature of the process
comes from the fact that the feed is diluted by a factor of only 3.
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Fig. 5-20. Enantiomer separation in a cascaded ultrafil-

tration (UF) system of 60 stages [77]

Although the basic principles underlying this MEUF process for chiral separa-
tions have been established, no optimization has yet been performed. Based on the
ability of UF to treat large streams relatively inexpensively, this process will poten-
tially become an extension to the rather limited range of large-scale commercial sep-
aration processes. In addition, to facilitate further purification (e.g. by diastere-
omeric salt crystallization) a single-stage MEUF process can potentially serve as an
effective low-grade separation method.

5.4 Concluding remarks

In this chapter, we have discussed the potential of membrane technology for chiral
separations. As the focus of this chapter has been on large-scale separations, the var-
ious developments have been discussed from an engineering point of view. A signif-
icant effort is being put into the development of chiral polymer membranes by a
number of research groups. Nevertheless, these membranes still are in an early stage
of development, and for industrial use significant improvements on flux and/or enan-
tioselectivity are required. Once these limitations have been overcome, the applica-
tion of chiral membranes will be similar to reverse osmosis and ultrafiltration, which
will allow a relatively rapid implementation. Similarly, a large number of chiral
selectors have been developed for application in liquid membranes. A major issue
for the application of liquid membranes on an industrial scale lies in the problem of
staging. As a result of the many recycles in the process, selective liquid membranes
will require a large number of storage vessels, which is undesirable from a process
economics standpoint.

In the short term, we do not expect chiral membranes to find large-scale applica-
tion. Therefore, membrane-assisted enantioselective processes are more likely to be
applied. The two processes described in more detail (liquid–membrane fractionation
and micellar-enhanced ultrafiltration) rely on established membrane processes and
make use of chiral interactions outside the membrane. The major advantages of these
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processes are the ease of staging (this applies especially to the liquid–membrane
fractionation) and the ease of treating large streams (which is a key advantage of the
MEUF process). In the near future, we expect more of these “hybrid” technologies
to be developed, which will certainly broaden the scope of membrane-based enan-
tioseparations.

List of structures

1 N-alkyl-L-hydroxyproline
2 Propranolol
3 Bupranolol
4 Modified cyclodextrin
5 3,3’-dimethylbis(α,α’-dinaphthyl)-22-crown-6
6 Poly{1-[dimethyl(10-pinanyl)silyl]prop-1-yne} (PDPSP)
7 H-Asp(OcHex)-Leu-Asp(OcHex)-Glu(Obzl)-CH2- (DIDE)
8 Norephedrine
9 Ephedrine

10 Mirtazipine
11 Salbutamol
12 Terbutaline
13 Ibuprofen
14 -5-cholesteryl glutamate
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6.1 Introduction

The need for efficient high-throughput techniques in the production of enantiomeri-
cally pure compounds is growing in parallel to the increasing structural complexity
of new drug compounds [1].

In the absence of synthetic methods allowing the drug to be synthesized in opti-
cally pure form, the resolution of racemates using characterized chiral selectors or
auxiliaries is the first step in this process. These techniques have the additional
advantage of providing both enantiomers in preparative amounts, which means that
the requirements for biological testing of both enantiomers can be met. Convention-
ally, preparative optical resolution is performed by fractional crystallization, micro-
biological methods, kinetic enzymatic resolution and by chromatography. Of
growing importance are methods allowing continuous production of pure enan-
tiomers. In chromatography, these can be based on liquid–solid partitioning as in
simulated moving bed (SMB) chromatography (see Chapter 10) or liquid–liquid par-
titioning as in countercurrent distribution [2, 3] or chromatography [4]. In the case
of phases exhibiting particularly high enantioselectivities, batch- [5], membrane-,
[6–8] or bubble- based [9] separation techniques may be more attractive.

In chromatography, polysaccharide-based phases (modified amylose or cellulose)
are, due to their high site density and broad applicability, the most common phases
used for preparative-scale separations [10]. A problem with these, as well as other
common CSPs, is the limited predictability of elution orders and separability, mak-
ing screening of stationary phase libraries a necessary step in the method develop-
ment [10]. Polymers imprinted with chiral templates here promise to alleviate these
problems offering a new generation of custom-made CSPs with predictable selectiv-
ities [11]. In view of the high selectivity often exhibited by these phases, preparative
applications in the above-mentioned formats are being investigated. This review will
summarize the present state of this research field.
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6.2 Molecular Imprinting Approaches

Molecularly imprinted polymers (MIPs) can be prepared according to a number of
approaches that are different in the way the template is linked to the functional
monomer and subsequently to the polymeric binding sites (Fig. 6-1). Thus, the tem-
plate can be linked and subsequently recognized by virtually any combination of
cleavable covalent bonds, metal ion co-ordination or noncovalent bonds. The first
example of molecular imprinting of organic network polymers introduced by Wulff
was based on a covalent attachment strategy i.e. covalent monomer–template, cova-
lent polymer–template [12].

Currently, the most widely applied technique to generate molecularly imprinted
binding sites is represented by the noncovalent route developed by the group of Mos-
bach [13]. This makes use of noncovalent self-assembly of the template with func-
tional monomers prior to polymerization, free radical polymerization with a
crosslinking monomer, and then template extraction followed by rebinding by non-
covalent interactions. Although the preparation of a MIP by this method is techni-
cally simple, it relies on the success of stabilization of the relatively weak interac-
tions between the template and the functional monomers. Stable monomer–template
assemblies will in turn lead to a larger concentration of high affinity binding sites in
the resulting polymer. The materials can be synthesized in any standard equipped
laboratory in a relatively short time, and some of the MIPs exhibit binding affinities
and selectivities in the order of those exhibited by antibodies towards their antigens.
Nevertheless, in order to develop a protocol for the recognition of any given target,
all of the alternative linkage strategies must be taken into account.

Most MIPs are synthesized by free radical polymerization of functional monoun-
saturated (vinylic, acrylic, methacrylic) monomers and an excess of crosslinking di-
or tri- unsaturated (vinylic, acrylic, methacrylic) monomers, resulting in porous
organic network materials. These polymerizations have the advantage of being rela-
tively robust, allowing polymers to be prepared in high yield using different solvents
(aqueous or organic) and at different temperatures [14]. This is necessary in view of
the varying solubilities of the template molecules.

The most successful noncovalent imprinting systems are based on commodity
acrylic or methacrylic monomers, such as methacrylic acid (MAA), crosslinked with
ethyleneglycol dimethacrylate (EDMA). Initially, derivatives of amino acid enan-
tiomers were used as templates for the preparation of imprinted stationary phases for
chiral separations (MICSPs), but this system has proven generally applicable to the
imprinting of templates allowing hydrogen bonding or electrostatic interactions to
develop with MAA [15, 16]. The procedure applied to the imprinting with l-pheny-
lalanine anilide (L-PA) is outlined in Fig. 6-2. In the first step, the template (L-PA),
the functional monomer (MAA) and the crosslinking monomer (EDMA) are dis-
solved in a poorly hydrogen bonding solvent (porogen) of low to medium polarity.
The free radical polymerization is then initiated with an azo initiator, commonly azo-
N,N’-bis-isobutyronitrile (AIBN) either by photochemical homolysis below room
temperature [16, 17] or thermochemically at 60 °C or higher [15]. Lower thermo-
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chemical initiation at temperatures down to 40 °C or 30 °C is also possible using less
stable azoinitiators [18]. In the final step, the resultant polymer is crushed using a
mortar and pestle or in a ball mill, extracted using a Soxhlet apparatus, and sieved to
a particle size suitable for chromatographic (25–38 µm) or batch (150– 250 µm)
applications [16]. The polymers are then evaluated as stationary phases in chro-
matography by comparing the retention time or capacity factor (k’) [19] of the tem-
plate with that of structurally related analogs (Fig. 6-3). We will refer to the system
shown in Fig. 6-2 as the L-PA-model system.

Fig. 6-2. Preparation of MIPs using L-phenylalanine anilide (L-PA) as template. The L-PA model system.

In the elucidation of retention mechanisms, an advantage of using enantiomers as
templates is that nonspecific binding, which affects both enantiomers equally, can-
cels out. Therefore the separation factor (α) uniquely reflects the contribution to
binding from the enantioselectively imprinted sites. As an additional comparison the
retention on the imprinted phase is compared with the retention on a nonimprinted
reference phase. The efficiency of the separations is routinely characterized by esti-
mating a number of theoretical plates (N), a resolution factor (Rs) and a peak asym-
metry factor (As) [19]. These quantities are affected by the quality of the packing and
mass transfer limitations, as well as of the amount and distribution of the binding
sites.

Some restrictions of this molecular imprinting technique are obvious. The tem-
plate must be available in preparative amounts, it must be soluble in the monomer
mixture, and it must be stable and unreactive under the conditions of the polymer-
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ization. The solvent must be chosen considering the stability of the monomer– tem-
plate assemblies and whether it results in the porous structure necessary for a rapid
kinetics in the interaction of the template with the binding sites. However if these
criteria are satisfied, a robust material capable of selectively rebinding the template
can be easily prepared and evaluated in a short time.

Table 6-1. Examples of racemates successfully resolved on MIPs.

Racematea Separation Resolution Notec Refe-
factorb factorb rence
α Rs

Amino acids
Phenylalanine 1.6 1.5 d,e [104]
Phenylglycine 0.98
Tyrosine 0.75

Amino acid derivatives
Phenylalanine ethyl ester 1.3 ND [15]
Phenylalanine anilide (PA) 4.9 1.2 [105]
Phenylalanine ethyl amide 2.0 0.5 [15]
p-Aminophenylalanine ethyl ester 1.8 0.8 [15]
Arginine ethyl ester 1.5 ND [105]
Tryptophan ethyl ester 1.8 0.5 [105]
p-Aminophenylalanine anilide 5.7 0.9 [78]
Phenylalanine-N-methyl-anilide (PMA) 2.0 n.d. [25]
Leucine-β-naphthylamide 3.8 0.7 [26]
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Racematea Separation Resolution Notec Refe-
factorb factorb rence
α Rs

N,N’-Dimethyl-phenylalanine anilide 3.7 1.4 [26]
Proline anilide 4.5 1.0 [26]
Pyridylmethyl-phenylalanine anilide 8.4 1.1 [106]
Pyridoxyl-phenylalanine anilide 2.7 0.4 [106]
Cbz-Glutamic acid 2.5 2.9 [27]
Cbz-Aspartic acid 2.2 1.7 [27]
Cbz-Phenylalanine 2.3 3.1 [73]
Cbz-Alanine 1.9 – TRIM [107]
Cbz-Tyrosine 4.3 1.9 VPy-MAA [108]
Boc-Tryptophan 4.4 1.9 VPy-MAA [108]
Boc-Phenylalanine 2.0 1.5 VPy-MAA [108]
Dansyl-Phenylalanine 3.2 1.6 VPy-MAA [108]
Boc-Proline-N-hydroxysuccinimide ester 1.3 0.8 [27]
Acetyl-Tryptophan methyl ester 3.9 2.2 [108]
Diethyl-2-amino-3-phenyl-propylphosphonate 2.3 ND [109]

Peptides
Phenylalanylglycine anilide 5.1 0.5 [26]
Cbz-Ala-Ala-OMe 3.2 4.5 TRIM [110]
Cbz-Ala-Gly-Phe-OMe 3.6 4.2 TRIM [110]
N-Ac-Phe-Trp-OMe 3.3 > 2 [31]
Cbz-Asp-Phe-OMe 2.5 VPY-MAA [111]

Commercial drugs
Propranolol 2.8 1.3 [112]
Timolol 2.9 2.0 [112]
Metoprolol 1.08 1.2 TRIMd [113]
Ephedrine 3.4 1.6 [29]
Naproxen 1.7 0.8 VPY [114]
Ropivacaine 7.7 / 5.7 f d [113]

Carboxylic acids
R-(–)-Mandelic acid 1.5 – VPy [108]
R-Phenylsuccinic acid 3.6 2.0 VPy [108]
2-Phenylpropionic acid high high PYAA/DVBd [96]

Amines
N-(3,5-dinitrobenzoyl)-methylbenzylamine 1.9 – MAA/DPGL [115]
(R)-α-methylbenzylamine >1.5 1.0 [116]

a) Each racemate was applied on a polymer (ca. 0.1 µmol per gram dry polymer) imprinted with one antipode of
the racemate. The standard mobile phase, consisting of acetonitrile containing various amounts of acetic acid,
was used in most cases. Cbz = Carbobenzyloxy, Boc = t-butyloxycarbonyl.

b)  α was calculated as the ratio of the capacity factor (k’) of the template enantiomer to the capacity factor of its
antipode. Rs is the resolution factor.

c)  The polymers were prepared using MAA as functional monomer and EDMA as crosslinking monomer if not
otherwise noted. VPY= 2- or 4-vinylpyridine; TRIM = trimethylolpropane trimethacrylate; DPGL = (R)-N,O-
dimethacryloylphenylglycinol; PYAA = 3-(4-pyridinyl)acrylic acid.

d)  The polymer was evaluated in capillary electrophoresis.
e)  The polymer was imprinted with L-PA.
f)  Migration times of the two enantiomers.
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6.3 Structure-Binding Relationships

A large number of racemates have been successfully resolved on tailor-made MIC-
SPs (Table 6-1). Using MAA as functional monomer, good recognition is obtained
for templates containing Brönsted-basic or hydrogen bonding functional groups
close to the stereogenic center. On the other hand, templates containing acidic func-
tional groups are better imprinted using a basic functional monomer such as
vinylpyridine. This emphasizes the importance of functional group complementarity
when designing the MICSPs. Furthermore, the separation factors are high and higher
than those observed for many of the widely used commercial CSPs [20]. However,
the columns are tailor-made and the number of racemates resolved equals nearly the
number of stationary phases, i.e. each column can resolve only a limited number of
racemates. Although the separation factors are high, the resolution factors are low,
but the performance can often be enhanced by running the separations at higher tem-
peratures [15] and by switching to an aqueous mobile phase (Fig. 6-3) [21], or by
performing the imprinting in situ in fused silica capillaries for use in capillary elec-
trochromatography [22, 23]. At low sample loads, the retention on the MICSPs is
extremely sensitive to the amount of sample injected, indicating overloading of a
small amount of high energy binding sites. [24] Moreover the peaks corresponding
to the template are usually broad and asymmetric. This is ascribed to the mentioned
site heterogeneity together with a slow mass transfer (see Section 6.3.1).

Table 6-2. Examples of highly selective recognition by MIPs.

Template k’L(1) α(1) k’L(2) α(2)

6.6 4.2 1.05 1.07

1.7 1.4 2.1 2.0

2.4 2.0 0.9 1.3

0.4 1.1 0.8 2.3

The polymers were prepared by the standard procedure using MAA as functional monomer (see Fig. 6-2) as
described elsewhere [25]. a  Mobile phase: acetonitrile/acetic acid: 90/10 (v/v). Sample: 0.2 µmol racemate g–1.
b  Mobile phase: acetonitrile/water/acetic acid: 96.3/1.2/2.5 (v/v).
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6.3.1 High Selectivity

MICSPs are often highly selective for their respective template molecule. This was
the case for polymer imprinted with L-phenylalanine anilide (L-PA) and L-pheny-
lalanine-N-methylanilide respectively (comparing a secondary and tertiary amide as
template) (Table 6-2) [25]. The racemate corresponding to the template was well
resolved on the corresponding MICSP, whereas the analogue racemate was less
retained and only poorly resolved. Similar results were obtained when comparing a
polymer imprinted with L-phenylalanine ethyl ester and one with its phosphonate
analogue (Table 6-2) and have also been observed in comparisons of a primary (1)
and a tertiary (2) amine, different in two amino methyl groups, two diacids, N-pro-
tected aspartic (3) and glutamic (4) acid, which differed only in one methylene group

in the alkyl chain [26, 27]. Pronounced discrimination of minor structural differ-
ences have also been reported in the imprinting of N-protected amino acids as (5)
and (6) [28], aminoalcohols such as ephedrine (7) and pseudoephedrine (8) [29],
monosaccharides [30] and peptides such as 9–11 [31]. Since the polymers imprinted
with templates containing bulky substituents discriminated against those containing 
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smaller substituents, the recognition is not purely size exclusion but instead must be
driven by shape complementarity between the site and the substrate, or conforma-
tional differences between the derivatives. It was concluded on the basis of 1H-NMR
nuclear Overhauser enhancement experiments and molecular mechanics calculations
that L-PA and the N-methylanilide exhibit large conformational differences. Thus,
the torsional angles between the anilide ring plane and the amide plane, as well as in
the E-Z preference over the amide bond (Fig. 6-4) are different [25]. The low energy
conformer of the anilide has the phenyl group in a cis conformation to the carbonyl
oxygen with a torsional angle of about 30 °, whereas in the N-methylanilide the
phenyl group is found in a trans conformation twisted almost 90 ° out of the amide
plane. This will result in a different arrangement of the functional groups at the site.
In this context it is interesting to note (Table 6-2) that the polymer imprinted with
the N-methylanilide is less selective for its template, i.e. a lower separation factor is
seen for the template compared to what is observed using the L-PA-imprinted poly-
mer and furthermore, a significant separation of the enantiomers of D,L-PA is also
observed. This can be explained considering the smaller space requirements of D,L-
PA that thus can be forced into a conformation matching the site of the N-methy-
lanilide.

Fig. 6-4. Minimum energy conformations of L-PA and L-phenylalanine-N-methyl-anilide (L-PMA)
based on molecular mechanics calculations and UV- and NMR-spectroscopic characterizations. (From
Lepistö and Sellergren [25].)

Table 6-3. Resolution of amino acid derivatives on a MIP imprinted with L-phenylalanine anilide 
(L-PA).

Racemate k’L α

Phenylalanine anilide 3.5 2.3
Tyrosine anilide 2.9 2.2
Tryptophan anilide 2.4 2.0
Phenylalanine p-nitroanilide 3.1 2.1
Leucine p-nitroanilide 2.1 1.6
Alanine p-nitroanilide 2.0 1.6

Data taken from reference [117].
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6.3.2 Low Selectivity

Numerous examples of MICSPs that are capable of resolving more than the race-
mate corresponding to the template have been reported [17, 32]. In these cases some
structural variations are tolerated without seriously compromising the efficiency of
the separation. For instance, a polymer imprinted with L-phenylalanine anilide
resolved amino acid derivatives with different side chains or amide substituents [17].
Anilides of all aromatic amino acids were here resolved as well as β-naphthylamides
and p-nitroanilides of leucine and alanine (Table 6-3). Furthermore, in aqueous
mobile phases, the free amino acid phenylalanine could also be base line resolved on
an L-PA-imprinted polymer [32]. Apparently, substitution of groups that are not
involved in potential binding interactions only leads to a small loss in enantioselec-
tivity. Also it was noted that the dipeptide, D,L-phenylalanylglycine anilide was
resolved, while glycyl-D,L-phenylalanine anilide was not. This observation empha-
sizes the importance of the spatial relationship between the functional groups at the
sites, and indicates that substitutions made at some distance away from the center of
chirality are allowed.

6.3.3 Studies of the Monomer–Template Solution Structures

To what extent do the solution complexes formed between the monomer and the
template in solution reflect the architecture of the polymeric binding sites ? This
question is important, since a thorough characterization of the monomer template
assemblies may assist in deducing the structure of the binding sites in the polymer
and thus have a predictive value. 1H-NMR spectroscopy and chromatography were
used to study the association between MAA and the template L-PA in solution as a
mimic of the pre-polymerization mixture [15]. The 1H-NMR chemical shifts of
either the template or the monomer versus the amount of added MAA as well as the
chromatographic retention of D,L-PA versus the amount of acid in the mobile phase,
varied in accordance with the formation of multimolecular complexes between the
template and the monomer in the mobile phase. A 1:2 template–monomer complex
was proposed to exist prior to polymerization based on the modeled complex distri-
bution curves. Based on these results, hydrogen bond theory, and the assumption that
the solution structure was essentially fixed by the polymerization, a structure of the
template bound to the site was proposed (Fig. 6-5). Since these initial studies, a num-
ber of other examples support this model, i.e. the recognition is due to functional
group complementarity and a correct positioning of the functional groups in the sites
as well as steric fit in the complementary cavity [33-36]. Rebinding to sites formed
of residual nonextracted template have also been proposed as a contributing factor to
the observed recognition [37]. In most imprinted systems however, rebinding selec-
tivity or catalytic efficiency increase with increasing recovery of the template [38]
and the Langmuir-type adsorption indicates a true receptor behavior [39].
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Fig. 6-5. Model of the binding site for L-PA based on spectroscopic and chromatographic characteri-
zation of the prepolymerization monomer–template assemblies.

6.4 Adsorption Isotherms and Site Distribution

Adsorption isotherms can yield important information concerning binding energies,
modes of binding and site distributions in the interaction of small molecule ligands
with receptors [40]. In the case of MIPs, a soluble ligand interacts with binding sites
in a solid adsorbent. The adsorption isotherms are then simply plots of equilibrium
concentrations of bound ligand (adsorbate) versus concentration of free ligand. The
isotherms can be fitted using various models where different assumptions are made.
The most simple is the Langmuir-type adsorption isotherm (Equation (1)), where the
adsorbent is assumed to contain only one type of site, where adsorbate–adsorbate
interactions are assumed not to occur, and where the system is assumed ideal. This
isotherm depends on two parameters: the saturation capacity (site density), qs, and
the adsorption energy, b [41, 42].

(1)

(2)

(3)

The bi-Langmuir model (Equation (2)) or tri-Langmuir model, the sum of two or
three Langmuir isotherms, correspond to models that assume the adsorbent surface
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to be heterogeneous and composed of two or three different site classes, and finally
the Freundlich isotherm model (Equation (3)) with no saturation capacity but instead
a complete distribution of sites of different binding energies. Depending on the tem-
plate-functional monomer system, the type of polymer, the conditions for its prepa-
ration and the concentration interval covered in the experiment the adsorption
isotherms of MIPs have been well fitted with all the isotherm models [39, 43-45].

Thus, most MIPs suffer from a heterogeneous distribution of binding sites. In
noncovalent imprinting, two effects contribute primarily to the binding site hetero-
geneity. Due to the amorphous nature of the polymer, the binding sites are not iden-
tical, but are somewhat similar to a polyclonal preparation of antibodies. The sites
may for instance reside in domains with different crosslinking density and accessi-
bility [46]. Secondly, this effect is reinforced by the incompleteness of the
monomer–template association [15]. In most cases the major part of the functional
monomer exists in a free or dimerized form, not associated with the template. As a
consequence, only a part of the template added to the monomer mixture gives rise to
selective binding sites. This contrasts with the situation in covalent imprinting [33,
45, 47] or stoichiometric noncovalent imprinting [48, 60, 90] where theoretically all
of the template split from the polymer should be associated with a templated bind-
ing site. The poor yield of binding sites results in a strong dependence of selectivity
and binding on sample load at least within the low sample load regime.

For determining the adsorption isotherm, the equilibrium concentrations of bound
and free template must be reliably measured within a large concentration interval.
Since the binding sites are part of a solid, this experiment is relatively simple and
can be carried out in a batch equilibrium rebinding experiment or by frontal analy-
sis.

One powerful technique for the study of the interactions between solutes and sta-
tionary phases and for the investigation of the parameters of these interactions is
frontal analysis [49]. This method allows accurate determination of adsorption and
kinetic data from simple breakthrough experiments, and the technique has proven its
validity in a number of previous studies. This has also been used for estimating the
adsorption energies and saturation capacities in the binding of templates to MIPs, but
often the data have been modeled only at one temperature and graphically evaluated
using a simple Langmuir mono site model which in most cases gives a poor fit of the
data [50]. Furthermore, the breakthrough curves are interpreted assuming thermody-
namic equilibrium, which is often an invalid assumption in view of the slow mass
transfer in these systems. Rather, based on the mass balance equation and by assum-
ing kinetic and isotherm values to best-fit isotherms and elution profiles obtained at
different temperatures, a more accurate picture of the thermodynamics and mass
transfer data can be obtained [49].

The isotherms for the two enantiomers of phenylalanine anilide were measured at
40, 50, 60 and 70 C, and the data fitted to each of the models given in Equations
(1–3) [42]. The isotherms obtained by fitting the data to the Langmuir equation were
of a quality inferior to the other two. Fittings of the data to the Freundlich and to the
bi-Langmuir equations were both good. A comparison of the residuals revealed that
the different isotherms of D-PA were best fitted to a bi-Langmuir model, while the
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isotherms for L-PA were slightly better fitted to a Freundlich isotherm model, par-
ticularly at low temperatures. However, at concentrations higher than 17 µm (4 ×
10–3 g L–1), the isotherm data of L-PA were equally well fitted to the Freundlich and
to the bi-Langmuir isotherm models, suggesting the existence of binding sites with
higher binding energies (K > 50 000 M–1). At 40 °C for L-PA, the binding constants
and site densities are respectively 84 M–1 and ca. 90 µmol g–1 for the low-affinity
sites, and 16 000 M–1 and 1 µmol g–1 for the high-affinity sites. For D-PA the respec-
tive values are 48 M–1 and 136 µmol g–1 for the low-affinity sites, and 5520 M–1 and
0.4 µmol g–1 for the high-affinity sites. These values agree well with those deter-
mined in previous studies [18]. In view of the small saturation capacities observed
for D-PA on these sites at the other temperatures studied (50, 60, 70 °C) or after ther-
mal annealing of the materials [24], the second site class appears to be specific for
L-PA.

For preparative or semipreparative-scale enantiomer separations, the enantiose-
lectivity and column saturation capacity are the critical factors determining the
throughput of pure enantiomer that can be achieved. The above-described MICSPs
are stable, they can be reproducibly synthesized, and they exhibit high selectivities
– all of which are attractive features for such applications. However, most MICSPs
have only moderate saturation capacities, and isocratic elution leads to excessive
peak tailing which precludes many preparative applications. Nevertheless, with the
L-PA MICSP described above, mobile phases can be chosen leading to acceptable
resolution, saturation capacities and relatively short elution times also in the iso-
cratic mode (Fig. 6-6).

Fig. 6-6. Overload elution profiles of D,L-PA injected on a column (125  4 mm) packed with the L-PA
imprinted stationary phase used in Fig. 6-5. Mobile phase: MeCN: TFA (0.01 %): H2O (2.5 %). The ten-
dency for fronting and the increase in retention with sample load is attributed in part to saturation of the
mobile phase modifier.
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6.5 Adsorption-Desorption Kinetics and Chromatographic
Band Broadening

For most applications of specific molecular recognition elements, a rapid association
dissociation kinetics in the ligand receptor binding is important. In chemical sensors
the response time depends on the association rate between the sensor-bound recep-
tor and the target analyte, whereas the dissociation rate determines if, and how
quickly, the sensor can be regenerated [51]. The kinetics thus influences the sample
throughput of the analysis, i.e. how many samples that can be analyzed in a certain
time interval. Furthermore, in catalysis the binding kinetics will determine the max-
imum rate of the chemical transformation, and in chromatographic separations it will
influence the spreading of the chromatographic peaks.

When a solute band passes a chromatographic column it is broadened continu-
ously due to various dispersion processes [52]. These include processes that show
little or no flow rate dependence, such as eddy-diffusion or extracolumn effects and
flow rate-dependent processes such as axial diffusion, mass transfer processes
including mobile phase, intraparticle and stationary phase diffusion and slow kinetic
processes upon interaction with the stationary phase. Other factors such as nonlinear
binding isotherms and slow desorption kinetics instead affect the shape of the peak
[53]. Altogether, these processes counteract the separation of two compounds and
lead to lower resolutions. An understanding of their origin is important in order to
improve the separations as well as to gain insight into the kinetics and mechanism
of solute retention.

The dependence of the chromatographic parameters on flow rate and sample load
was studied in enantiomer separations of d- and l-phenylalanine anilide (D,L-PA) on
L-PA-imprinted chiral stationary phases (CSPs) [54].Using a thermally annealed sta-
tionary phase, a strong dependence of the asymmetry factor (As) of the l-form on
sample load and a weak dependence on flow rate suggested that column overloading
contributed strongly to the peak asymmetry (Fig. 6-7). This is to be expected in view
of the site heterogeneity discussed in the previous section. However, slow kinetic
processes is another contributing factor to the pronounced band broadening in the
chromatography using MIP-based columns. In view of the high binding constants
observed for MIPs, the desorption rate at the high-energy binding sites should be
much slower than that at the low-energy sites. The mass transfer rate coefficients,
estimated using a MIP prepared in dichloromethane as diluent, were small and
strongly dependent on the temperature and concentration, in particular the rate coef-
ficients corresponding to the imprinted L-enantiomer [42]. Recent related studies of
the retention mechanism of both enantiomers of dansyl-phenylalanine on a dansyl-
L-phenylalanine MICSP led to similar conclusions [55], although these processes are
strongly dependent on the system studied, i.e. template-monomer system, crosslink-
ing monomer, porogen and method of polymerization.
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Fig. 6-7. Asymmetry factor (As) of the L-enantiomer versus sample load (A) and versus flow rate (B) on
L-PA-imprinted polymers. Flow rate: 1.0 ml min–1. Mobile phase: MeCN/[potassium phosphate 0.05 M,
pH 7] (7/3, v/v).

6.6 Factors to Consider in the Synthesis of MICSPs

In spite of the fact that molecular imprinting allows materials to be prepared with
high affinity and selectivity for a given target molecule, a number of limitations of
the materials prevent their use in real applications. The main limitations are:

1 Binding site heterogeneity
2 Extensive nonspecific binding
3 Slow mass transfer
4 Bleeding of template
5 Low sample load capacity
6 Unpractical manufacturing procedure
7 Poor recognition in aqueous systems
8 Swelling–shrinkage: may prevent solvent changes
9 Lack of recognition of a number of important compound classes

10 Preparative amounts of template required

It is clear that improvements aiming at increasing the yield of high-energy bind-
ing sites or modifying the site distribution in other ways will have a large impact on
the performance of the materials (affecting limitations 1, 2, 4 and 5). The strategies
adopted to achieve this have been focusing either on prepolymerization measures,
aimed at stabilization of the monomer template assemblies prior to polymerization,
or postpolymerization measures aimed at modifying the distribution of binding sites
by either chemical or physical means. The most important of these factors will now
be discussed, together with techniques allowing their optimization.
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6.6.1 Factors Related to the Monomer-Template Assemblies

It is of obvious importance that the functional monomers interact strongly with the
template prior to polymerization, since the solution structure of the resulting assem-
blies presumably defines the subsequently formed binding sites. By stabilizing the
monomer–template assemblies, it is possible to achieve a large number of imprinted
sites. At the same time, the number of nonspecific binding sites will be minimized,
since free functional monomer not associated with the template is likely to be acces-
sible for binding. Considering one particular binding site, the following factors have
been identified that are likely to affect the recognition properties of the site (Fig. 6-8).

Fig. 6-8. Factors affecting the recognition properties of MIPs related to the monomer template
assemblies.

The strength and positioning of the monomer–template interactions are of impor-
tance for materials with good molecular recognition properties to be obtained. The
broad applicability of MAA as a functional monomer is related to the fact that the
carboxylic acid group serves well as a hydrogen bond and proton donor and as a
hydrogen bond acceptor [56]. In aprotic solvents such as in acetonitrile carboxylic
acids and amine bases form contact hydrogen-bonded assemblies where the associ-
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ation strength for a given acid increases with the basicity of the base [57]. Thus, tem-
plates containing Brönsted-basic or hydrogen-bonding functional groups are poten-
tially suitable templates for the MAA/EDMA system [15]. Furthermore, more stable
cyclic hydrogen bonds can form with templates containing acid [27], amide[26] or
functionalized nitrogen heterocycles [39, 44]. The potential for a given monomer
template pair to produce templated sites can be predicted by measuring the stability
constants, e.g. by spectroscopic techniques, in a homogeneous solution mimicking
the monomer mixture prior to polymerization [15]. This can ultimately be used as a
preliminary screening procedure to search for suitable functional monomers. Thus,
estimated solution association constants can be correlated with the heterogeneous
binding constants determined for the polymer (Table 6-4). For the prepolymerization
complexes discussed thus far, the electrostatic interactions are sensitive to the pres-
ence of polar protic solvents. One exception is the complex formed between car-
boxylic acids and guanines or amidines [58, 59]. Here, cyclic hydrogen-bonded ion-
pairs are formed with stability constants that are order of magnitude higher than
those previously discussed (Table 6-4). This allows amidines such as pentamidine
(12) to be imprinted using iso-propanol–water as a porogenic solvent mixture,
resulting in polymers that bind pentamidine strongly in aqueous media [60, 90].

Table 6-4. Association constants for complexes between carboxylic acids and nitrogen bases in aprotic
solvents and corresponding association constants and site densities for binding of the base to a molecu-
larly imprinted polymer.

Acid Base Solvent Ka (m
–1) n (µmol g–1) Reference

Acetic acid Atrazine CCl4 210 – [80]
Butyric acid 9-Ethyladenine CDCl3 (1) 114 – [79]

(2) 41
4-Methylbenzoic acid (13) CDCl3 >106 – [59]
PMAA Atrazine CHCl3 (1) 8.3 × 104 20 [118]

(2) 1.0 × 104 40
PMAA 9-Ethyladenine CHCl3 (1) 7.7 × 104 20 [39]

(2) 2.4 × 103 86

PMAA refers to polymers imprinted with respective base using MAA as functional monomer.

Apart from the successful imprinting discussed above, the recognition for many
templates is far from that is required for the particular application, even after care-
ful optimization of the other factors affecting the molecular recognition properties.
Often, a large excess of MAA in the synthesis step is required for recognition to be
observed and then only in solvents of low to medium polarity and hydrogen bond
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capacity [61]. In fact, in these cases the optimum rebinding solvent is often the sol-
vent used as porogen.[62] Thus, the polymer exhibits memory for the template as
well as the porogen. Moreover, the excess of functional monomer results in a por-
tion of the functional monomer not being associated with imprinted sites. These sites
interact nonselectively with solutes binding to carboxylic acids and limit the degree
of separation that can be achieved. Hence MAA is not a universal monomer. Instead,
for the recognition of any given target molecule access to functional monomers tar-
geted towards structural features, specific for particular compounds or classes of
compounds are required.

Based on the structural features of the templates that generate good sites, an inter-
esting possibility would be to incorporate these structures in new functional
monomers for the recognition of carboxylic acids. This concept is somewhat similar
to the reciprocity concept in the design of chiral stationary phases [63]. Thus, Wulff
et al. synthesized N,N’-substituted p-vinylbenzamidines (13) and showed that these
monomers could be used to generate high-fidelity sites for the molecular recognition
of chiral carboxylic acids [59]. The binding is here strong enough to provide effi-
cient recognition also in aqueous media. Furthermore, due to strong binding the
functional monomer is quantitatively associated with the template, thus minimizing
the nonspecific binding. Functional group complementarity is thus the basis for the
choice of functional monomer. The search for the optimal structural motif to com-
plement the template functionality is preferentially guided by results from the area
of host–guest chemistry and ligand– receptor chemistry. Thus cyclodextrins have
been used to template binding sites for cholesterol [64] or to enhance the selectivity
in the imprinting of enantiomers of amino acids [65]. Based on metal ion co-ordina-
tion of amino acids and N-(4-vinylbenzyl)iminodiacetic acid (14), imprinting and
subsequent chiral separation of free amino acids in aqueous solutions has also been
possible [66].

Based on chiral functional monomers such as (15), MICSPs can be prepared using
a racemic template. Thus, using racemic N-(3,5-dinitrobenzoyl)-a-methylbenzy-
lamine (16) as template, a polymer capable of racemic resolution of the template was
obtained [67]. Another chiral monomer based on L-valine (17), was used to prepare
MIPs for the separation of dipeptide diastereomers [68]. In these cases the configu-
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rational chirality inherent in the pendant groups of the polymer are to some extent
themselves chiral selectors, and the effect of imprinting is merely to enhance the
selectivity. A good example of this was shown in the imprinting of N-benzyl-L-valine
as a bidentate ligand to a styrene-based chiral cobalt complex (18) [69]. The strong
enantioselectivity of the imprinted polymer should here be viewed with respect to
the enantioselectivity of the control polymer.

Thus, enhanced separations can be obtained using chiral selectors with configu-
rational chirality in combination with molecular imprinting. What about selectors
with conformational chirality ? Can chirality be induced by molecular imprinting ?
This concept was elegantly demonstrated by Welch using a brush-type stationary
phases containing a slowly interconverting (in the order of a day) racemic atropiso-
mer (19) as imprintable selector (Fig. 6-9) [70]. Leaving the selector in contact with
an enantiomerically pure template molecule (20) for more than 2 weeks led to induc-
tion of the most stable selector selectand complex. After washing out the selectand,
the selector could be used to separate the racemate of 20 with similar separation fac-
tors as obtained using the reciprocal phase. However due to interconversion, the CSP
racemized over a period of 2–3 days, a period that possibly can be extended by stor-
ing the CSP at low temperatures. Also mentioned was the interesting possibility of
using a selection of slowly interconverting selectors to achieve a broadly applicable
system for atropisomer-based imprinting.

Alternative approaches to imprint peptides via strong monomer template associa-
tion have recently been reported, although no results of the chromatographic appli-
cation of these phases have been shown. Strong complexation inducing a β-sheet
conformation was possible using a designed functional monomer (21) [71]. Peptides 

170 6 Enantiomer Separations using Designed Imprinted Chiral Phases



can also be imprinted via a sacrificial spacer approach which potentially will result
in a high yield of templated sites exhibiting pronounced selectivity towards the tar-
get peptide (22) [72].

Considering functional group complementarity, other commodity monomers may
also be used. Thus for templates containing acid groups, basic functional monomers
are preferably chosen. The 2- or 4-vinylpyridines (VPY) are particularly well-suited
for the imprinting of carboxylic acid templates and provide selectivities of the same
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order as those obtained using MAA for basic templates [73, 74]. These polymers are,
however, susceptible to oxidative degradation and require special handling.

In the imprinting of carboxylic acids and amides, high selectivities are also seen
using acrylamide (AAM) as functional monomer [28]. Furthermore, combinations of
two or more functional monomers, giving terpolymers or higher polymers, have in a
number of cases resulted in better recognition ability than the recognition observed
from the corresponding co-polymers [67, 73-75]. These systems are particularly
complex when the monomers constitute a donor–acceptor pair, since
monomer–monomer association will compete strongly with template–monomer
association if neither of the monomers has a particular preference for the template.
In a recent series of papers by the group of Liangmo, careful optimization showed
that a combination of acrylamide and 2-vinylpyridine gave significantly higher enan-
tioselectivities in the imprinting of N-protected amino acids than the combination of
2-vinylpyridine with MAA (23) [76]. Furthermore, better results were obtained
using acetonitrile as the porogen, in contrast to other systems where solvents of
lower polarity (e.g. toluene, CH2Cl2, CHCl3) give the best results. These results
show that adequate performance can only be achieved after careful optimization
where the related factors are systematically varied.
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6.6.2 Influence of the Number of Template Interaction Sites

Molecular recognition in the biological machinery takes place by the combination of
several complementary weak interactions between a biological binding site and the
molecule to be bound [77]. A larger number of complementary interactions will
increase the strength and fidelity in the recognition. Thus, templates offering multi-
ple site of interaction for the functional monomer are likely to yield binding sites of
higher specificity and affinity for the template [12]. One example of this effect was
observed in a study of the molecular imprinting of enantiomers of phenylalanine
derivatives (Fig. 6-10) [15, 78]. Starting with L-phenylalanine ethyl ester (1) as the
template, interactions with carboxylic acids in acetonitrile should consist of the
ammonium carboxylate ion pair, as well as a weak ester– carboxylic acid hydrogen
bond (indicated by arrows). By replacing either the ester group with the stronger
hydrogen bonding amide group in (2), or by introducing an aromatic amino group as
in (3) – which allows an additional hydrogen bond interaction with another car-
boxylic acid group – the enantiomeric selectivity increased. In L-PA (4), where the
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ethyl amide substituent has been replaced by an anilide group, an additional increase
in selectivity is seen. Combining the structural modifications in one molecule, p-
amino-phenylalanine-anilide (5), the highest separation factor was obtained. Similar
observations have been made in the imprinting of a number of different classes of
compounds and thermodynamic evidence for the existence of multiple additive inter-
actions in the sites have been provided [35]. In the search for optimal synthetic con-
ditions for MIPs, useful start-up information can be obtained from the vast literature
existing on solution studies of molecular interactions and molecular recognition [For
example see: 79-81].

Fig. 6-11. Stabilization of monomer template assemblies by thermodynamic considerations.

6.6.3 Thermodynamic Factors

An important part of the optimization process is the stabilization of the
monomer–template assemblies by thermodynamic considerations (Fig. 6-11). The
enthalpic and entropic contributions to the association will determine how the asso-
ciation will respond to changes in the polymerization temperature [18]. The change
in free volume of interaction will determine how the association will respond to
changes in polymerization pressure [82]. Finally, the solvent’s interaction with the
monomer–template assemblies relative to the free species indicates how well it will
stabilize the monomer–template assemblies in solution [16]. Here each system must
be optimized individually. Another option is simply to increase the concentration of
the monomer or the template. In the former case, a problem is that the crosslinking
as well as the potentially nonselective binding will increase simultaneously. In the
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latter case, the site integrity will be compromised. The above factors have been stud-
ied for theL-PA model system. In aprotic media of low polarity, MAA and templates
containing polar functional groups are only weakly solvated, and the interactions
holding the monomer template assemblies together are mainly electrostatic in nature
[77]. In such cases the association of the monomer and template is associated with a
loss of one set of rotational and translational degrees of freedom which leads to a net
decrease in entropy [83]. From this follows that the interaction is weakened at
increasing temperature. On the other hand, when the monomer and the template is
more strongly solvated, the association may lead to release of part of the solvent
shell, leading in turn to a net increase in rotational and translational entropy. In this
case the interaction will be favored by increasing the temperature.

6.6.4 Factors Related to Polymer Structure and Morphology

For the formation of defined recognition sites, the structural integrity of the
monomer–template assemblies must be preserved during polymerization to allow the
functional groups to be confined in space in a stable arrangement complementary to the
template. This is achieved by the use of a high level of crosslinking, usually >80 % [18].
The role of the polymer matrix, however, is to contain the binding sites not only in a
stable form but also in an accessible form (Fig. 6-12). Porosity is achieved by carrying
out the polymerization in presence of a porogen. Most of the crosslinked network poly-
mers used for molecular imprinting have a wide distribution of pore sizes associated
with various degrees of diffusional mass transfer limitations and a different degree of
swelling. Based on the above criteria, i.e. site accessibility, integrity, and stability, the
sites can be classified according to different types. The sites associated with meso- and
macro-pores (>20 Å) (sites A and B in Fig. 6-12) are expected to be easily accessible
compared to sites located in the smaller micropores (<20 Å) (sites C) where the diffu-
sion is slow. The number of the latter may be higher since the surface area, for a given
pore volume, of micropores are higher than that of macropores. One undesirable effect
of adding an excess of template is the loss of site integrity due to coalescence of the
binding sites, which is related to the extent of template selfassociation. The optimum
amount of template is usually about 5 % of the total amount of monomer, but can be
higher when trivinyl monomers such as TRIM (24) are used as crosslinkers, where a
larger fraction of functional monomer is used [84]. In this case higher sample load
capacities have been observed. The amount of template is of course also limited by the
solubility and availability of the template, although recycling is possible.
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Fig. 6-12. Different types of binding sites in polymers containing micro- (site B), meso- and macrop-
ores (site A); C) Embedded site, D) Site complementary to dimer or multimer, E) Induced binding site,
F) Nonselective site, G) Residual template.

Often the materials swell to different extents depending on the type of diluent.
The swelling is here normally high in solvents and low in nonsolvents for the poly-
mer. Unfortunately, this may lead to large changes in the accessibility and density of
the binding sites when the solvent is changed [16].

6.7 Methods for Combinatorial Synthesis and Screening of
Large Numbers of MIPs

For a complete optimization of all factors, the above-described procedure is not
practical. In order to perform this rapidly, parallel synthesis and screening tech-
niques must be developed. These can consist of a scaled-down version of the MIPs
in vials that can be handled automatically and analyzed in situ (Fig. 6-13) [85, 86].

The principle was demonstrated using triazine herbicides as templates and by
varying the type of functional monomer and the monomer composition. With a final
batch size of ca. 40 mg of monomer, the consumption of monomers and template is
significantly reduced and the synthesis and evaluation can take place in standard
high-performance liquid chromatography (HPLC) autosample vials. After synthesis,
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Fig. 6-13. Combinatorial imprinting technique suitable for automation.

the primary assessment is based on quantitative HPLC or UV-absorbance analysis of
the amount of template released from the polymer in the porogenic solvent. Thus in
the case of a rapid and quantitative release the resulting polymer cannot be expected
to rebind a significant amount of the template, and may thus be discarded. After hav-
ing established useful functional monomers, a secondary screening for selectivity is
performed. Here, the rebinding of the template to the MIPs was investigated in par-
allel to the rebinding to a corresponding control nonimprinted MIP [86]. Alterna-
tively, an internal standard, structurally related to the template, may be added and the
differential binding investigated [85]. An important question is whether the equilib-
rium rebinding results reflect the selectivity observed when investigating an up-
scaled batch in the chromatographic mode [87]. This was shown in the case of the
triazines, but for other systems suffering from particularly slow mass transfer this
may not be the case. Here, chiral resolution is observed only at low flow rates.
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6.8 New Polymerization Techniques

As indicated above, MIPs have so far been prepared in the form of continuous blocks
that need to be crushed and sieved before use. This results in a low yield of irregu-
lar particles, a high consumption of template, and a material exhibiting low chro-
matographic efficiency. There is therefore a need for MI-materials that can be pre-
pared in high yield in the form of regularly shaped particles with low size dispersity
and a controlled porosity. These are expected to be superior in terms of mass trans-
fer characteristics and sample load capacity compared to the materials obtained from
the monolith approach. However, the results obtained so far using alternative
approaches, although showing some improvements, have been disappointing.

Bead-sized MIPs have been previously prepared through suspension polymeriza-
tion techniques either using fluorocarbons (Fig. 6-14) [88] or water [89] as continu-
ous phase, dispersion polymerization or precipitation polymerization [90, 91]. This
resulted in spherical particles of a narrow size distribution. These procedures have
the limitation of being sensitive to small changes in the manufacturing conditions
and the type of solvents and polymerization conditions that can be applied, but once
appropriate conditions have been found they should offer an economic alternative for
up-scaling. An alternative to this procedure is the coating of preformed support
materials [92-94]. MIPs have been prepared as grafted coatings on metal oxide sup-
ports [92, 93] on organic polymer supports [94] and on the walls of fused silica cap-
illaries [95-97]. These techniques however involve many steps and are thus associ-
ated with larger batch-to-batch variations. In addition, problems appear in achieving
homogeneous coatings and to suppress secondary interactions with the support sur-
face.

Fig. 6-14. Suspension polymerization technique for noncovalent imprinting.

Much effort has been devoted to the development of a multi-step swelling poly-
merization technique using water as suspension medium [98]. This has resulted in
polymers showing similar selectivities but slightly improved mass transfer charac-
teristics compared with the corresponding monolithic polymers. Of particular rele-
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vance for bioanalytical applications was the functionalization of the outer surface of
a polymer imprinted with (S)-naproxen with a hydrophilic polymer layer (Fig. 6-15).
This led to a slight decrease in the separation efficiency, but allowed on the other
hand direct injection of plasma samples on the columns.

Fig. 6-15. Synthetic scheme of surface-modified MIP for (S)-naproxen. V65 = 2,2’-azobis(2,4-
dimethylvaleronitrile); GMMA = glycerolmonomethacrylate; GDMA = glyceroldimethacrylate.

6.9 Other Separation Formats

As mentioned in the introduction, due to the high enantioselectivities exhibited by
the imprinted chiral phases, applications in batch-, SMB-, bubble- or membrane-
based separation processes may become attractive. The concept of applying MICSPs
for bubble fractionation of enantiomers was demonstrated recently [99]. This sepa-
ration principle can be useful for separations of large amounts of material at very low
costs, and is an important technique for concentrating sulfide ores. For this process
to be practical a high enrichment factor is needed and the chiral collector should be
easy to recycle. This is the case of solid collectors such as imprinted polymers which
also have the benefit of high robustness. Thus L-PA-imprinted polymer particles of
less than 20 µm adhered to air bubbles and were effectively transported to the top of
the bubble column (Fig. 6-16). The particles were first pre-equilibrated with a solu-
tion of the racemate, and then added to the separator. Here, they separated after bub-
ble flotation to the top of the column. Enantiomerically enriched compound was then
obtained by washing of the particles that in turn could be recycled. By using fine
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floating particles selective for one enantiomer, and large sinking particles selective
for the opposite enantiomer, the efficiency of this process can most likely be
enhanced.

A number of studies have recently been devoted to membrane applications [8,
100-102]. Yoshikawa and co-workers developed an imprinting technique by casting
membranes from a mixture of a Merrifield resin containing a grafted tetrapeptide
and of linear co-polymers of acrylonitrile and styrene in the presence of amino acid
derivatives as templates [103]. The membranes were cast from a tetrahydrofuran
(THF) solution and the template, usually N-protected d- or l-tryptophan, removed by
washing in more polar nonsolvents for the polymer (Fig. 6-17). Membrane applica-
tions using free amino acids revealed that only the imprinted membranes showed
detectable permeation. Enantioselective electrodialysis with a maximum selectivity
factor of ca. 7 could be reached, although this factor depended inversely on the flux
rate [7]. Also, the transport mechanism in imprinted membranes is still poorly under-
stood.

In summary, the present limitations in saturation capacities and selectivity of
imprinted polymers preclude their applications in the above-mentioned preparative
separation formats.
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Fig. 6-17. Cast-imprinted membranes. (From Yoshikawa et al. [103].)

6.10 Conclusions

A number of conditions will directly influence the development of a new MICSP.
The availability of the template in preparative amounts will determine whether it will
have to be recycled, or a template analogue must be used. The latter alternative
should also be considered in cases where the template is unstable or poorly soluble
in the monomer mixture. Depending on the format of the separation, the polymer
must meet certain requirements. If the material is to be used as a HPLC stationary
phase, then monodisperse spherical particles are desirable and rapid adsorption–des-
orption of the template to the sites is necessary for high-performance separations.
However, broad and asymmetric band shapes and low saturation capacities due to the
heterogeneous distribution of binding sites and slow mass transfer processes are
important problems that strongly limit the possible applications of these phases in
analytical and preparative chromatography. The use of imprinted polymers in a foam
flotation apparatus or in membrane separations have been demonstrated, although
probably also here no viable application can be expected in the near future. Never-
theless, with designed functional monomers, new polymerization techniques and
combinatorial synthesis and screening techniques, MICSPs that meet the above-
mentioned requirements may soon be a reality.
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7.1 Introduction

Discrimination between the enantiomers of a racemic mixture is a complex task in
analytical sciences. Because enantiomers differ only in their structural orientation,
and not in their physico-chemical properties, separation can only be achieved within
an environment which is unichiral. Unichiral means that a counterpart of the race-
mate to be separated consists of a pure enantiomeric form, or shows at least enrich-
ment in one isomeric form. Discrimination or separation can be performed by a wide
variety of adsorption techniques, e.g. chromatography in different modes and elec-
trophoresis. As explained above, the enantioseparation of a racemate requires a non-
racemic counterpart, and this can be presented in three different ways:

1. As a unichiral template which is used as a stationary phase itself, or which is
bonded to a solid support (silica particles or fused silica capillaries).

2. As a unichiral additive which is mixed with the racemate of interest to form non-
covalent diastereomeric complexes which can be distinguished by achiral tech-
niques.

3. As a unichiral group which reacts with the racemate to form diastereomeric
molecules which can be separated by achiral adsorption processes.

This chapter will focus on topic 3, which is normally regarded to be chiral deriva-
tization chromatography, but will also cover other topics that might be considered
when applying derivatization techniques. The goal for the separation of the race-
mates may be their analysis or their preparation. Both topics will be covered in this
chapter.
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7.2 Different Approaches for Derivatization 
Chromatography

The educt, a racemate, is derivatized before the separation with an agent which
might be achiral or unichiral (Fig. 7-1), and afterwards is passed through a chro-
matographic system which is equipped with a stationary phase. This stationary phase
may also be achiral or unichiral in nature.

Fig. 7-1. General reaction scheme of chiral derivatization chromatography.

Derivatization techniques are divided into pre-column and post-column tech-
niques. Post-column derivatization is especially useful to enhance the detection of
compounds, whilst pre-column derivatization is the method of choice for enan-
tioseparations via derivatization.

Pre-column derivatization offers some general advantages:

� every racemate with a functional group can be derivatized and separated;
� nonreacted derivatization reagent can be removed before the separation;
� the reaction can be used as a pre-purification step, if the reaction is selective for

one compound;
� the derivatized compounds may show better chromatographic properties, e.g.

derivatization of free amino groups can reduce tailing, or the introduction of
derivatizing agents decrease detection limits; and

� it has a high success rate compared to direct methods, which cannot guarantee a
separation.

Several strategies can be distinguished to achieve certain solutions, and these are
summarized in Table 7-1. The strategies each have their benefits in special cases.
The different approaches will be shown in the following examples.
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Table 7-1. Different approaches for derivatization chromatography

Type Educt Derivatizing Agent Stationary type of binding
number type phase or reaction

I one one unichiral achiral covalent
II multiple one achiral or achiral or covalent

unichiral unichiral
III one one achiral unichiral covalent
IV one multiple achiral unichiral covalent
V one one achiral achiral enzymatic

Fig. 7-2. Type I: Covalent derivatization with a unichiral reagent.

7.2.1 Type I: Covalent Derivatization with a Unichiral Derivatizing
Agent

This strategy is the one most commonly used for the analytical determination of ena-
tiopurity. A given racemate is reacted with a unichiral derivatizing agent, and the
resulting pair of diastereomers is separated on an achiral stationary phase, in most of
the cases on a reversed-phase type (Fig. 7-2).

Some prerequisites are essential in the use of these methods:

� the reaction must be rapid and reproducible, and not cause racemization of the
product to be analyzed;

� the reaction must be complete;
� the derivatizing agent must be easily removable if the product is to be recovered;

and
� the enantiopurity of the derivatizing agent must be high.

This final point will be highlighted by an example (Fig. 7-3).
Let us assume that a given compound has a purity of 98 % ee, and that this com-

pound is reacted with a derivatizing agent which has also a purity of 98 % ee. The
two major compounds plus the minor impurities in the compound to be analyzed and
the derivatizing agent will create a set of four diastereomers. Two pairs of diastere-
omers (+)-A(+)B and (–)-A(–)-B as well as (– )-A(+)-B and (+)-A(–)-B are enan-
tiomeric pairs, and thus elute together on an achiral column. Therefore, a peak area
of 98.011 % will be detected for (+)-A(+)-B, which leads to a purity of 96.03 % ee
for (+)-A. This is a quite significant deviation from the true value for (+)-A.
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Fig. 7-3. Influence of reagent purity on quantification results.

7.2.1.1 Types of Modifications for Different Groups

One prerequisite of applying a chiral derivatization reaction to a racemate is the
presence of a derivatizable functional group. In most of the cases these are amino-,
acido-, alcohol- and carboxy-groups. Less common – but also derivatizable – are
epoxides, olefins and thiols. There are legions of different derivatizing agents which
differ in their reaction type and their most important features, e.g. speed and selec-
tivity of reaction or sensitivity of the derivatizing agent. The different types of reac-
tion for the different functional groups are illustrated in Figs. 7-4 to 7-7.

The most important group of derivatives for the amino function (Fig. 7-4) is the
carbamate group, which can be formed by reactions with acids, acid chlorides or
acid anhydrides. A series of chlorides as 2-chloroisovalerylchloride [1], chrysanthe-
moylchloride [2] and especially chloride compounds of terpene derivatives (cam-
phanic acid chloride [3], camphor-10-sulfonyl chloride [4]) are used. The α-
methoxy-α-trifluoromethylphenylacetic acid or the corresponding acid chloride
introduced by Mosher in the 1970s are very useful reagents for the derivatization of
amines and alcohols [5].

By using chloroformates instead of acid chlorides, the resultant urethanes are use-
ful and stable derivatives. The chloroformate derivatives most commonly used are
menthylchloroformate [6] and 1-(9-fluorenyl)ethylchloroformate (FLEC) [7], which
exhibits excellent properties for fluorimetric detection.

The reaction of ortho-phthalaldehyde and a thiol compound with an amino acid
to form an isoindole derivative can be used to enhance the detection sensitivity for
the normally only weakly UV-detectable amino acid compounds, and to introduce an
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unichiral center which renders the amino acid derivatives separable on a reversed-
phase column. An example of this technique will be given later.

A series of reactions was developed to transfer amines to ureido- and thioureido-
derivatives for separation. The reaction of ureido-derivatives is widely used by the
reaction with 1-phenylethyl isocyanate (PEIC) [8] or the naphthyl-analogue 1-(1-
naphthyl)ethyl isocyanate (NEIC) [9]. Both reactions can be used not only for chiral
amines but also for alcohols and thiols.

Thioisocyanates as derivatizing reagents are often based on unichiral carbohy-
drate compounds. One very frequently used reagent in the analysis of amino acids is
2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl isothiocyanate (TAGIT or GITC) [10].
Other derivatizing reagents of the same type are based on galactose or arabinose as
unichiral molecules (Fig. 7-4).

Fig. 7-4. Derivatization reactions for the amine function.

Most of the reactions applied to amines can also be transferred to alcohols (Fig.
7-5). One large group of chiral alcohols are the β-adrenoreceptor blockers, for which
a variety of derivatization agents was developed. One highly versatile reagent for the
separation of β-blockers is N-[(2-isothiocyanato)cyclohexyl]3,5-dinitrobenzoyl-
amide (DDITC) [11]. Alternatively, unichiral drugs such as β-blockers or (S)-
naproxen [12] may be used in a reciprocal approach to derivatize racemic amine
compounds.

Methyl-substituted primary alcohols can be separated after derivatization with [6-
methoxy-2,5,7,8-tetramethylchromane-2-carboxylic acid] (Trolox™ methyl ether)
[13] while sec.- and tert.-alcohols are derivatized with 2-dimethylamino-1,3-
dimethyl-octahydro-1H-1,3,2-benzodiazaphosphole [14] (Fig. 7-5).

While amino compounds can be derivatized with acids and acid chlorides, it is
possible to separate racemic acids (vice versa) with unichiral amino compounds
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(Fig. 7-6). Two unichiral amides which have been known capable of this reaction are
1-phenylethylamine [15] and 1-(1-naphthyl)ethylamine [16]. Marfey’s reagent [N-α-
(2,4-dinitro-5-fluorophenyl)-L-alaninamide] was introduced as a reagent to deriva-
tize amino acids with cyclopentane, tetrahydroisoquinoline or tetraline structures
[17]. Simple chiral alcohols such as 2-octanol can also be used to derivatize acids
such as 2-chloro-3-phenylmethoxypropionic acid [18].

Several alternative routes can be used in order to derivatize the carboxy function
(Fig. 7-7). Ketones can be transferred by hydrazines and diols to the corresponding
hydrazines or acetals. 2,2,2-Trifluoro-1-phenylethylhydrazine [19] is an example of
the first group, while 2,3-butanediol or 1,4-dimethoxy-2,3-butanediol can be used to
form diastereomeric acetals.

O-(–)-Menthylhydroxylamine may be used to form hydroxylamine derivatives for
the determination of carbohydrates [20].

Although most of the reactions are performed in liquid state – which is the sim-
plest reaction medium – a combination of solid-phase extraction (SPE) and reaction
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is being increasingly applied [21]. The most striking advantage of solid-phase reac-
tions is the combined reaction and sample clean-up that occurs in one step, elimi-
nating the need to remove excess of reagents.

7.2.1.2 Separation of Amino Acid Enantiomers after Derivatization with
Ortho-Phthaldialdehyde (OPA) and a Unichiral Thiol Compound

One of the most useful applications of chiral derivatization chromatography is the
quantification of free amino acid enantiomers. Using this indirect method, it is pos-
sible to quantify very small amounts of enantiomeric amino acids in parallel and in
highly complex natural matrices. While direct determination of free amino acids is
in itself not trivial, direct methods often fail completely when the enantiomeric ratio
of amino acid from protein hydrolysis must be monitored in complex matrices.

One method that combines the good chromatographic properties with improved
limit of detection is the separation of isoindole derivatives of amino acids that may
be detected fluorimetrically. This method may be applied to protein hydrolysates,
and used in automated format in routine analyses [22].

The mixture of free amino acids is reacted with OPA (Fig. 7-8) and a thiol com-
pound. When an achiral thiol compound is used, a racemic isoindole derivative
results. These derivatives from different amino acids can be used to enhance the sen-
sitivity of fluorescence detection. Figure 7-9 shows the separation of 15 amino acids
after derivatization with OPA and mercaptothiol; the racemic amino acids may be
separated on a reversed-phase column. If the thiol compound is unichiral, the amino
acid enantiomers may be separated as the resultant diastereomeric isoindole com-
pound in the same system. Figure 7-10 shows the separation of the same set of amino
acids after derivatization with the unichiral thiol compound N-isobutyryl-L-cysteine
(IBLC).
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The advantages of this method are a short reaction time and the nonfluorescence
of the OPA reagent. Therefore, excess reagent must not be removed before the chro-
matography stage. Using this method, it is possible to measure tryptophan, but not
secondary amino acids such as proline or hydroxyproline. Cysteine and cystine can
be measured, but because of the low fluorescence of their derivatives, they must be
detected using an UV system, or alternatively oxidized to cysteic acid before
reaction.

Detection is carried out using a fluorescence detector, with an extinction wave-
length of 340 nm and an emission wavelength of 445 nm. With this method it is pos-
sible to detect amino acid at concentrations of 5 pmol ml–1 in the sample, which cor-
responds to 450 fmol per amino acid injected. The method may be applied to sam-
ples containing between 5 and 400 pmol ml–1 per amino acid.

The relative standard deviations for repetitive injections vary between 2 % and
7 % for the different amino acids.

The method described above is applicable to a wide range of samples for the
determination of amino acids in different matrices. For example, the amino acid
composition and distribution of single enantiomers has been determined in protein
hydrolysates, orange juice (Fig. 7-11), yogurt and seawater [23].
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Fig. 7-9. Separation of amino acids after derivatization
with OPA and mercaptoethanol. Column: Superspher® 100
RP-18 (4 µm) LiChroCART® 250-4, mobile phase 50 mM
sodium acetate buffer pH 7.0/methanol, flowrate: 1.0 ml
min–1; temperature 40 °C; detection fluorescence, excita-
tion 340 nm/emission 445 nm. Sample: amino acid stan-
dard sample (Merck KGaA Application note W219180).



194 7 Chiral Derivatization Chromatography

Fig.7-10. Separation of amino acids after derivatization with OPA and N-isobu-
tyryl-L-cysteine. Column: Superspher® 100 RP-18 (4 µm) LiChroCART® 125-4,
mobile phase 50 mM sodium acetate buffer pH 7.0/sodium acetate buffer pH
5.3/methanol, flowrate: 1.0 ml min–1; temperature 25 °C; detection fluorescence,
excitation 340 nm/emission 445 nm. Sample: amino acid standard mixture.
(Merck KGaA Application note W219189; reproduced with permission from H.
P. Fitznar, Alfred-Wegener-Institute for Polar and Marine Research.)
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Fig. 7-11. Separation of amino acids after derivatization with
OPA and N-isobutyryl-L-cysteine. Column: Superspher® 100 RP-
18 (4 µm) LiChroCART® 125-4, mobile phase 50 mM sodium
acetate buffer pH 7.0/sodium acetate buffer pH 5.3/methanol,
flowrate: 1.0 ml min–1; temperature: 25 °C; detection fluores-
cence, excitation 340 nm/emission 445 nm. Sample: diluted
orange juice. (Merck KGaA Application note W219189; repro-
duced with permission from H. P. Fitznar, Alfred-Wegener-Insti-
tute for Polar and Marine Research.)



7.2.2 Type II: Selective Derivatization of One Compound

Despite the use of unichiral derivatizing agents, achiral derivatization also offers cer-
tain advantages for chromatographic enantioseparation. The newly introduced group
can enhance the sensitivity for UV or fluorimetric detection. In addition, the chro-
matographic properties can be positively influenced with, on occasion, only the
derivatization step making it possible to separate the enantiomers on a CSP. A fur-
ther benefit of the derivatization step may be its selectivity for a single compound;
in this way, derivatization may be used to measure one compound selectively, in a
complex mixture (Fig. 7-12).

Fig. 7-12. Type II: Selective derivatization of one compound.

The latter approach is used in the enantioselective determination of a Phase I
metabolite of the antihistaminic drug, terfenadine. Terfenadine is metabolized to
several Phase I compounds (Fig. 7-13), among which the carboxylic acid MDL
16.455 is an active metabolite for which plasma concentrations must often be deter-
mined. Although terfenadine can be separated directly on Chiralpak AD® – an amy-
lose-based CSP – the adsorption of the metabolite MDL 16.455 is too high to per-
mit adequate resolution. By derivatizing the plasma sample with diazomethane, the
carboxylic acid is converted selectively to the methyl ester, which can be separated
in the presence of all other plasma compounds on the above-mentioned CSP Chiral-
pak AD® [24] (Fig. 7-14). Recently, MDL 16.455 has been introduced as a new anti-
histaminic drug, fexofenadine.

The method described is of particular value in the determination in complex
matrices of metabolites or impurities which differ in the presence of functional
groups. Notable examples of this are assays of compounds with free amino or acidic
groups.
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Fig. 7-13. Metabolic pathway of terfenadine and derivatization of MDL 16,455.

Fig. 7-14. Separation of terfenadine and
MDL 16,455 methyl ester on Chiralpak
AD®. (a) Terfenadine Chiralpak AD®

250-4.6, n-hexane/2-propanol (90:10),
flowrate 1.0 ml min–1, UV-detection 224
nm. (b) MDL 16,455 methyl ester Chiral-
pak AD® 250-4.6, n-hexane/2-propanol
(90:10), flowrate 1.0 ml min–1, UV-detec-
tion 224 nm. (Reproduced with permis-
sion from A. Terhechte, PhD Thesis, Uni-
versity of Münster, Münster, 1993 [24].)



Fig. 7-15. Type III: Increase in selectivity.

7.2.3 Type III: Increase in Selectivity

Derivatization of a racemic compound with an achiral group may play an important
role in the analysis of a chiral compound (Fig. 7-15). In the case of substances with
low or no UV-activity, the compounds can be rendered detectable by introducing an
UV-absorbing or fluorescent group. If the racemate itself shows selectivity on a chi-
ral stationary phase (CSP), this method can be applied to reduce the limit of detec-
tion. Examples have been reported in the literature, especially for the derivatization
of amino acids which are difficult to detect using UV detection. Different derivati-
zation strategies can be applied (Fig. 7-16).

198 7 Chiral Derivatization Chromatography

Fig. 7-16. Achiral derivatization of amino acids.



� Free amino acids can be derivatized with isothiocyanates to phenyl- or methyl-
thiohydantoin derivatives. The thiohydantoins can be separated on a CSP with
poly-[N-acryloyl-L-phenylalanine ethylester] (Chiraspher®) as a chiral selector
[25]. This CSP offers a known selectivity for many five-membered heterocyclic
rings.

� A derivatization with acid chlorides is also possible. Amino acids can be deriva-
tized with 9-fluorenylmethyl chloroformate (FMOC) and separated on a CSP with
χ-cyclodextrin (ChiraDex gamma®), a cyclic oligosaccharide which consists of
eight glucose units.

� A CSP with a smaller β-cyclodextrin moiety (seven glucose units) immobilized
on silica gel (ChiraDex®) is able to separate the dansyl-derivatives [5-(dimethy-
lamino)-naphthalin-1-sulfonylchloride] of amino acids [26].

The separations described above can be used because of the known selectivities
with certain groups which, in the case of derivatized compounds, are mostly the
derivatizing groups. This has led towards the concept of rational CSP design. One of
the most successful methods was the introduction of the brush-type CSP by Pirkle.
The CSPs are designed to offer distinct attractive groups in a fixed stereochemical
orientation towards an analyte. These interactions can be polar functions, H-donor
and H-acceptor functions and π–π-interactions. When a CSP is designed which
shows recognition for a certain derivatizing group, this derivatizing agent may be
used for the separation of a whole range of compounds.

An example for this approach is the immobilization of (S)-(–)-α-N-(2-naph-
thyl)leucine, a π-donating group on silica. This chiral selector exhibits excellent
recognition for 3,5-dinitrobenzoyl (DNB)- and 3,5-dintroanilido (DNAn)-deriva-
tives. Amines and alcohols can be derivatized with DNB- or DNAn-chloride to the
esters or carbamates and separated on the CSP, as shown by Pirkle for a wide vari-
ety of compounds [27].

7.2.4 Type IV: Derivative with best Selectivity

It is important not only that a multiplicity of compounds in the sample mixture may
be selectively derivatized – as was shown for Type III reactions – but also that one
racemate may be derivatized with a multiplicity of derivatizing agents (Fig. 7-17).
Although this approach can be used to optimize the analogues of a compound [28,
29], it is of special interest when a compound is required to be separated on a prepar-
ative scale.

A major interest in the field of preparative enantioseparation has begun to emerge
from the pharmaceutical industry, in which the preparation of unichiral drugs on a
large scale is especially important. Since the introduction of simulated moving bed
(SMB) technology (which has been used in the petrochemical and sugar industries
for more than 30 years) to the field of chromatographic enantioseparation, the pro-
duction of several tons of pure enantiomer per year has become possible, and indeed
is currently performed on a regular basis [30, 31]. It is clear that for such a large-
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Fig. 7-17. Type IV: Derivative with best selectivity.

scale separation, only optimized conditions must be used, as small increases in
selectivity, resolution and loading capacity will yield major increases in productiv-
ity. Several intermediates in the synthetic route of an enantiopure compound must be
thoroughly examined. If an intermediate can be derivatized to a compound which has
a known selectivity on a CSP, this may lead to a tremendous increase in productivity.

An example of this approach was described by Francotte, in which racemates
bearing the benzoyl group could be separated on the CSP cellulose-tribenzoate
(CTB). Using this CSP, differently substituted benzoyl-derivatives showed different
selectivities. By testing the ortho-, meta- and para-methoxy-benzoyl-derivatives of
different racemic alcohols it was possible to identify for every drug substance the
optimum derivative [32]. Unfortunately, the same benzoyl-isomer was not the best
for all substances to be separated, indicating that chiral recognition and therefore
separation is dependent not only on the derivatizing group but also on the structure
of the derivatized compound.

7.2.5 Type V: Reactive Separation

The final type of reaction covers not only chromatographic resolution but also con-
version of a derivatized racemate to an unichiral product. Derivatives of chiral com-
pounds can be converted by enzymes with a high enantiospecificity. Again, this
approach offers the highest value when applied to the preparative separation of race-
mates. A production strategy for an unichiral compound can be set up when the tar-
get compound is derivatized to a molecule which is stereochemically specifically
converted by an enzyme. The resulting two compounds (the target compound and the
derivate of the other enantiomer of the target compound) can be separated on a nor-
mal silica or reversed-phase sorbent (Fig. 7-18).

This strategy, for the production of (S)-ibuprofen, is illustrated in Fig. 7-19.
Ibuprofen is derivatized to the corresponding sulphonmethyl ester, but only one
enantiomer of this compound is converted by a protease to (S)-ibuprofen [33]. The
resulting (S)-ibuprofen and the unreacted ibuprofen sulphonmethyl ester can be sep-

200 7 Chiral Derivatization Chromatography



Fig. 7-18. Type V: Reactive separation.

Fig. 7-19. Enzymatic resolution and separation of ibuprofen sulphonmethyl ester.

arated chromatographically. Integration of the reaction and the separation may be
performed in a chromatographic reactor and, by applying the principle of SMB chro-
matography, a continuous reaction/separation system can be set up [34]. Today, a
wide variety of enzymes is known which can convert different derivatives specifi-
cally, with sufficient yield and in short time, so that they may be used in a chro-
matographic reactor.

7.3 Conclusions

Although indirect chiral separation seems to be a less elegant method than direct sepa-
ration on CSPs, the importance of the flexibility and broad applicability of these deriva-
tization methods cannot be overestimated. While direct methods will either work or not
– and are subject to only minimal influence by the operator – derivatization methods
offer a wide range of different methodologies, with a guaranteed success. On the basis
of this general approach – which may be applied to entire groups of compounds – rules
may be deduced from the literature. Therefore, this arsenal of indirect separation meth-
ods should be borne in mind and investigated thoroughly in order to determine the
optimum solution for any given problem involving separation.
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8.1 Introduction

In recent years, there has been increasing interest in the preparation of enantiomeric-
ally pure compounds [1, 2]. This interest was intensified by a statement issued in
1990 by the U.S. Food and Drug Administration (FDA) concerning development of
chiral drugs as single isomers or racemates [3]. Even though the FDA did not man-
date development of single isomers (racemates may be appropriate in certain cases),
pharmaceutical companies took this announcement as an indication of things to
come, and began careful study of both isomers in potential drugs. The logic behind
this development is clear. It has long been recognized that isomers, including enan-
tiomers, can have quite different properties. Apart from the fact that the dosage
needed is increased by having the “inert” isomer present, the “inert” isomer may
have properties that range from benign to beneficial to fatal. An example of an
“inert” isomer that produced devastating results was one of the enantiomers of
thalidomide [4], which caused severe malformations in children born to pregnant
women who took the drug by prescription. Only the unwanted isomer had this effect.
As a result of the factors described above, there has been a tremendous increase in
the production of chiral compounds. Sales of chiral drugs for antibiotic, cardiovas-
cular, hormone, central nervous system, cancer, antiviral, hematology, respiratory,
and gastrointestinal uses were nearly US $ 100 billion in 1998 [3]. In addition, sin-
gle enantiomer applications are found in the preparation of pesticides, biochemicals,
flavors, and aromas. The requirement for pure enantiomers in these applications
requires a critical assessment of the most cost-effective way to accomplish their
analysis and preparation.

Among the methods used to separate enantiomers are crystallization using a chir-
al auxiliary, chiral synthesis, and large-scale chromatography [3]. The choice of
these methods usually involves trade-offs, particularly in large-scale separations. In
the first and third cases, the similar chemical properties of enantiomers result in
small separation factors (α values), making it necessary for multiple separations
stages to be used in order to achieve satisfactory separations of 98 % or better. In
addition, each of these technologies requires the use of large amounts of solvent, and
the chiral throughput per sized separation material in the case of chromatography is
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relatively low. An alternative to isomer separation is the synthesis of the pure isomer.
In many cases, this alternative is not practical because of the many and/or costly syn-
thetic steps involved in the preparation.

For chiral separations, it is desirable to increase the product throughput, reduce
the number of total separation stages, and minimize the use of operating chemicals.
An approach used by us to accomplish these aims is to design molecules that can dif-
ferentiate between enantiomers based on the preferential fit of the molecule to one
of the enantiomers. There has been an extensive body of work on the design and per-
formance of such molecules in single-phase homogeneous systems. These studies
have been particularly successful for the separation of enantiomeric primary amine
guests by chiral macrocyclic hosts. In these systems, ∆ log K values (Equation (1))
for the interaction of chiral hosts with enantiomeric guests exceeded 0.6, which cor-
responds to an α value (Equation (2)),

(1)

(2)

of 4. Reviews of this work have been published [5, 6]. The symbol K, as used in this
paper, refers to an apparent equilibrium constant for single-phase homogeneous
solutions and for interactions between supported ligand hosts and guests.

A significant advance toward the use of these host–guest systems for separations
was the attachment of the host to a solid support, thereby making desired separations
possible using few stages [7–9]. This approach has several advantages. First, syn-
thetic methods of modern supramolecular chemistry can be used to design and con-
struct appropriate hosts capable of selective interaction with desired enantiomeric
guests. Second, attachment of the chiral host to a solid support allows the separations
system to be used many times before replacement of the host molecules is required.
Third, the supported system is easily incorporated into a conventional engineered
format that allows large quantities of enantiomers to be processed per relatively low
amounts of the separations material. Fourth, the separations system has demon-
strated high loading capacity and low solvent usage, along with high throughput.

Recently, a number of applications of this technology have begun to emerge in the
pharmaceutical and life science industries where more efficient and low-cost chiral
separations technology is desired. The attractiveness of the technology in these areas
lies in the ability to design synthetic organic ligands that can discriminate with high
factors among nearly identical molecular species. Because the separation agent is a
synthetic organic, it is highly selective, yet extremely rugged in its operation.

This chapter provides: (i) a brief review of the chemistry involved in chiral
host– chiral guest recognition involving primary amines; (ii) a description of a
nonchromatographic (equilibrium or bind-release based) separation process devel-

α

α

=

=

Κ
Κ

enantiomer A
enantiomer

log log

B

K∆

K = [host guest complex]
[host][guest]
–
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oped by IBC Advanced Technologies Inc. (IBC) of American Fork, Utah, USA for
use in enantiomeric separations, and a comparison of this technique with chromato-
graphic methods together with advantages and disadvantages of the methods; (iii) a
summary of the economic aspects of nonchromatographic separations together with
details of the operating aspects of the nonchromatographic separations system; (iv)
the use of the nonchromatographic system for the separation of valine enantiomers,
and (v) areas of potential industrial interest for nonchromatographic separations.

8.2 Chemistry

The similar stereochemistry of enantiomers makes their separation on a large scale
a challenging problem. We and others reasoned that separations of enantiomer guests
containing primary amines could be facilitated by designing host receptors whose
interaction with one of the enantiomers over the other was favored from a steric
standpoint [6]. This approach was successful, and has been used to show significant
differentiation by a given host between enantiomers in single phase homogeneous
solvents [6].

Fig. 8-1. Schematic representations of the interaction of the (R)NapEtNH3
+ enantiomer guest with a chi-

ral pyridine-18-crown-6 host (S,S)-1 and possible conformations of the (S,S)R2P18C6 – (R)NapEt com-
plexes.
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As shown in Fig. 8-1, primary amine-macrocycle formation occurs by a three-
point interaction involving hydrogen bonding of the N–H groups of the amine and
the oxygen and nitrogen atoms of the macrocycle. We used this concept to develop
a number of pyridine-substituted cyclic polyethers, and studied their interaction with
a number of primary organic amines. In the case illustrated in Fig. 8-1, log K
(CH3OH) values for the interaction of chiral ligand (S,S)-1 with (S)-NapEt and (R)-
NapEt were 2.06 and 2.47, respectively [10]. Crystallographic data [11] show that
the higher stability of the (S,S)-1-(R)-NapEt complex is steric in nature, as is illus-
trated schematically in Fig. 8-1. This selectivity is reversed if the (R,R)-1 ligand is
used.

The structures of both complexes shown in Fig. 8-1 indicate that in each the pri-
mary molecular interaction is between the –NH3

+ and the alternate macrocyclic ring
atoms. Additional stabilization results in each case from π-π interaction of the naph-
thyl group from the guest and the pyridine group of the host [6, 10]. Increased dif-
ferentiation between the enantiomers is accomplished by providing bulky groups at
appropriate positions on the chiral host. The steric effect of these groups (CH3 in the
case of (S,S-1)) is sufficient to cause an appreciable difference in log K values (2.06
compared to 2.47). The effect of various hosts, host substituents, and guests on enan-
tiomeric selectivity has been found to be appreciable in many cases [6]. Values of
∆ log K ranging from 0.1 to 0.7 have been observed and reviewed previously. Since
a ∆ log K value of 0.6 corresponds to an α value of 4, it is apparent that these sys-
tems have potential use in separations of enantiomers containing appropriate func-
tional groups. More recent work by IBC has shown ligand and solvent cases with
even greater selectivities, as discussed later in this chapter.

8.3 Nonchromatographic Separation Process Description

Use of the concepts of molecular recognition principles as described above allows
one to develop ligands that differentiate in their binding between two enantiomers.
If the difference in the magnitude of binding becomes great enough (∆ log K of 0.6
or greater), one can achieve a nonchromatographic, or bind-release separation. This
mode of separation confers a number of significant advantages in a separations pro-
cess, which are discussed later in this chapter. The ligand chemistry allows a chiral
host molecule to recognize and bind preferentially with one guest from a pair of
enantiomers. The desired enantiomer (eutomer) is then released from the solid phase
separations matrix and recovered in pure form. The unwanted enantiomer (distomer)
can, in some cases, be isomerized in good yield to form a racemic mixture for recy-
cling, and converted to the eutomer. In order to be useful in this method the chiral
host must favor the binding of one enantiomer over the other by at least 0.6 log K
units, corresponding to an α-value of 4.0 or greater.

The procedure used to accomplish enantiomer separation is shown in Fig. 8-2. It
is assumed that the α value is large enough to permit essentially complete separation 
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Fig. 8-2. Schematic representation of the separation of enantiomers R and S using a supported chiral
macrocyclic ligand host.

in one pass through the column, though in practice this may not be the case, as will
be discussed. In Fig. 8-2, the covalent attachment of the chiral host ligand to the sup-
port through a linker arm is shown schematically.

An α-value of 4.0 indicates a four-fold preference for one enantiomer over the
other. The number of separations stages required to achieve 98.5 % purity for an α-
value of four is three. Larger α values lead to either greater purity and/or fewer
stages required for the separations. Technologies that can achieve separation stages
of three or less can offer significant process economic and engineering benefits.
Actual minimum enantiomeric purities required will vary from case to case.

The enantiomeric purity that can be obtained as a function of α for one, two, and
three stages is given in Table 8-1. It is apparent that the higher the α value, the fewer
the number of separations stages required to reach 99 % enantiomeric purity. For an
α value of 5, the use of three stages allows one to obtain > 99 % purity. The required
purity of the end-product defines the minimum performance requirement of the
resin.

The relatively large preference for one enantiomer over another (α values 6 4)
differentiates the nonchromatographic bind-release separations process from a chro-
matographic separations process. We will present results later in this chapter that
demonstrate the use of the nonchromatographic bind-release process for the prepar-
ative scale separation of a particular enantiomer. Important preparative scale factors
including solvent consumption, productivity and throughput, capital equipment, and
ease of use can be positively impacted by the ability through the use of molecular
recognition principles to chemically discriminate between enantiomers. A nonchro-
matographic system with an α value of four for a three-stage chiral separation is 
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Table 8-1. Enantiomeric purity obtained as a function of α values 6 4 and separation stages for
nonchromatographic systems.

α Number of stages Purity obtained ( %)

4 1 80
4 2 94.1
4 3 98.5
6 1 85.7
6 2 97.3
6 3 99.5
8 1 88.9
8 2 98.5
8 3 99.8

10 1 90.9
10 2 99.0
20 1 95.2
20 2 99.8

illustrated in Fig. 8-3. The two different ChiraLig™ resin particles (enantiomers of
each other) are assumed in this case to have an alpha value of four for each of the R
and S enantiomers in a pair.

Fig. 8-3. Enantio- and chemopurification process using ChiraLig™ with α values of 4.

The separations process is described as follows. A racemic mixture is fed into the
ChiraLig™ system. This feed stream is first passed through the ChiraLig™-S-1 col-
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umn, selective for the S enantiomer. The eluate (strip solution) from this column is
rich in S (80 % S, 20 % R). The relatively concentrated eluate is either changed in
pH or solvent diluted to become similar to the pH and/or solvent of the original feed
and then passed through ChiraLig™ R-1 and R-2 columns for further purification
and enantiomer removal. The resulting stream from the third stage contains 98.46 %
S enantiomer. A subsequent concentration and purification step is performed (if
needed) at this stage by using a ChiraLig™-S column for extra purity or a different
nonselective concentration column. The resulting eluted product is both optically
(98.46 or 99.7 % depending on whether an extra concentration stage is included and
whether ChiraLig™ is used) and chemically pure. The overall separation is efficient,
minimizes the use of solvent, and is capable of producing a high-purity chiral prod-
uct.

The raffinate from the ChiraLig™-S-1 column is rich in R, but still contains some
(20 %) S enantiomer. This serves as the feed into the ChiraLig™-S-2 column fol-
lowed by the ChiraLig™-S-3 column for final raffinate containing 98.46 % R. The
eluents from the S-2 and S-3 columns are solvent or pH adjusted for recycle back
into the system, so that an overall loss of S isomer of only ≈ 1.5 % occurs. The sep-
arations process uses the molecular recognition matrix to achieve 98.5 % purity of
the S isomer in three stages. It also allows for potential isomerization of the 98.5 %
R-isomer for recycle and ultimate conversion to the S-isomer. Increased α values
above 4, as assumed of the 98.5 % R-isomer in this illustration, lead to higher puri-
ties and/or reduced separation stage requirements as described earlier.

8.4 Operating Aspects of Nonchromatographic Separation
Systems

For an industrial-scale separation, operating and capital costs for a separations tech-
nology are critical parameters, and can make the difference between acceptance or
ultimate rejection of a technology. These considerations are especially important in
the pharmaceutical industry, where production costs must be minimized over the
lifetime of the patent. When the drug comes off patent, production costs are even
more important because the drug company must compete with other producers, and
the drug price point drops. A gain in production efficiency from a superior separa-
tions process represents an additional source of competitive advantage to the drug
company.

When investigating the suitability of a particular resin-bound separations process,
the following factors are often important: (i) resin consumption; (ii) solvent usage;
(iii) productivity–chemical, optical and volume yields; (iv) total number of separa-
tions steps; and (v) capital costs. For any particular process, these factors differ in
their relative importance. However, when evaluating a new separations method it is
useful to examine each of these factors. The nonchromatographic separation method
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compares favorably to current industry practice on these factors, including: (i)
reduced number of process steps; (ii) high chemical, optical and volume yields; (iii)
high-feed throughput; (iv) more open-ended solvent choice; (v) minimized solvent
usage; and (vi) low resin consumption.

8.4.1 Reduced Number of Process Steps

Because the ChiraLig™ resin displays both high chemo- and enantioselectivity, the
separations method allows for simultaneous chiral resolution and chemical separa-
tion, thus reducing the number of steps necessary to achieve high purity goals. The
higher α-values of the ChiraLig™ resin make it possible to reach desired purities in
fewer separations stages.

8.4.2 High Chemical, Optical and Volume Yields

High yields are possible due to the large capacity of the ChiraLig™ for the single
enantiomer on each load cycle. A significant percentage of the available binding
sites are used in each cycle to bind the eutomer.

8.4.3 High-Feed Throughput

The high selectivity of the system results in high-yield throughputs, and close to
100 % time usage of the system for feed introduction.

8.4.4 Open-Ended Solvent Choice

The ChiraLig™ resins are rugged and resistant to solvent erosion. The organic li-
gands are covalently bound to silica, polystyrene, or polyacrylate supports. This
covalent linkage provides for long life and multiple recycle. Solvent choice is often
open-ended, and the user is able to choose the best solvent in order to maximize
other considerations, including achieving maximum solubility. There is the require-
ment, however, of either pH or solvent change to perform the stripping or elution
step for each stage.

8.4.5 Minimized Solvent Usage

Solvent usage is drastically reduced due to several factors. The feed can be flowed
through the ChiraLig™ columns nearly continuously and high feed concentrations
can be used as needed. Rapid loading occurs due to reasonable binding kinetics. The
subsequent release (elution) step is accomplished in just a few bed volumes, with



rapid release of the pure enantiomer from the column. The resulting product con-
centrate is often of high tenor for easy collection and post-processing to the pure
enantiomer. Often the main limitation to the product concentrate tenor is the solu-
bility of the enantiomer in the elution solvent.

8.4.6 Low Resin Consumption

Resin consumption is low because of the highly efficient use of the capacity of the
resin for the enantiomer during each cycle, as well as the material stability of the
resin. The above benefits of the ChiraLig™ technology result in improved eco-
nomics for the large-scale separation.

The use of nonchromatographic technology overcomes some of the existing
issues one might have with the use of chromatography, including solvent consump-
tion, and low overall yields. Based on the work performed in IBC’s laboratories, and
our commercial experience in molecular recognition technology (MRT), the scale-
up of separations process systems based on ChiraLig™ is straightforward. Feasibil-
ity has been shown in the demonstration of the use of the principles described in this
chapter to achieve efficient separations. Implementation of production systems
involve the application of MRT scale-up principles already applied by IBC in the
chemical process industry where synthetic organic ligands attached to silica or poly-
meric supports are in use. Design principles used for these large-scale systems can
be applied to chiral applications, including column design, pre-filtration, flow meter-
ing and pumping, cycle control, construction materials, column aspect ratios, fill
volumes and number, and cycle timing.

In the next section, a few illustrative examples of the use of ChiraLig™ for the
analytical and three-stage preparative chiral separations involving amines and amino
acids are presented and discussed.

8.5 Experimental Examples of Separations

8.5.1 Analytical Separation of Amine Enantiomers

The analytical capability of these matrices has been demonstrated for chiral amines
[12, 13]. The procedure is illustrated in Fig. 8-4 for the separation of NapEtNH4

+

ClO4
–. Concentrated methanol/dichloromethane solutions of the racemic mixture

were placed on a column containing the chiral macrocycle host. The enantiomers of
the ammonium salts were resolved chromatographically with mixtures of methanol
and dichloromethane as the mobile phase. The amounts of R and S salts in each frac-
tion were determined by polarimetry. Because the chiral supported macrocycle inter-
acts more strongly with S salts, the R salt passes through the column first and the S
salt last, as seen in Fig. 8-4.

8.5 Experimental Examples of Separations 211



Fig. 8-4. Separation of R and S NaPEtNH3
+ ClO4

– by a supported chiral macrocyclic ligand.

8.5.2 Automated Test Demonstration

In our laboratories at IBC, we have developed, synthesized and tested several chiral
stationary phases to verify the enantiomeric discrimination capability. A few of these
phases have been made in sufficient quantity to allow for multiple stage system test-
ing and obtaining of the associated parameters for engineering design of process-
scale systems. In this section, we discuss the results and implications for commer-
cial-scale system operation. In order to assess the potential of MRT for meeting the
industry separations needs, laboratory demonstrations are being performed at IBC.
An automated, three-stage separations system was built for demonstration of actual
full recovery and purification of both enantiomers from a 50/50 feed stream. One,
two or three stages can be used for the separation so that percent purity values in the
high 90s can be obtained with α values 6 4. The system operates in a manner sim-
ilar to the process description in Section 8.3 and Fig. 8-3. The system includes up 
to three lead/trail columns per stage to allow for three columns in series to be oper-
ative or elution of one column in a stage while the other two columns are in load
operation. Stage recycles, feedstock vessels, and other accessories are present to
allow for full engineering demonstration and testing the economics, chemicals and
equipment advantages of a nonchromatographic system. The compound chosen for
initial evaluation was valine, (CH3)2CHCH(NH2)COOH. This amino acid was cho-
sen as representative of a relatively difficult separations case for racemic amino
acids. In addition to α-amino acids, the technology developed can be, or is expected
to be, applied to β-substituted-β-amino acids, chiral alcohols, and diols.

Enantiomer separation factors (α values) for valine and phenylalanine as well as
their esters of 5–10 for phenylalanine and 4–10 for valine have been shown at the
0.1–1 g ChiraLigTM scale. These α values vary as a function of solvent and other
loading matrix factors (pH, salts, etc.). However, all of these cases show α values
high enough to obtain reasonable enantiometric purity in less than or equal to three
stages. The system with α value of ≈ 6 for the valine methyl ester enantiomers has
the ability to load the valine onto the resin in H2O containing LiClO4 and also to
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elute in H2O without the ClO4
– present. The process flow sheet for the separation of

valine enantiomers is shown in Fig. 8-5. This is an example where no organic sol-
vents are required in either the load or elution to perform the separation.

Fig. 8-5. Process flow sheet for the separation of valine enantiomers.

An understanding of how the individual stages operate can be gained by examin-
ing the specific load, wash, and elution curve data for the valine ester system. Data
for the middle stage of the separation are given in Table 8-2 for a single column load-
ing curve, in Table 8-3 for the first cycle polishing after running through three
columns, in Table 8-4 for the second cycle column polishing, in Table 8-5 for the
washing of a loaded column, and in Table 8-6 for the elution of a loaded column. The
data in Table 8-2 for the single (lead) column loading curve show how at the begin-
ning of the load on a fresh column both enantiomers are initially removed to below
detection levels (see first three aliquots in particular). As the D-enantiomer begins
preferentially to fill a significant portion of the bound ligand capacity sites, the L-
enantiomer first begins to break through the column. Then, as the D-enantiomer
begins to load fully and break through the column, it pushes off some of the previ-
ously bound L-enantiomer. This causes the effluent of the column to be higher in the
L-enantiomer than the feed as the full column comes to equilibrium and binds the D-
enantiomer in at least six-fold excess.

The results in Table 8-3 show the three-column polishing of valine ester for the
first cycle of use (start-up). Three columns are sufficient to polish the D-enantiomer
to below detection levels. Hence, for actual operation two columns in series may
well be sufficient. However, the data in Table 8-3 also show how the preferentially
rejected L-enantiomer initially breaks through the three columns in series at fairly
high enantiomeric purity (up to 6 97 %) even out of just the first stage during start-
up or the first cycle. The data in Table 8-4 show the polishing results for two columns
in series for the second cycle as the system begins to come to long-term equilibrium.
Some D-enantiomer now begins to break-through the system. However, the ratio of
L- to D-enantiomer breaking through the system of the total effluent volume is
between 6 and 7. This is the equilibrium or α-based level due to the loading being
≈6:1 in favor of the D-enantiomer.

The data in Table 8-5 show the washing of a fully loaded column (lead column)
to remove the unbound feed solution remaining in the void space or volume of the 
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Table 8-2. Singe column (3.9 g ChiraLig®) loading curve of 24 mM D-methyl ester valine versus 25 mM

L-methyl ester valine in 3 M LiClO4 and 0.1 M HClO4 at a flowrate of 0.4 ml min–1.

Concentration (mM)a

Sample description
D-Valine-ester L-Valine ester

Feed 25 25
0–5 ml feed effluent b b
5–9 ml feed effluent b b
9–14.25 ml feed effluent b 0.9
14.25–19.5 ml feed effluent b 2.8
19.5–24.6 ml feed effluent b 6.4
24.6–33.5 ml feed effluent 2 15
33.5–53.5 ml feed effluent 10 30.5
53.5–61 ml feed effluent 17.5 32.8
61–68.5 ml feed effluent 20 34.5

a Analyzed by HPLC.
b Below detection limit of 0.2 mM.

Table 8-3. First cycle, three-column (each 3.9 g ChiraLigTM) polishing curve for loading 25 mM D-
methyl ester valine versus 25 mM L-methyl ester valine in 3 M LiClO4 and 0.1 M HClO4 at a flowrate of
0.4 ml min–1.

Concentration (mM)a

Sample description
D-Valine-ester L-Valine ester

Feed 25 25
0–70 ml feed effluent b 2.9
70–76 ml feed effluent b 3.0
76–81 ml feed effluent b 9.6
81–85 ml feed effluent b 11.7
85–89 ml feed effluent b 14.1

a Analyzed by HPLC.
b Below detection limit of 0.2 mM.

Table 8-4. Second cycle, two-column (each 3.9 g ChiraLig™) polishing curve for loading 25 mM

D-methyl ester valine versus 25 mM L-methyl ester valine in 3 M LiClO4 and 0.1 M HClO4 at a flowrate
of 0.4 ml min–1.

Concentration (mM)a

Sample description
D-Valine-ester L-Valine ester

Feed 25 25
0–50 ml feed effluent 2.7 28.3
50–55 ml feed effluent 11.8 36.4
55–60 ml feed effluent 13.5 34.1
Σ mmol combined effluent 0.26 1.77

a Analyzed by HPLC.
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Table 8-5. Single column (3.9 g ChiraLig™) washing curve after loading 25 mM D-methyl ester valine
versus 25 mM L-methyl ester valine using a 3 M LiClO4 and 0.1 M HClO4 wash at a flowrate of 0.4 ml
min–1.

Concentration (mM)a

Sample description
D-Valine-ester L-Valine ester

0–5 ml feed effluent 18.5 31.8
5–9 ml feed effluent 14.8 23.0
9–14 ml feed effluent 9.8 15.0
14–19 ml feed effluent 7.9 6.4

a Analyzed by HPLC.

Table 8-6. Single column elution of a 3.9 g ChiraLig™ column using an H2O elution at 0.2 ml min–1

following column loading (25 mM D-methyl ester valine versus 25 mM L-methyl ester valine) and
washing.

Concentration (mM)a

Sample description
D-Valine-ester L-Valine ester

0–5 ml elution effluent 22.0 8.8
5–7 ml elution effluent 28.0 5.2
7–10 ml elution effluent 29.6 1.7
10–15.5 ml elution effluent 24.7 2.8
15.5–19.5 ml elution effluent 21.5 2.1
19.5–23.5 ml elution effluent 13.8 1.0
23.5–27.5 ml elution effluent 9.2 0.8
Σ mmol combined eluent 0.57 0.09

a Analyzed by HPLC.

lead column. This is important since the nonselective feed would partially contami-
nate the bound valine ester if not washed out prior to the elution. The wash is the
same as the feed matrix, so that minimal bound valine ester is lost. For purposes of
collecting the wash data, the wash in Table 8-5 was collected for analysis. However,
in the rest of the operation the wash volume is sent on to the trail column(s) so that
this volume is not lost to the separation.

Finally, the data in Table 8-6 show the elution of the lead column. The eluent is
H2O. The driving force for the elution in this case is the lack of ClO4

– present to act
as an anion in the binding of the ammonium perchlorate salt pair. The D-enantiomer
versus L-enantiomer ratio in the elution is slightly greater than 6:1, as expected by
the inherent selectivity of the ligand. For this separation system, LiClO4 is then
added back to the eluent and the eluent is sent on as load to the next purification
stage.

The other stages operate similarly. The α value of 6 6 allows for enantiomeric
purity of 6 97 % for two stages and 6 99.5 % for three stages. Hence, these results
demonstrate the applicability of the systems and technology to performing an enan-
tiomeric separation in a two-to-three-stage nonchromatographic bind/release rather
than chromatographic system. Full capacity of the ChiraLigTM resins are used in
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each cyclic use, and the corresponding expected high enantiomer throughout can
thus be obtained.

8.6 Areas of Potential Industrial and Analytical Interest for
Nonchromatographic Chiral Separations

Due to the benefits achieved, there are a significant number of applications areas for
the chiral separations technology. Applications in the pharmaceutical industry the in
three main areas: (i) analysis; (ii) drug development; and (iii) commercial produc-
tion. In this industry, the need for chiral separations is to aid in each phase of the
development process from discovery through preclinical and clinical development,
and product launch. In the drug discovery process, the ultimate goal is the identifi-
cation of a single compound for development. During this stage, extensive screening
of available compounds is performed, along with animal testing. Small quantities of
optically pure drug are needed at this stage for preliminary and advanced testing.
Rapid turnaround time is required in order to screen candidate compounds quickly.
The chiral separations phase should be readily synthesized and be relatively versa-
tile in its ability to separate compounds from a class of drugs. For analysis of enan-
tiomers, matrix versatility and rapid throughput are essential. The nonchromato-
graphic matrices were shown to be very versatile and capable of separating a variety
of chiral analytes in a wide range of solvents.

During the preclinical and clinical development stages, the requirements for opti-
cally pure drug quantity increases dramatically, from several grams to 10–100 kg.
The drug is needed for animal studies (pharmacokinetics, metabolism, tissue distri-
bution, and safety), and for human clinical studies in Phases I, II and III. Time is crit-
ical during this stage, and adequate supply of the separations resin must be available
for production of the drug. During this phase, the purifications technology should
exhibit high productivity, as kilogram quantities need to be produced in a short time
period.

During product launch and steady-state production, the purifications goal is to
treat large amounts of racemate (> 25 tons per year) with total process costs well
under the targeted kg drug product price. Moreover, the purifications process must
be robust and easy to operate.

The use of nonchromatographic ChiraLig™ separations technology provides flex-
ibility for rapid separation and throughput of the small quantities of drug (10–100
kg) needed for the early phases of drug development. This technology also provides
for highly efficient, low-cost large-scale racemate separations (> 100 kg) needed for
the later stages of the drug commercialization process.

The availability of a new class of efficient separations technology for chiral drugs
can have an impact on other business issues now at the forefront of the pharmaceu-
tical industry. For example, the strategy of better drug life cycle management can be
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pursued by allowing a drug co. to develop and produce a single isomer of a racemic
drug which would allow for application for additional patents that might extend the
life of the drug by up to 20 years. The use of racemic switches is being adopted
increasingly by drug firms as a management strategy as a means for innovators to
counter graphic competition, and the combination of this strategy with the use of
MRT adds an additional layer of intellectual property protection.

Amino acid separations represent another specific application of the technology.
Amino acids are important synthesis precursors – in particular for pharmaceuticals –
such as, for example, D-phenylglycine or D-parahydroxyphenylglycine in the prepa-
ration of semisynthetic penicillins. They are also used for other chiral fine chemicals
and for incorporation into modified biologically active peptides. Since the unnatural
amino acids cannot be obtained by fermentation or from natural sources, they must
be prepared by conventional synthesis followed by racemate resolution, by asym-
metric synthesis, or by biotransformation of chiral or prochiral precursors. Thus,
amino acids represent an important class of compounds that can benefit from more
efficient separations technology.

Specialized types of amino acids for synthesis applications represent a growing
field in the biotechnology industry. Applications include peptide hormones and
growth factors, immunological antigens, enzyme substrates, receptors and ligands,
chemical drugs, bioactive peptides for research, combinatorial chemistry, drug dis-
covery, pesticides, and artificial sweeteners. This market area represents a unique,
high-value niche for companies, and the efficient production of speciality amino
acids is a growing need.

Pharmaceuticals and intermediates represent another important class of com-
pounds. General classes of drugs that may well lend themselves to the IBC technol-
ogy include the chiral non-steroidal anti-inflammatory profen drugs, norephedryns,
and intermediates for a number of important drug classes including β-blockers and
racemic switch candidates.

8.7 Summary

Efficient optical purification of the classes of compounds discussed here presents a
pivotal challenge to industry as we enter the 21st century. In order to meet this chal-
lenge, IBC has developed a series of novel complexing agents with high α-values for
purification of enantiomers. These complexing agents are covalently attached to
solid supports and the resultant ChiraLig™ materials used in non-chromatographic
separations systems. We have demonstrated this technology for the separation of
amines and amino acids, and discussed the potential for further open-ended applica-
tion to other chiral entities. The ligands used are based on molecular recognition
design principles, and can be prepared synthetically on an industrial scale. The resul-
tant separations systems exhibit high selectivity factors, low solvent usage, and high
throughput. The experimental results demonstrate the ability of the technology to

8.7 Summary 217



perform a nonchromatographic bind-release separation in two or three stages. Full-
scale, preparative enantiomeric separations systems based on this technology are
expected to use engineering design principles already in practice at process industry
installations currently using MRT. The technology shows great promise as an alter-
native to present methods of enantiomeric purification to meet the ever-present
industry need for more efficient and effective separations.
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9.1 Introduction

Simulated moving bed (SMB) is a powerful technique for preparative-scale chro-
matography which allows the continuous injection and separation of binary mix-
tures. The concept has been known since 1961 [1], the technology having been
developed by UOP in the areas of petroleum refining and petrochemicals, and known
as the “Sorbex” process [2, 3]. Other successful SMB processes in the carbohydrate
industry are the production of high-fructose corn syrup (“Sarex” process) and the
recovery of sucrose from molasses. Other companies developed alternative pro-
cesses for the fructose-glucose separation [4]. Reviews on adsorptive processes are
given in Rodrigues and Tondeur [5] and Rodrigues et al. [6].

The SMB concept was developed in order to overcome the limitations of conven-
tional batch chromatography, mainly the discontinuous character of the process and
its high cost due to the large eluent and adsorbent requirements. The interest for
SMB operation increases for low-selectivity separations. At high selectivity, the col-
umn can be highly loaded and there is little difference between the performances of
SMB and other discontinuous techniques. Generally, batch processes are more eco-
nomic at very small scale if we take into account the lower cost of equipment. At
larger scales, however, the savings in both solvent and chiral stationary phases make
SMB technology the correct choice. In view of these properties, SMB technology is
particularly appropriate for chiral separations. The resolution of enantiomers is usu-
ally a binary separation problem characterised by low selectivities and high costs of
eluent and chiral stationary phases.

The SMB technology has found new applications in the areas of biotechnology,
pharmaceuticals and fine chemistry [7–9]. SMB systems are available for a full
range of production rates, from 10 to 1000 g per day, up to industrial scale of 5 to
50 tons per year. SMB chromatography is a useful tool for the pharmaceutical indus-
try where, for preliminary biological tests, only a few grams of the chiral drug are
needed. Furthermore, SMB can provide the two pure enantiomers, which are
required for comparative biological testing [10]. On the other hand, pharmaceutical
companies work with short drug development times. SMB technology, combined
with proper chromatographic chiral stationary phases, can be a rapid system, easy to
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set up, and at the same time enhancing a high throughput of drug material [11]. How-
ever, the use of SMB technology in the pharmaceutical industry is not limited to lab-
oratory tests. Its use at production scale is an alternative to, until now, leading tech-
niques such as enantioselective synthesis or diastereoisomeric crystallization. In the
past, large-scale chromatographic separations were limited mainly due to the high
cost of the adsorbent, the high dilution of products, and the large amounts of mobile
phase needed. With the introduction of the SMB technology, large-scale separations
can now be carried out under cost-effective conditions.
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Fig. 9-1. Scheme of a true moving bed (TMB).



9.2 The SMB Concept

The principle of SMB operation can be understood by analyzing the equivalent true
moving bed (TMB) process. In TMB, liquid and solid flow in opposite directions
(Fig. 9-1) and are continuously recycled: the liquid flowing out of section IV is recy-
cled to section I, while the solid coming out of section I is recycled to section IV.
The feed is continuously injected in the middle of the system and two product lines
can be collected: the extract, which is rich in the more retained species (B) and so is
carried preferentially with the solid phase, and the raffinate, rich in the less-retained
species (A) that move upwards with the liquid phase. Pure eluent is continuously
injected at the inlet of section I, with the liquid recycled from the end of section IV.
Because of the addition and withdrawal of the four streams (eluent, extract, feed, and
raffinate), the TMB unit is divided into four sections and the liquid flow rates differ
from section to section. This enables the four sections of the unit to perform differ-
ent functions. In sections II and III the two components must move in opposite direc-
tions. The less retained component A must be desorbed and carried with the liquid
phase, while the more retained species B must be adsorbed and carried with the solid
phase. Section II is the zone of desorption of the species A, while section III is the
zone of adsorption of the component B. In section IV, both components must be
adsorbed in order to regenerate the eluent that will be recycled to the first zone. Sec-
tion I is the zone of solid regeneration where both components must be desorbed in
order to obtain a clean solid phase at the beginning of this zone. The operation of a
TMB introduces problems concerning the movement of the solid phase. A uniform
flow of both solid and liquid is difficult to obtain, and mechanical erosion of the
adsorbent phase will also occur. In view of these difficulties, the SMB technique was
developed in order to retain the process advantages of continuous and countercurrent
flow without introducing the problems associated with the actual movement of the
solid phase (Fig. 9-2).

In the SMB system the solid phase is fixed and the positions of the inlet and out-
let streams move periodically. This shift, carried out in the same direction of the liq-
uid phase, simulates the movement of the solid phase in the opposite direction. In the
Sorbex SMB technology a rotary valve is used to change periodically the position of
the eluent, extract, feed, and raffinate lines along the adsorbent bed. However, there
are alternative techniques to perform the port switching. Scaling down of the Sorbex
flowsheet becomes less economical than using a set of individual on-off valves con-
necting the inlet and outlet streams to each node between columns [12]. Recently,
this technology has been applied in the pharmaceutical industry for the separation of
chiral drugs [13]. Generally, for pharmaceutical applications small-sized SMB units
are preferable, and a special emphasis is addressed to the versatility of this type of
unit to perform different chiral separations without major design modifications.
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9.3 Modeling of SMB Processes

The modeling of SMB can be addressed by simulating the system directly, taking
into account its intermittent behavior, or by representing its operation in terms of a
true countercurrent system. The first model represents the real SMB and considers
the periodic switch of the injection and collection points. The second is developed
assuming the equivalence with the TMB, where solid and fluid flow in opposite
directions.

Models can be classified according to the description of the fluid flow as contin-
uous-flow models (plug or axial dispersed plug flow) or as mixing cell models.
Some authors considered mass transfer resistances by including a rate law, usually
the linear driving force (LDF) approximation [14]; others used the equilibrium the-
ory. Several authors carried out the modeling of the SMB considering linear equi-
librium isotherms, namely for the glucose-fructose separation [15]. Nevertheless,
SMB units usually operate at high feed concentrations in the region of nonlinear
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competitive adsorption. A constant selectivity factor model, e.g., multicomponent
Langmuir isotherm, usually is used to describe this behavior. However, for many chi-
ral separations the selectivity factor decreases with the increase of the concentration
of chiral species and a concentration-dependent selectivity factor model is needed,
such as the linear + Langmuir or the bi-Langmuir adsorption isotherm.

The question concerning the degree of equivalence between SMB and TMB
strategies of modeling should be addressed. Three cases are analyzed for the SMB
system: SMB4, constituted by four columns, one in each section; SMB8, with eight
columns, two per section; and SMB12, with three columns per section. The mathe-
matical models developed are based on the following assumptions: axial dispersed
plug flow for the fluid; plug flow for the countercurrent solid flow in the TMB
approach; the adsorbent particles are considered as homogeneous and mass transfer
between fluid and solid is described by the LDF model.

9.3.1 The SMB Model

In the SMB operation, the countercurrent motion of fluid and solid is simulated with
a discrete jump of injection and collection points in the same direction of the fluid
phase. The SMB system is then a set of identical fixed-bed columns, connected in
series. The transient SMB model equations are summarized below, with initial and
boundary conditions, and the necessary mass balances at the nodes between each
column.

� Mass balance in a volume element of the bed k:

(1)

where the subscripts i (i = A, B) refers to the species in the mixture, and k is the
column number, cik and qik are the fluid and average adsorbed phase concentra-
tions of species i in column k of the SMB unit, respectively, z is the axial coordi-
nate, t is the time variable, ε is the bed porosity, ν*

k is the interstitial fluid veloc-
ity in the kth SMB column, DLk

is the axial dispersion coefficient, and k is the
intraparticle mass transfer coefficient.

� Mass balance in the particle:

(2)

where q*
ik is the adsorbed phase concentration in equilibrium with cik.

� Initial conditions:

t = 0: cik = qik = 0 (3)
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� Boundary conditions for column k:

(4)

where cik,0 is the inlet concentration of species i in column k.

z = Lk:

For a column inside a section and for extract and raffinate nodes
(5a)

(5b)

(5c)

� Global balances:

Eluent node ν*
I = ν*

IV + νE (6a)

Extract node ν*
II = ν*

I – νX (6b)

Feed node ν*
III = ν*

II + νF (6c)

Raffinate node ν*
IV = ν*

III – νR (6d)

� Multicomponent adsorption equilibrium isotherm:

q*Ak = fA (cAk, cBk) and q*Bk = fB (cAk, cBk) (7)

Introducing the dimensionless variables x = z/Lk and θ = t/t*, where t* is the switch
time interval, and Lk is the length of one SMB column, the model equations
become:

(8)

(9)

� The initial and boundary conditions are the same presented before and, for x = 0
(z = 0), Equation (9.4) becomes:

(10)

The model parameters, in addition to the adsorption equilibrium parameters, are:
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the ratio between solid and fluid volumes, (11)

the ratio between fluid and solid interstitial velocities, (12)

the Peclet number, (13)

the number of mass transfer units, (14)

where us is the interstitial solid velocity in the equivalent TMB model. Due to the switch
of inlet and outlet lines, each column plays different functions during a whole cycle,
depending on its location (section). The boundary conditions for each column change
after the end of each switch time interval. This time-dependent boundary conditions
leads to a cyclic steady state, instead of a real steady state as in the TMB model. This
means that, after cyclic steady state is reached, the internal concentration profiles vary
during a given cycle, but they are identical at the same time for two successive cycles.

9.3.2 The TMB Model

In the TMB model, the adsorbent is assumed to move in plug flow in the opposite
direction of the fluid, while the inlet and outlet lines remain fixed. As a consequence,
each column plays the same function, depending on its location. An equivalence
between the TMB and the SMB models can be made by keeping constant the liquid
velocity relative to the solid velocity, i.e., the liquid velocity in the TMB is:

νj = ν*
j – us (15)

where νj is the interstitial liquid velocity in the TMB. Also, the solid interstitial
velocity in the TMB model us must be evaluated from the value of the switch time
interval t*of the SMB model, as

us = Lc/t
* (16)

where Lc is the length of one SMB column. The equations for the transient TMB
model are:

� Mass balance in a volume element of the bed j:

(17)

� Mass balance in the particle:
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Initial conditions:

t = 0: cij = qij = 0 (19)

� Boundary conditions for section j:

(20)

where cij,0 is the inlet concentration of species i in section j.

z = Lj:

For the eluent node (21a)

For the extract node ciI = ciII,0 (21b)

For the feed node
(21c)

For the raffinate node ciIII = ciIV,0 (21d)

And qiIV = qiI,0, qiI = qiII,0, qiII = qiIII,0, qiIII = qiIV,0 (22)

� Global balances:

Eluent node νI = νIV + νE (23a)

Extract node νII = νI – νX (23b)

Feed node νIII = νII + νF (23c)

Raffinate node νIV = νIII – νR (23d)

� Multicomponent adsorption equilibrium isotherm:

q*
Aj = fA (cAj, cBj) and q*

Bj = fB (cAj, cBj) (24)

Introducing the dimensionless variables x = z/Lj and θ = t/τs, with τs = Lj /us = Nst
*,

where τs is the solid space time in a section of a TMB unit, Lj is the length of a TMB
section, and Ns is the number of columns per section in a SMB unit, the model equa-
tions become:
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The initial and boundary conditions are the same presented before and, for x = 0,
Equation (20) becomes:

(27)

The model parameters are similar to the ones presented for the SMB model, except
that Pej and αj are expressed in terms of the length of the TMB sections and the ratio
between fluid and solid interstitial velocities is γj = νj /us. The SMB and TMB mod-
els, defined by a set of partial differential equations, were numerically solved by
using the PDECOL software [16] based on the method of orthogonal collocation in
finite elements (OCFE). PDECOL implements the method of lines and uses a finite
element collocation procedure for the discretization of the spatial variable which
reduces the PDE system to an initial-value ODE system on the time variable. The
time integration is accomplished with the ODE solver STIFIB, which is a modified
version of the GEARIB ODE package developed by Hindmarsh [17]. The counter-
current motion of fluid and solid in the SMB operation is achieved with a discrete
jump of the injection (feed and eluent) and collection (extract and raffinate) points.
Due to this switch of the inlet and outlet points, the boundary conditions for each
column vary with time, changing at the end of each switch time interval. Hence, the
SMB model must take into account time-dependent boundary conditions.

9.4 Simulation Results

The chromatographic resolution of bi-naphthol enantiomers was considered for sim-
ulation purposes [18]. The chiral stationary phase is 3,5-dinitrobenzoyl phenyl-
glycine bonded to silica gel and a mixture of 72:28 (v/v) heptane/isopropanol was
used as eluent. The adsorption equilibrium isotherms, measured at 25 °C, are of bi-
Langmuir type and were proposed by the Separex group:

(28a)

(28b)

9.4.1 Equivalence Between TMB and SMB Modeling Strategies

The operating conditions and model parameters used in simulation for the TMB
approach are presented in Table 9-1. The feed concentration of each enantiomer is
2.9 g L–1 and columns were 2.6 cm wide and 10.5 cm long. The section length was
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kept at 21 cm. The equivalence between TMB and SMB flow rates leads to QI =
49.4 mL min–1 and γI = 6.65; therefore, Q*

I = 56.83 mL min–1 and γ *
I = 7.65. Table

9-2 presents the equivalencies in terms of model parameters that have to be made for
the SMB systems with different subdivisions of the bed. Three cases are analyzed for
the SMB: SMB4, SMB8 and SMB12. The length of each fixed-bed column in these
cases was chosen by keeping constant the total length of each section. The value for
switch time interval was then evaluated keeping constant the ratio Lc /t*, the simu-
lated solid velocity. Also, the number of mass transfer units per section is the same
for TMB and SMB cases and is evaluated for k = 0.1 s–1. Summarizing, all the SMB
cases present the same operating conditions and model parameters at a section scale
(equivalent to the TMB case), except for the degree of subdivision of the bed.

Table 9-1. Operating conditions and model parameters for the TMB approach.

TMB operation conditions: Model parameters:

Solid flow rate: 11.15 mL min–1 Solid/fluid volumes, (1 – ε)/ε = 1.5
Recycling flow rate: 27.95 mL min–1 Ratio between fluid and solid velocities:
Eluent flow rate: 21.45 mL min–1 γI = 6.65 ; γII = 4.23
Extract flow rate: 17.98 mL min–1 γIII = 4.72 ; γIV = 3.76
Feed flow rate: 3.64 mL min–1 Number of mass transfer units,
Raffinate flow rate: 7.11 mL min–1 α = 36.0 (k = 0.1 s–1)

Peclet number, Pe = 2000

Table 9-2. Equivalence between TMB and SMB with different subdivision of the bed.

Case Ns Lc Lj t* us = Lc/t
* α Nsα Pe

TMB – – 21 – 3.5 36 36 2000
SMB4 1 21 21 6 3.5 36 36 2000
SMB8 2 10.5 21 3 3.5 18 36 1000
SMB12 3 7 21 2 3.5 12 36 667

The cyclic steady state behavior, characteristic of a SMB operation, is shown in
Fig. 9-3 for the case of 2-2-2-2 configuration in terms of the concentration of the two
enantiomers in extract. Figure 9-4 shows the evolution of the internal concentration
profiles for the more retained component after cyclic steady state is reached, during
a switch time interval. Figure 9-5 shows the influence of the degree of subdivision
of the bed in the transient concentration of extract, and makes the comparison with
the TMB approach. The behavior of the SMB is predicted in three ways: the tran-
sient evolution of concentration profiles; the average concentration evaluated at each
switch time interval, and the instantaneous concentration evaluated at half-time
between two successive switchings. These figures show the transient evolution dur-
ing the first five cycles. Although the switch time interval depends on the degree of
subdivision of the bed, the duration of a full cycle will be 24 min for all SMB cases.
It is clear that differences between SMB and TMB predictions are attenuated with
the increase of the number of subdivisions. Figure 9-6 compares the steady state 
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Fig. 9-3. Concentration versus time in the extract for SMB8 at cyclic steady state. --- more retained com-
ponent; –– less retained component. 

Fig. 9-4. Cyclic steady state internal concentration profiles of the more retained component during a
switch time interval (start, 25 %, 50 %, 75 %, and at the end of a switch time interval) for SMB8.

internal concentration profiles, evaluated at half-time between switchings, for TMB
and SMB cases. The major difference appears for the SMB4 case, while small devi-
ations occur between SMB8 and SMB12 behaviors.
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Fig. 9-5. Transient evolution (first 5 cycles) of the concentration of the more retained component in the
extract for (a) SMB4, (b) SMB8, and (c) SMB12. Solid line, TMB; dotted line, SMB; stepped dotted
line, SMB approach with average concentration over a switch time interval; o, SMB instantaneous con-
centration evaluated between switchings.
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Fig. 9-6. Steady state internal concentration profiles in the TMB approach and SMB cases at half-time
between switchings for the more retained component.

Nevertheless, near the feed point, there is a difference between TMB and all SMB
cases due to the fact that the internal flow rates in the TMB are smaller than in the
SMB, leading to a small dilution of the feed stream. As a consequence, near the feed
inlet, TMB concentrations will be higher than in the SMB operation. The raffinate
and extract purities in SMB units with four (95.2 % and 89.5 %), eight (98.7 % and
95.9 %) and 12 columns (99.1 % and 96.8 %) are increasing towards the one
obtained in the equivalent TMB unit (99.3 % and 97.7 %). The optimum degree of
subdivision of the SMB unit will depend of the difficulty of the separation and the
product purity requirements. Typically, systems for the pharmaceutical industry have
six to 16 columns.

9.4.2 Separation Regions

The design problem of a TMB consists on setting the flow rates in each section to
obtain the desired separation. Some constraints have to be met to recover the less-
adsorbed component A in the raffinate and the more retained component B in the
extract. These constraints are expressed in terms of the net fluxes of components in
each section (see Fig. 9-1). In section I, both species must move upwards, in sections
II and III the light species must move upwards, while the net flux of the more
retained component must be downwards, and in section IV the net flux of both
species have to be downwards, i.e.,
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(29)

where QI, QII, QIII, QIV are the volumetric liquid flow rates in the various sections of
the TMB, QS is the solid flow rate, cAj, cBj are the concentrations of species A and B
in the liquid phase and qAj, qBj are the adsorbed concentrations of components A and
B, in section j. The same constraints can be expressed in terms of fluid and solid
interstitial velocities. Defining the dimensionless parameter:

(30)

the constraints become ΓBI >1; ΓAII >1 and ΓBII < 1; ΓAIII > 1 and ΓBIII < 1; ΓAIV < 1.
For the case of a binary system with linear adsorption isotherms, very simple for-

mulas can be derived to evaluate the better TMB flow rates [19, 20]. For the linear
case, the net fluxes constraints are reduced to only four inequalities, which are
assumed to be satisfied by the same margin β (β > 1) and so:

(31)

where KA and KB are the coefficients of the linear isotherms for the less and more
retained species, respectively. The flow rates for TMB operation are then: QE= 
(αβ2 – 1) QRF, QX = (α – 1) β2 QRF, QF = (α – β2) QRF and QR = (α – 1) QRF where
QE, QX, QF, and QR are the eluent, extract, feed, and raffinate volumetric flow rates,
respectively. The volumetric flow rate in the section IV is the recycling flow rate,
QRF = KAQS/β and α = KB/KA is the selectivity factor of the binary linear system. The
total inlet or outlet volumetric flow rate is given by QE + QF = QX + QR = (α – 1) 
(1 + β2) QRF. The specification of β and the solid flow rate (or, alternatively, one 
of the liquid flow rates) defines all the flow rates throughout the TMB system. The 
β parameter has a higher limit, since the feed flow rate must be higher than zero,
1 < β < √

—
α. The case of β = 1 corresponds to the situation where dilution of species

is minimal, and the extract and raffinate product concentrations approach the feed
concentrations. In fact, for β = 1, we obtain QE = QX = QF = QR = (α – 1) QRF = (KB
– KA) QS.

In the case of complete separation, the concentrations of the component A in the
raffinate and of the component B in the extract are, respectively, CR

A = CF
AQF/QR =

CF
A (α – β2)/(α – 1) and CX

B = CF
BQF/QX = CF

B (α – β2)/(α – 1)β2. Following the
equivalence of internal flow rates, it results that the inlet and outlet flow rates are the
same for the two operating modes, and

(32)

where Q*RF is the recycling flow rate in the SMB operation.
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For nonlinear systems, however, the evaluation of the flow rates is not straight-
forward. Morbidelli and co-workers developed a complete design of the binary sep-
aration by SMB chromatography in the frame of Equilibrium Theory for various
adsorption equilibrium isotherms: the constant selectivity stoichiometric model [21,
22], the constant selectivity Langmuir adsorption isotherm [23], the variable selec-
tivity modified Langmuir isotherm [24], and the bi-Langmuir isotherm [25]. The
region for complete separation was defined in terms of the flow rate ratios in the four
sections of the equivalent TMB unit:

(33)

which are related to the γj ratios used in this work by:

(34)

The necessary and sufficient conditions for complete separation considering linear
isotherms q*i = KiCi, (i = A, B), are KB < m1 < ∞, KA < m2 < m3 < KB, and 0 < m4 <
KA. The region for complete separaration is the area aWb in Fig. 9-7.

Fig. 9-7. Region for complete separation under Equilibrium Theory. Linear adsorption isotherms.

Table 9-3 presents the necessary and sufficient conditions for complete separation
considering Langmuir isotherms, q*

i = QbiCi/(1 + bACA + bBCB), (i = A, B). The
region for complete separation for this kind of isotherms is the area aWb in Fig. 
9-8. The equations presented in this table can also be used when a modified Lang-
muir isotherm (linear + Langmuir) is considered q*

i = mCi + QbiCi/(1 + bACA + bBCB),
(i = A, B). In this case, the complete separation region must be shifted by using the 
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Table 9-3. Operating conditions for complete separation under Equilibrium Theory. Langmuir adsorp-
tion isotherms (see Fig. 9-8).

Boundaries of the complete separation region in the (m2, m3) plane:

Straight line wr:

Straight line wa:

Curve rb:

Straight line ab:

The coordinates of the intersection points are given by:

with ωG > ωF > 0, given by the roots of the quadratic equation:

In the above equations, CF
Aand CF

B are the feed concentrations of species A and B, respectively,
and λi = Qbi              , (i = A, B)

relation mM
j = mL

j + m where mL
j is the value obtained considering only the Langmuir

term (by using equations in Table 9-3) and m is the linear coefficient of the linear +
Langmuir isotherm. However, if mass transfer resistance is important, this region for
complete separation is reduced [26–28].
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Fig. 9-8. Region for complete separation

under Equilibrium Theory. Langmuir

adsorption isotherms.

9.5 The Steady State TMB Model

The steady state TMB model equations are obtained from the transient TMB model
equations by setting the time derivatives equal to zero in Equations (25) and (26).
The steady state TMB model was solved numerically by using the COLNEW soft-
ware [29]. This package solves a general class of mixed-order systems of boundary
value ordinary differential equations and is a modification of the COLSYS package
developed by Ascher et al. [30, 31].

9.5.1 Performance Parameters

The cyclic steady state SMB performance is characterized by four parameters:
purity, recovery, solvent consumption, and adsorbent productivity. Extract (raffinate)
purity is the ratio between the concentration of the more retained component (less
retained) and the total concentration of the two species in the extract (raffinate). The
recovery is the amount of the target species obtained in the desired product stream
per total amount of the same species fed into the system. Solvent consumption is the
total amount of solvent used (in eluent and feed) per unit of racemic amount treated.
Productivity is the amount of racemic mixture treated per volume of adsorbent bed
and per unit of time.

The resolution of the bi-naphthol enantiomers was used for simulation purposes.
A reference case relative to a 8-column configuration of the SMB, based on the val-
ues of operating variables and model parameters shown in Table 9-4 was chosen. 

9.5 The Steady State TMB Model 235



Table 9-4. SMB operating conditions and model parameters for the reference case.

SMB operation conditions: Model parameters:

Feed concentration: 2.9 g/l each Solid/fluid volumes, (1 – ε)/ε = 1.5
Switch time interval: 3 min Ratio between fluid and solid velocities:
Recycling flow rate: 35.38 ml/min γ *

I = 7.65 ; γ *
II = 5.23

Eluent flow rate: 21.45 ml/min γ *
III = 5.72 ; γ *

IV = 4.76
Extract flow rate: 17.98 ml/min Number of mass transfer units,
Feed flow rate: 3.64 ml/min α k = 18.0 (k = 0.1 s–1)
Raffinate flow rate: 7.11 ml/min Peclet number, Pek = 1000

Columns: Column diameter: 2.6 cm
Configuration: 2 columns per section Column length: 10.5 cm

The equivalent TMB operating conditions and model parameters for the reference
case were given in Table 9-1 and Fig. 9-9 presents the corresponding steady state
internal concentration profiles obtained with the simulation package. The extract and
raffinate purities were 97.6 % and 99.3 %, respectively; the recoveries were 99.3 %
and 97.6 % for the extract and raffinate streams. The solvent consumption was 
1.19 L g–1 and the productivity was 68.2 g/day · L of bed.

Fig. 9-9. Steady-state internal concentration profiles for the reference case.

9.5.1.1 Effect of the Switch Time Interval

The influence of the switch time interval on the purity is shown in Fig. 9-10. A change
on the switch time interval will lead to a change on the equivalent solid flow rate
throughout the system. In all runs the inlet and outlet flow rates, as well as the inter-
nal liquid flow rates in all the four sections of the SMB unit, are kept constant.
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Fig. 9-10. Effect of the switch time interval on the purity.

Increasing the switch time interval is equivalent to decrease the solid flow rate and
the net fluxes of components in all sections of the TMB unit will be pushed in the
same direction of the liquid phase. This implies that, first, the more retained species
will move upwards in section III and will contaminate the raffinate stream; and the
less retained species will move upwards in section IV, will be recycled to section I,
and will contaminate also the extract stream. The decrease of the switch time inter-
val will have similar consequences. The equivalent solid flow rate will increase and
the net fluxes of component in all four sections of the TMB unit will be pushed in
the opposite direction of the liquid phase. This implies that, first, the less-retained
species will move downwards in section II and will contaminate the extract stream;
and the more retained component will also move downwards in section I, will be
recycled with the solid to the section IV, and will contaminate the raffinate stream.
It is possible to obtain simultaneously high purities and recoveries in a SMB, but the
tuning must be carefully carried out.

9.5.1.2 Effect of the Mass Transfer Resistance on the SMB Performance

The influence of the mass transfer resistance on the purity and on the steady state
internal concentration profiles are shown in Figs. 9-11 and 9-12. A higher value for
the mass transfer coefficient corresponds to a situation where mass transfer resis-
tance is less important, and a better performance of the SMB will be obtained with
sharper internal concentration profiles.
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Fig. 9-11. Effect of the mass transfer resistance on purity.

Fig. 9-12. Effect of the
mass transfer resistance on
the internal concentration
profiles:
(a) k = 0.1 s–1; (b) k = 1 s–1.
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9.5.2 Prediction of the Separation Regions

The conditions for a complete separation of a binary mixture can be defined in terms
of the γj model parameters, which are directly related with the TMB (SMB) operat-
ing variables (fluid and solid velocities in the four sections of the TMB unit). From
the constraints presented, those related to sections II and III play the crucial role on
the separation performance of the TMB. It is in these central zones that the separa-
tion between the two species takes place. The role of the adjacent sections (I and IV)
is to prevent cross-contamination and to allow the improvement of the continuous
operation of the system by regenerating the solid and liquid phases. Taking into
account these considerations, a region of complete separation in a γIII–γII plane can
be defined. Considering that the constraints concerning sections I and IV are ful-
filled, the γIII–γII plot is an important tool in the choice of best operating conditions.

The first case studied concerns the situation where axial dispersion and mass
transfer resistances are slightly important. The value for mass transfer coefficient
used in this case was k = 0.5 s–1 (α = 180). Following the same methodology used
to study the effect of the operating conditions and model parameters on the SMB
performance, the γIII–γII plot was built, keeping constant the recycling (flow rate in
section IV) and solid flow rates, and so γIV = 3.76. The total inlet or outlet flow rates
were also kept constant in all simulations and equal to 25.09 mL min–1. A TMB solid
flow rate of 11.15 mL min–1 corresponds to a switch time interval of 3 min in the
equivalent SMB unit; a recycling flow rate of 27.95 mL min–1 in the TMB corre-
sponds to a recycling flow rate of 35.38 mL min–1 in the SMB. Other model param-
eters were solid/fluid ratio equal to 1.5 and Pe = 2000. The configuration was 
2-2-2-2 with a section length of 21 cm. The feed concentration was 2.9 g L–1 of each
enantiomer.

Figure 9-13 shows the γIII–γII plot obtained for the first case where four regions
are defined: a region of complete separation, two regions where only one outlet
stream is 100 % pure and a last region where neither of them is 100 % pure. The
closed circles are numerical results based on the equivalence between the TMB and
the SMB; the thick lines connect those results. The thin line in Fig. 9-13 has two
branches. The diagonal γIII–γII corresponds to zero feed flow rate; therefore, γIII must
be higher than γII. The horizontal branch γIII ≈ 3.76 corresponds to zero raffinate flow
rate; in this case, the extract flow rate is 25.09 mL min–1.

In order to simplify the understanding of these plots, the relations between the
TMB or SMB flow rates and the γj model parameters can be developed. The rela-
tionship between the internal liquid flow rates in the TMB unit, Qj, and the γj model

parameters is given by Qj = γj QS where Qs is the volumetric solid flow rate in

the TMB system. The inlet and outlet flow rates can also be expressed in terms of the

γj model parameters QE = (γI – γIV)QS, QX = (γI – γII) QS, ,

QF = (γIII – γII) QS, and QR = (γIII – γIV) QS. 
ε
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Fig. 9-13. Regions of operation of the TMB
in a γIII–γII plot. The closed circles indicate
simulation results. Mass transfer coefficient:
k = 0.5 s–1.

Since these plots are built by keeping constant the total inlet or outlet flow rates, QT,

we conclude that 

QT = QE + QF = QX + QR = (γI–γII+γIII–γIV) QS. 

In addition, both the recycling and the solid flow rates are also kept constant. 

Hence, γIV is also constant and equal to γIV = . 

Therefore, γI is a linear function of γII and γIII: γI = + γII–γIII and,

similarly, γI = – 1 + γII–γIII,

where Vc is the volume of one SMB column, Q*
RF is the SMB recycling flow rate, and

t* the switch time interval in the SMB operation.

The γIII–γII plots provide possible operating conditions that allow the separation
of a binary mixture. The separation regions are built imposing that the constraints
concerning sections I and IV are fulfilled. Since γI is a linear function of γII and γIII,
we must ensure that the region of complete separation of both species is not affected
by the value of γI. In fact, in section I (between the eluent and extract nodes) the
objective is to ensure that the more retained species B move upwards, in the same

direction of the liquid phase, γI > 1. The worst situation that can occur in

this section is when we are dealing with low concentrations, i.e., linear conditions.

Hence, if mass transfer resistance is negligible, γI > KB where KB is the initial

slope of the adsorption isotherm for the more retained species. In our case 
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γI = 7.135 +γII–γIII and, since KB = 4.03, the critical value for γI is γI >γ C
I = 6.045. 

As we concluded earlier, γI is constant along a straight line parallel to the diagonal
γIII = γII. Furthermore, γI diminishes as this straight line moves away from the diag-
onal γIII = γII. Also, the vertex of the complete separation region is the furthest point
from the diagonal and corresponds to the optimal conditions, because both solvent
consumption and adsorbent productivity are optimized. This vertex point corre-
sponds also to the lower value for γI in the complete separation region.

The vertex of the complete separation region, evaluated for k = 0.5 s–1, is charac-
terized by γII = 3.86 and γIII = 4.75. The corresponding minimum value of γI is γI =
7.135 + 3.86 – 4.75 = 6.245, which is still higher than the critical value γ C

I = 6.045.
We conclude that, considering negligible mass transfer, within the whole separation
region built under these conditions, the γI value does not affect the SMB perfor-
mance. It should be pointed out that the presence of mass transfer resistance can
influence the critical value for γI and the form of the separation region [32].

If mass transfer resistance is important, we may not obtain a region of 100 %
purity for both species. This case is illustrated using the same operating conditions
and model parameters of the previous one, except that the mass transfer coefficient
is now k = 0.1 s–1 (α = 36). Figure 9-14 emphasizes the effect of the mass transfer
resistances presenting the separation regions obtained for the two values of the mass
transfer coefficient, k = 0.5 s–1 (α = 180) (open squares) and k = 0.1 s–1 (α = 36)
(closed squares), using a 99 % purity criteria. Inside the regions limited by the
square points obtained numerically, both the raffinate and the extract are at least
99 % pure. It is clear from these figures that the mass transfer resistance reduces the
region of separation of both species and that the region obtained for a lower mass
transfer coefficient (k = 0.1 s–1) lies inside the region obtained when mass transfer
resistance is not so important (k = 0.5 s–1).

Fig. 9-14. Influence of the mass transfer resistance on the separation region: γIII–γII plot for a 99 %
purity criteria.
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The vertex of a separation region points out the better operating conditions, since it
is the point where the purity criteria are fulfilled with a higher feed flow rate (and so
lower eluent flow rate). Hence, in the operating conditions specified by the vertex point,
both solvent consumption and adsorbent productivity are optimized. Comparing the
vertex points obtained for the two values of mass transfer coefficient, we conclude that
the mass transfer resistance influences the better SMB operating conditions. Moreover,
this influence is emphasized when a higher purity requirement is desired [28].

9.6 Operation of the SMB Unit

The SMB pilot unit used in this work is the Licosep 12-26 (Fig. 9-15). It is a continu-
ous chromatographic system constituted by 12 columns Superformance 300-26
(Merck) with 26 mm internal diameter and adjustable length (5–20 cm) connected in
series. These have a jacket which allows operation of the SMB up to 60 °C. Each col-
umn is connected with four lines (eluent, feed, extract and raffinate lines) and 48 two-
way high-pressure pneumatic valves allow the connection of the inlet-outlet lines of the
columns. Consequently, there are 12 lines of each type. At a given time, only one line
of each type must be opened. The eluent, extract, feed and raffinate lines are shifted
after a given time period, the switch time interval, t*. For the 12-columns SMB config-
uration, a whole cycle is made of 12 successive periods allowing the different lines to

Fig. 9-15. The Licosep 12-26 Simulated Moving
Bed pilot unit.
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return to their initial positions. A three-head membrane pump (Milroyal) is used for the
recycling flow. This pump is fixed in the system, between the last and the first columns.
Consequently, depending also on the injection and collection lines positions, the recy-
cling pump can be, successively, in zone IV, III, II or I, and its flow rate must be set
accordingly. Following the same notation used in the previous chapters, we define the
recycling flow rate as the flow rate occurring in section IV.

9.6.1 Separation of Bi-Naphthol Enantiomers

The separation of bi-naphthol enantiomers can be performed using a Pirkle-type sta-
tionary phase, the 3,5-dinitrobenzoyl phenylglycine covalently bonded to silica gel.
Eight columns (105 mm length) were packed with particle diameter of 25–40 µm.
The solvent is a 72:28 (v/v) heptane : isopropanol mixture. The feed concentration
is 2.9 g L–1 for each enantiomer. The adsorption equilibrium isotherms were deter-
mined by the Separex group and already reported in Equation (28) [33].

The operating conditions used in a SMB configuration 2-2-2-2 at 25 °C recycling
flow rate 35.38 mL min–1, feed 3.64 mL min–1, eluent 21.45 mL min–1, extract
17.98 mL min–1 and raffinate 7.11 mL min–1. The internal concentration profiles
were measured using the 6-port valve of the Licosep SMB pilot to withdraw samples
from the system. The samples were collected at each half-time period, and after 40
full cycles of continuous operation. The experimental performance parameters were
determined by analysis of the extract and raffinate samples collected during the
whole cycle 40 (cyclic steady-state). The better purity performance was obtained for
a switch time interval of t* = 2.87 min, corresponding to a solid flow rate in the TMB
of 11.65 mL min–1. For this value, purities as high as 94.5 % in the extract and
98.9 % in the raffinate were obtained with good recoveries. A productivity of 68 g
of racemic mixture processed per day and per liter of bed was achieved. The corre-
sponding solvent consumption, was 1.2 L g–1 racemic mixture.

The steady state TMB model was used to simulate the SMB operation by pre-
dicting its performance and its internal concentration profiles. Model parameters are
the solid/fluid ratio (1–ε)/ε = 1.5, Pe = 2000 and α = 34.44 corresponding to 
k = 0.1 s–1. The ratio between fluid and solid velocities in the TMB are: γI = 6.31,
γII = 4.00, γIII = 4.47, and γIV = 3.55. The predicted extract purity is 95.2 %; for the
raffinate the purity predicted is 99.1 %.

9.6.2 Separation of Chiral Epoxide Enantiomers

The second system studied was the separation of the chiral epoxide enantiomers
(1a,2,7,7a-tetrahydro-3-methoxynaphth-(2,3b)-oxirane; Sandoz Pharma) used as an
intermediate in the enantioselective synthesis of optically active drugs. The SMB has
been used to carry out this chiral separation [27, 34, 35]. The separation can be per-
formed using microcrystalline cellulose triacetate as stationary phase with an aver-
age particle diameter greater than 45 µm. The eluent used was pure methanol. A
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packing procedure proposed by Nicoud [36] was used to fill eight SMB columns.
The adsorbent bed was compacted until the column reached approximately 10 cm
length. The eight columns were tested with a nonretained compound (1,3,5-tri-tert.-
butylbenzene). Retention times are very reproducible, showing deviations smaller
than 2 % and the total porosity was found to be 0.67.

A breakthrough curve with the nonretained compound was carried out to estimate
the axial dispersion in the SMB column. A Peclet number of Pe = 1000 was found
by comparing experimental and simulated results from a model which includes axial
dispersion in the interparticle fluid phase, accumulation in both interparticle and intra-
particle fluid phases, and assuming that the average pore concentration is equal to the
bulk fluid concentration; this assumption is justified by the fact that the ratio of time
constant for pore diffusion and space time in the column is of the order of 10–4.

The competitive adsorption isotherms were determined experimentally for the
separation of chiral epoxide enantiomers at 25 °C by the adsorption-desorption
method [37]. A mass balance allows the knowledge of the concentration of each
component retained in the particle, q*

i, in equilibrium with the feed concentration, cF
i.

In fact q*
i includes both the adsorbed phase concentration and the concentration in the

fluid inside pores. This overall retained concentration q*
i is used to be consistent with

the models presented for the SMB simulations based on homogeneous particles. The
bed porosity was taken as ε = 0.4 since the total porosity was measured as εT = 0.67
and the particle porosity of microcrystalline cellulose triacetate is εP = 0.45 [38].
This procedure provides one point of the adsorption isotherm for each component
(cF

i, q*
i). The determination of the complete isotherm will require a set of experiments

using different feed concentrations. To support the measured isotherms, a dynamic
method of frontal chromatography is implemented based on the analysis of the
response curves to a step change in feed concentration (adsorption) followed by the
desorption of the column with pure eluent. It is well known that often the selectivity
factor decreases with the increase of the concentration of chiral species and there-
fore the linear + Langmuir competitive isotherm was used:

(35a)

(35b)

A pulse of a racemic mixture (5 g L–1 each enantiomer) was carried out to check
the adsorption model and to predict the mass transfer coefficient. The other model
parameters used in simulation were ε = 0.4 and Pe = 1000. The mass transfer coef-
ficient used to fit experimental and model predictions in the pulse experiment was 
k = 0.4 s–1. Model and experimental results are compared in Figs. 9-16 and 9-17.

Considering that the separation system is fully characterized, i.e., adsorbent and
mobile phases, column dimensions, SMB configuration and feed concentration, the
optimization of the TMB operating conditions consists in setting the liquid flow rates
in each section and also the solid flow rate. The resulting optimization problem with
five variables will be certainly tedious and difficult to implement. Fortunately, the 
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Fig. 9-16. Competitive adsorption isotherms: experimental (points) and model (lines) results.

Fig. 9-17. Chromatographic response to a feed pulse. Comparison between experimental (points) and
model (lines) results. (Pulse during 7.5 min; flow rate: 5 mL min–1.)

optimization problem can be simplified if we take into account the functions of the
different sections of a TMB system. Section I, located between the eluent and extract
nodes, must provide the complete regeneration of the adsorbent phase, so the solid
coming out this zone is recycled to section IV completely clean of the two compo-
nents. In other words, both components A and B must move upwards, following the
liquid phase. Because component B is the more retained species, we have to consider
only the constraint considering this component; i.e., if the constraint is fulfilled for
species B, the constraint considering the less retained component A will be always
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met. On the other hand, the liquid flow rate in section I is the highest flow rate in a
four-section TMB system. For practical purposes, this flow rate will be limited by
the system pressure-drop. Taking into account the maximum system pressure-drop
accepted and the constraint considering the more retained component in section I,
we can fix the liquid flow rate in this zone, as well as the switch time interval for the
SMB system (related to the TMB solid flow rate). We will consider that the maxi-
mum SMB liquid flow rate allowed is QI

* = 31.00 mL min–1.
The worst situation concerning the constraint in section I appears when dealing

with low concentrations of the two species because it leads to bigger retention times.
Since the function of section I is to regenerate completely the adsorbent phase, con-
centrations of both components at the beginning of this zone must be the lowest pos-
sible. Hence, the choice of the switch time interval must be made taking into account
the initial slope of the proposed isotherm. The linear retention time of a component
i in section j is given by the following equation:

(36)

where Ki is the initial slope of the isotherm for component i. Considering that the
SMB system under study is constituted by 9.9 cm (length) × 2.6 cm (diameter)
columns (Vc = 52.56 mL), ε = 0.4, KB = 1.35 + 7.32 × 0.163 = 2.543, and using the
maximum flow rate allowed in this SMB system, QI

* = 31.00 mL min–1, the retention
time of the more retained component in section I is tBI = 3.27 min. Hence, the switch
time interval for the SMB operation must be greater than the retention time of the more
retained component in section I, if we want to fulfill the constraint previously pre-
sented for this zone. The value chosen for the switch time interval was t* = 3.3 min,
which corresponds to a TMB solid flow rate of QS = 9.56 mL of solid per minute.

The function of section IV, located between the raffinate and eluent nodes, is to
regenerate the liquid phase, so that it can be recycled to section I as pure eluent. In
other words, both components A and B must move downwards, following the solid
phase. Because component A is the less-retained species, we have to consider only
the constraint considering this component; i.e., if the constraint is fulfilled for
species A, the constraint considering the more retained component B will be always
met.

The evaluation of the retention times in section IV and the choice of the liquid
flow rate for this zone (the recycling flow rate) are not straightforward as it was for
section I. The worst situation, concerning the constraint in section IV, appears when
dealing with nonlinear behavior because it leads to lower retention times, and we
must prevent the less-retained component reaching the end of this zone before the
jump of the inlet-outlet lines in the SMB operation. Since the switch time interval
was already chosen and, in a situation of an effective binary separation, the concen-
tration of the more retained component along the section IV is near zero, we suggest
the choice of the liquid flow rate in section IV by using the following equation:

(37)Q
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where ∆q*F
A/∆CF

A is the slope of the chord linking points (CF
A, q*F

A) and (0,0) with 
CB = 0. Considering that the feed concentration used is 5 g/L–1 of each species 
and ∆ q*F

A/∆CF
A = 1.35 + 7.32 × 0.087/(1 + 0.087 × 5) = 1.794, Equation (35) gives

Q*
IV = 23.51 mL min–1.
Following the procedure presented earlier, the γ values for sections I and IV 

were fixed, in such a way that constraints concerning these zones were fulfilled:
γI = 3.8657 and γIV = 2.6901. Since the liquid flow rates in sections I and IV are constants
in this study, the eluent flow rate is also constant and equal to QI

* – QIV = 7.49 mL min–1.
The original optimization problem with five variables was, by choosing the liquid

flow rate in section I by pressure-drop limitations and following Equations (35) and
(36) to evaluate the switch time interval and the recycling flow rate, reduced to a
two-variable optimization problem: the choice of liquid flow rates in the two central
sections. Table 9-5 summarizes the SMB operating conditions (and equivalent TMB
conditions) used in the design of the γIII–γII plot.

Table 9-5. Operating conditions and model parameters for the γIII – γII plot.

SMB: Equivalent TMB:

Column diameter: Dc = 2.6 cm
Column length: Lc = 9.9 cm Section length: Lj = 2 Lc = 19.8 cm
Configuration: 2-2-2-2
Bed porosity: ε = 0.4
Peclet number: Pe = 1000 Peclet number: Pej = 2 Pe = 2000
Feed concentration: 5.0 g L–1 each
Switch time interval: Solid flow rate:
t* = 3.3 min Qs = (1 – ε) Vc /t* = 9.56 mL min–1

Flow rate in section I:
Q*

I = 31 mL min–1 QI = Q*
I – Qsε /(1 – ε) = 24.63 mL min–1

γI = 3.8657
Flow rate in section IV:
Q*

IV = 23.51 mL min–1 QIV = Q*
IV – Qsε /(1 – ε) = 17.14 mL min–1

γIV = 2.6901

Figure 9-18 presents the separation region obtained for the chiral epoxide system.
Three regions are displayed: the region of complete separation obtained by the Equi-
librium Theory and the regions of almost complete separation (99.5 % pure extract
and raffinate) for the cases where the mass transfer coefficient is k = 1 and 
k = 0.4 s–1. The regions for these two last cases were obtained numerically by using
the steady state TMB model. The region of complete separation considering mass
transfer resistance negligible was evaluated following the equations presented by
Morbidelli and co-workers [24].

The case with k = 0.4 s–1 (open squares) is close to the situation where mass trans-
fer resistance is negligible. These differences are due to mass transfer resistances as
we can easily conclude by comparing the separation regions obtained for the cases
with k = 0.4 and k = 1 s–1. If mass transfer resistance is important, the region of com-
plete separation can be significantly reduced from the one obtained by the Equilib-
rium Theory. For example, for a mass transfer coefficient of k = 0.1 s–1, there is no
separation region where extract and raffinate are 99.5 % pure.
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Fig. 9-18. Separation regions in a γIII–γII plot: Equilibrium Theory (100 %, line), mass transfer
coefficient k = 1 s–1 (99.5 %, closed squares), k = 0.4 s–1 (99.5 %, open squares).

Following the model simulations, we carried out a set of experimental runs with
switch time interval t* = 3.30 min, and internal liquid flow rate Q*

I = 33.74 mL min–1.
The recycling flow rate was chosen according to our methodology as Q*

IV = 
21.38 mL min–1. Since the internal liquid flow rates in these sections are fixed, the
eluent flow rate is also fixed and equal to QE = Q*

I – Q*
IV = 12.36 mL min–1. A feed

flow rate of QF = 1.00 mL min–1 was used. The equivalent TMB operating condi-
tions are QI = 27.37 mL min–1 (γI = 4.2957) and QIV = 15.01 mL min–1 (γI = 2.3558).
To complete the choice of the SMB operating conditions we must choose the extract
and raffinate flow rates. The steady state TMB package was used to evaluate the
SMB performance as a function of the extract flow rate. A complete separation of
both enantiomers (purities at least 99.9 %) can be obtained in a range of extract flow
rates between QX = 8.36 and QX = 8.95 mL min–1.

A run was carried out with an extract flow rate of QX = 8.64 mL min–1 (and a 
raffinate flow rate of QR = 4.72 mL min–1). Raffinate purity close to 100 % (PUR =
99.6 %) was obtained, but the extract purity was lower (PUX = 97.5 %). The inter-
nal concentration profiles were evaluated at cyclic steady state (after 20 full cycles
of continuous operation). Also evaluated were the average concentrations of both
species in both extract and raffinate during a full cycle.

The steady state TMB package was used to compare the theoretical and experi-
mental internal concentration profiles in Fig. 9-19. Figure 9-20 shows the transient
evolution on the concentration of both species in the raffinate. Average concentra-
tions over a full cycle were evaluated experimentally for cycles 3, 6, 9, 12, 15, and
18. Also shown are the corresponding SMB model predictions. The agreement
between them is good and the cyclic steady-state, in terms of raffinate concentra-
tions, is obtained after 10 full cycles.
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Fig. 9-19. Internal concentration profiles: experimental (points) and simulated (lines) results. Squares
and full lines for component A; triangles and dashed lines for B species.

Fig. 9-20. Transient evolution of the concentration of both species in the raffinate. Points are experi-
mental results; lines are SMB model predictions (average concentrations over each cycle).
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9.7 Conclusions

SMB technology is now a mature technology adopted by pharmaceutical industry.
The existence of an organized body of knowledge [39, 40] was helpful in optimiz-
ing SMB systems and making them acceptable by the industry. The future will
require dynamic simulation for systems with small number of columns, e.g., config-
urations of the type 1-2-2-1 as encountered in some cases and also in view of pro-
cess control to improve process performance.
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10.1 Introduction

10.1.1 FDA as the Driving Force: Enantiopure Drugs and Compliance

In May 1992, the U.S. Food and Drug Administration (FDA) issued a policy state-
ment for the development of stereoisomeric drugs [1]. The statement focused on the
study and pharmaceutical development of single enantiomers (enantiopure) and
racemic drugs. The policy stated: “Now that technological advances (large scale chi-
ral separation procedures or asymmetric syntheses) permit production of many sin-
gle enantiomers on a commercial scale, it is appropriate to consider what FDA’s pol-
icy with respect to stereoisomeric mixture should be”. Furthermore, the manufac-
turer should develop quantitative assays for stereoisomeric drugs in the early stages
of drug development to assess the efficacy of the drug. The message from the FDA
was clear and urged the pharmaceutical industry to evaluate enantiopure drugs
alongside racemic drugs as new candidates for the future [2, 3]. Consequently,
worldwide scientific and regulatory agencies (European Union, Canada, and Japan)
soon released guidelines for the development and manufacture of enantiopure drugs
[4–7].

It was apparent that the FDA recognized the ability of the pharmaceutical indus-
try to develop chiral assays. With the advent of chiral stationary phases (CSPs) in the
early 1980s [8, 9], the tools required to resolve enantiomers were entrenched, thus
enabling the researcher the ability to quantify, characterize, and identify stereoiso-
mers. Given these tools, the researcher can assess the pharmacology or toxicology
and pharmacokinetic properties of enantiopure drugs for potential interconversion,
absorption, distribution, and excretion of the individual enantiomers.

Despite widespread adherence to the 1992 guidelines, the FDA soon toughened
its stance in January 1997 by first proposing and then removing the drug Seldane
(terfenadine), manufactured by Hoechst Marion Roussel [10–12]. The rule change
by the FDA regarding extended market exclusivity and new chemical entities were
based on pharmacological data, and resulted in a new interpretation of fixed combi-
nation dosages. The example of Seldane was due to the rapid metabolism of terfe-
nadine to a pharmacologically active carboxylic acid metabolite (fexofenadine) and
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the inhibition of terfenadine metabolism by drugs such as ketoconazole [13, 14]. The
result was later associated with significant toxicity [15].

In November 1997, the Department of Health and Human Services along with the
International Conference on Harmonisation (ICH) released a draft guidance for the
selection of test procedures, which included chiral drugs. For the development of an
enantiopure drug substance, acceptable criteria shall include, if possible, an enan-
tioselective assay. This assay should be part of the specification for the identification
of an enantiopure drug substance and related enantioenriched impurities [16].

These and other FDA policy decisions launched the pharmaceutical industry and
academia into a new era of developing stereoselective processes for the manufacture
of enantiopure active pharmaceutical ingredients (APIs).

10.1.1.1 Market Exclusivity: Newly Approved Drug Substances

The FDA had originally argued that the individual enantiomers for a previously
approved racemic drug should not be considered as a new chemical entity. In Jan-
uary 1997, following the proposal to remove Seldane, the FDA asked for public
comment on their proposal to grant 5-year marketing exclusivity to developers of
single-enantiomers of previously approved racemic drugs [17]. This would be a
change from FDA’s policy of treating chiral switches as a mere reformulation of
existing approved drugs, and therefore, entitled to only 3-year marketing exclusivity.

New drug applications (NDA) as defined in the Code of Federal Regulations
(CFR), was revised as of April 1, l998, by the FDA for approval to market a new drug
or an antibiotic drug [18]. The FDA’s final ruling defines new drug product exclu-
sivity for a drug product containing a new chemical entity that was approved after
September 24, 1984. The same active moiety cannot be resubmitted as a new chem-
ical entity for a period of 5 years from the date of approval of the first NDA [19].

These policy decisions by the FDA were the driving force for chiral switches and
the commercial development of chromatographic processes such as simulated mov-
ing bed (SMB) technology. Due to technological advances such as SMB and the
commercial availability of CSPs in bulk quantities for process-scale purification of
enantiopure drugs, the production of many single enantiomers now exists on a com-
mercial scale.

10.1.1.2 Fixed-Combination Dosage: Enantiopure Drug Substances

The FDA’s perspective with respect to the manufacturing of enantiopure drugs has
raised several issues. One issue is the acceptable control of a stereoselective synthe-
sis or purification of enantiopure drugs where discrepancy in pharmacological and
toxicological assessment during clinical evaluation is due to enantioenrichment of
one enantiomer in the presence of another. Other issues are when the properties of
enantiopure drugs have revealed instances in which both enantiomers exhibited sim-
ilar pharmacological activities, while others represented a combined pharmacologi-
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cal effect. The pharmacologically different properties, which may occur due to in
vivo interconversion during drug absorption, gave rise to the FDA policy [20].

The FDA’s policy regarding fixed-combination dosage where the racemic drug is
used with a combination of different stereoisomeric forms defines that two or more
drugs may be combined into a single dosage form only when each component con-
tributes. The claimed effects of the combined drug and the dosage of each should be
deemed as a safe combination and effective. An interpretation of the FDA’s policy
forewarns pharmaceutical companies that develop or manufactures enantiopure
drugs. Unless the “component or components” represent a fixed dose combination,
parallel studies for the racemate and the resulting enantiopure drug should be imple-
mented to ensure compliance.

Although in many cases an enantiopure drug can be safer than the racemate, the
advantages are clear. The final formulation of the drug product could be reduced in-
half, potential side effects could be minimized, and the resulting pharmokinetic and
pharmacodynamic studies could clearly determine the efficacy of the active phar-
maceutical ingredient (API) [21].

Due to FDA policies, this was a pivotal point for the pharmaceutical industry and
established the onslaught of mergers for the development of enantiopure drugs.

10.1.1.3 Pharmaceutical Industry: Mergers

Pharmaceutical manufacturers began to develop technologies either to resolve or
selectively synthesize enantiopure drugs. The justification was that the active enan-
tiopure drug would prove to be more efficacious, and this would allow drug compa-
nies to extend expiring originator patents.

Merger and acquisition activity is heating up in the fine chemicals and pharma-
ceutical intermediates arena as many companies seek to acquire cGMP facilities.
They are targeting this high-margin business, a result of increasing outsourcing of
the production of intermediates by large pharmaceutical companies. The emergence
of “virtual” pharmaceutical companies is also driving demand for fine chemicals.
These small companies have no other option but to outsource production, since they
have no manufacturing facilities of their own.

With the combined lure of high-margin business and attractive growth prospects,
chemical companies of all types and sizes are actively seeking acquisitions. Major
firms have been very aggressively acquiring or setting up alliances.

As markets for enantiopure drugs continue to develop, the pharmaceutical indus-
try, fine chemical companies, and academic chemists are prospecting for new enan-
tioselective technologies to produce them.
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10.2 Chromatographic processes

10.2.1 SMB: Comparisons to Batch Chromatography

The purification of “value-added” pharmaceuticals in the past required multiple
chromatographic steps for batch purification processes. The design and optimization
of these processes were often cumbersome and the operations were fundamentally
complex. Individual batch processes requires optimization between chromato-
graphic efficiency and enantioselectivity, which results in major economic ramifica-
tions. An additional problem was the extremely short time for development of the
purification process. Commercial constraints demand that the time interval between
non-optimized laboratory bench purification and the first process-scale production
for clinical trials are kept to a minimum. Therefore, rapid process design and opti-
mization methods based on computer aided simulation of an SMB process will assist
at this stage.

Chromatography is a separation technique widely adopted not only at the analyt-
ical scale, but also at the preparative and large industrial scale. In this framework,
SMB technology is an established technique for continuous chromatographic manu-
facture of enantiopure drugs and other pharmaceuticals. Although SMB units are rel-
atively complicated, engineering issues at the scale of pharmaceutical production of
enantiopure drugs are well understood.

There are many advantages of the SMB technology compared to batch prepara-
tive chromatography. The process is continuous and the solvent requirement is min-
imal compared to batch. In SMB, the whole stationary phase is used for the separa-
tion while in batch chromatography only a small part of the column is involved in
the separation. This allows optimization of productivity with respect to the station-
ary phase.

At the current time, there is considerable interest in the preparative applications
of liquid chromatography. In order to enhance the chromatographic process, atten-
tion is now focused on the choice of the operating mode [22]. SMB offers an alter-
native to classical processes (batch elution chromatography) in order to minimize
solvent consumption and to maximize productivity where expensive stationary
phases are used.

SMB technology was introduced in the late 1950s [23] and has mainly been
applied to large-scale productions in the petrochemical and sugar industries [24].
SMB is recognized as a very efficient technology, but was ignored by the pharma-
ceutical and fine chemical industries mainly for patent reasons and complexity of
concept.

In 1993, shortly after the FDA announced their first policy statement on enan-
tiopure drugs, separations of pharmaceutical compounds were performed using
SMB technology [25, 26]. Other applications now include fine chemistry, cosmetics,
and perfume industry [27].
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10.2.2 Illustrations of SMB Processes

The concept of using continuous chromatography for the separation of stereoisomers
or “optical isomers” is very old and was probably proposed for the first time by Mar-
tin and Kuhn in 1941 [28]. The suggested implementation was different from today’s
SMB technology, though the basic concept is the same. The chromatographic media
is moved continuously in a conveyor belt, the feed is injected continuously at a fixed
point, and the pure enantiomers are recovered at fixed points. In the idea of Martin
and Kuhn, benefits were taken from the possibility of modulating the adsorption of
the products at different temperatures.

Hotier and Balannec published one of the first real proposals to use SMB as a pro-
duction tool for the pharmaceutical industry, and thus to scale down a process
already used on a production scale [29]. The first commercially available plant
(Licosep) SMB system was offered by Separex in 1991 and was exhibited for the
first time in June 1991 during the Achema Exhibition. The system consisted of 24
stainless steel columns with adjustable lengths between a few centimeters up to
almost 1 meter, HPLC pumps, and mulitpositional valves. To improve the robustness
of the system, a rotary valve replaced two-way valves and the pumps were modified.

Early scientific publications detailed experimental results for the enantiosepara-
tion of phenyl-ethyl alcohol [30] and on threonine [31]. Sandoz released the first
announcement for the development and use of SMB on an industrial scale [32], this
separation has been described by Nicoud et al., 1993 [25].

Following these announcements, the first wave of publications addressing the use
of SMB for the manufacture of pharmaceutical products of interest was published.
The separation of a chiral hetrazepine [26], WEB 2170 6-(2-chlorophenyl)-8-9-di-
hydro-1-methyl-8-[(morpholinyl)-carbonyl]-4H,7H-cyclopenta[4,5]-thieno[3,2-
f][1,2,4]triazolo[4,3-a][l,4]diazepine. WEB 2170 is a chiral hetrazepine from
Boehringer-Ingelheim. The enantioseparation of WEB 2170 was performed using
cellulose triacetate (CTA) from Merck (Darmstadt) as the CSP and with pure
methanol as eluent.

A precursor in the synthesis of a promising calcium sensitizing agent from E.
Merck [33], a chiral thiadiazin-2-one EMD 53986, 3,6-Dihydro-5-[1,2,3,4-tetrahy-
dro-6-quinolyl]-6-methyl-2H-1,3,4-thiadiazin-2-one [26]. The study was performed
using Celluspher®, a CSP prepared from cellulose tri(p-methylbenzoate) according
to a patent from Ciba-Geigy [34]. The spherical particles had a mean particle diam-
eter of 20–43 µm and the mobile phase was pure methanol.

Other examples of enantioseparations include the separation of the antihelmintic
drug, prazinquatel [35], which used a 4-column SMB system composed of columns
of 12.5 mm i.d. packed with CTA and with methanol as the eluent. Ikeda and Murata
separated the enantiomers of β-blockers [36].

A second wave of publications describes SMB in simplistic terms, while integrat-
ing economical calculations [37–40]. Moreover, some users (researchers in pharma-
ceutical companies) disclosed the design and applications of SMB in their own lab-
oratories [41–45].
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The first modeling software which allowed for the optimization of nonlinear sep-
arations by SMB was presented in the early 1990s [46]. Today, numerous publica-
tions from academia allows one to have a better understanding of the SMB system
[47–51]. Industry now has the practical tools for modeling SMB for quick and effi-
cient process optimization [41, 52].

The Novasep team in 1994, successfully resolved 2 kg of racemic binaphthol per day
on a Pirkle-Type 3,5-DNBPG CSP (Merck KGaA, Germany) using a Licosep 8-200
SMB system (Summary report on the BRITE-EURAM project BRE2-CT92-0337).

10.3 SMB as a Development Tool

10.3.1 Basic Principles and Technical Aspects

In opposition to the “usual” (elution) chromatography, SMB is a continuous process,
and is thus much more adapted to large-scale production. Moreover, SMB is based
on a countercurrent contact between the liquid and the adsorbent, which leads to
lower eluent consumption.

The easiest way to understand the SMB concept is to consider a true moving bed
(TMB) as described in Figure 10.1, in which a countercurrent contact is promoted
between the solid and liquid phases. The solid phase moves down the column due to
gravity and exits the system in Zone I. The liquid (eluent) stream follows exactly the
opposite direction. It is recycled from Zone IV to Zone I. The feed, containing
components A and B are injected at the middle of the column, and the fresh eluent
is replenished in Zone I.
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Figure 10.1. True moving bed (TMB): two equivalent representations.
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The affinity of A and B for the solid phase are different, B is more retained than
A. Thus, it is possible to choose flowrates in order to make A move upward and B
to move downward, leading to a spatial separation. This system requires inlet lines
for the feed and eluent and outlet lines for the raffinate A and extract B.

The classical moving bed is made of four different zones in which different con-
straints must be fulfilled [53].

� Zone 1: between the eluent make-up and the extract points where the more
retained product (B) must be completely desorbed.

� Zone II: between the extract and the feed points where the less-retained product
(A) must be completely desorbed.

� Zone III: between the feed and the raffinate points where the more retained prod-
uct (B) must be completely adsorbed.

� Zone IV: between the raffinate and the eluent make-up points where the less-
retained product (A) must be completely adsorbed.

All the internal flowrates are related to the inlet/outlet flowrates by simple mass
balances:

(1)

In addition, the inlet/outlet flowrates are related by:

(2)

In fact, it is extremely difficult to operate a TMB because it involves circulation
of a solid adsorbent. Thus, the concept must be implemented in a different way
where the benefit of a true countercurrent operation can be achieved by using sev-
eral fixed-bed columns in series with an appropriate shift of the injection and col-
lection points between the columns. This is the SMB implementation as presented in
Fig. 10.2.

In this mode, the solid is no longer moving. The shifting of the inlet and outlet
lines only simulates solid flow, and the solid flowrate downward is directly linked to
the shift period. Proper selection of flowrates is required to stabilize the different
fronts of species A and B in the proper zones. The adequate choice of the flowrates
requires a minimum knowledge of the physico-chemical properties of the system.
The influence of adsorption isotherms and plate numbers is simulated by the software.

A SMB, whatever the number of zones, consist of 4 to 24 columns with 3 to 5
pumps and a number of valves, which allow the columns to be connected to differ-
ent lines. Further discussions are restricted to the classical 4-zone SMB. There are
different ways to connect columns in order to build a SMB. An important option is
linked to the presence or absence of a recycling pump in order to build a SMB. The
examples are shown in Fig. 10.3.

As shown in Fig. 10.3a, the most classical way is to use a recycling pump that is
located between two columns (for instance 12 and 1). The recycling pump, which is

Q Q Q QExt Raff Feed El+ = +

Q Q Q Q Q Q

Q Q Q Q Q Q

II I Ext III II Feed

IV III Raff I IV El

= − = +

= − = +
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fixed with respect to the columns moves with respect to the zones and is alternatively
located in Zone IV, III, II and I. As the flowrates in the different zones are different,
the pump flowrate varies from cycle to cycle. It should be pointed out that this con-
straint is perfectly mastered and that this design is relatively simple and is used with
small differences on all the large-scale units.

A more serious limit to this implementation is due to the volume of the recycling
pump and associated equipment such as flowmeters and pressure sensors. As the
pump moves with respect to the zones, its volume leads to a dead volume dissym-
metry, which can lead to a decrease extract and raffinate purities. This decrease can
be significant for SMB with short columns and/or compounds with low retention.
However, it can be easily overcome by using a shorter column or asynchronous shift
of the inlets/outlets [54, 55]. This last solution is extremely efficient and does not
induce extra costs because it is a purely software solution.

In a different implementation (Fig. 10.3b), the recycling pump is fixed with
respect to the zones. It is always located between zones IV and I where no solutes
are present. In order to implement this idea, additional valves are needed, which
makes the system more complex than the previous one. Its main interest is found
when physical modulation is used, as in the supercritical fluid SMB, for which it can
be shown that a great interest could be taken from a higher pressure in zone I [56].
The only way to obtain this result is to maintain the recycling pump immediately
before zone I.

As illustrated in Fig. 10.3c, a final solution is to use the eluent pump instead of
the recycling pump. This implementation may enable the setup to be simplified, but
more valves are required than option a), and a drawback is that one outlet must be
recycled to the eluent tank.

Whichever, the retained design (type a, b, or c), there are always different options
to control the outlet flowrates. A pump, analog valve, and flowmeter or pressure
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c)

Figure 10.3 Recycling options in SMB systems. a) Recycling pump fixed with respect to the columns.
b) Recycling pump fixed with respect to the zones (between Zone IV and Zone I). c) No recycling
pump.



control can all be used to control outlet flow rates. Our experience led us to the
design of a system using a recycling pump, which is fixed with respect to the
columns as shown in Fig. 10.3a (reliability, minimum number of valves). To use
pumps instead of valves to deliver the flowrates, and to counterbalance the effect of
the recycling pump by the use of an asynchronic shift of the inlet/outlet lines.

10.3.2 Operating Conditions

The steps when designing a SMB which would allow one to process a given amount
of feed per unit time have been described in detail [46, 57]. The procedure described
was based on modeling of nonlinear chromatography. The procedure is rigorous,
versatile and mainly requires the determination of competitive adsorption isotherms.
If the adequate tools and methods are used, the procedure is not tedious and requires
less work than is sometimes claimed. The procedure is briefly described below.

10.3.2.1 Step A: Acquisition of Relevant Physico-Chemical Parameters

In order to determine rigorously the process parameters, a few relevant parameters
are to be experimentally determined on a laboratory scale column.

Equilibrium adsorption isotherms: It would be impossible to design a distilla-
tion unit without knowledge of the boiling points and liquid-vapor equilibrium. Sim-
ilarly, the calculation of chromatographic processes requires the knowledge of the
partition of the solutes between the liquid and the solid phases at a given temperature
at equilibrium (adsorption isotherm). In the case of a multicomponent mixture, there
is usually a competition between the various compounds for the accession to the
adsorption sites. Consequently, the concentration of a given species on the station-
ary phase C

–
i; does not only depend on Ci but on all liquid phase concentrations. Each

adsorption isotherm is a relation of the following type:

(3)

The adsorption isotherm becomes linear at low concentrations1:

(4)

The knowledge of these adsorption isotherms allows quantification of the respec-
tive affinity for the stationary phase with respect to the different solutes. Many dif-
ferent isotherm equations have been described in the literature, and experimental
methods allowing their determination are reviewed by [58]. As a first approximation,
modified competitive Langmuir isotherms can often he used:

C K Ci i i= ⋅

C f C Ci i= …( )1 2, ,
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1 Note that the initial slope of the adsorption isotherm can be easily obtained from the knowledge of the retention time

associated to a small injection performed on a column, as this retention time is given by: tR = to ·                    where

t0 = ε ·V/Q is the “zero-retention time” based on the external bed porosity ε (commonly, ε is about 0.36–0.4).

1 1+ − ⋅





ε
ε

K



(5)

Using this model, the initial slopes of the adsorption isotherms are given by:

If adsorption data are not available and/or if a quick evaluation is required, the
parameters of the isotherms can be set to:

� λ is set to about 0.5 (internal porosity)
� K

–
A and K

–
B derived from the knowledge analytical retention times1

� N
–

, the saturation capacity, taken in the range:
� 100–300 g L–1 in the case of silica
� 50–200 g L–1 in the case of C18 or related stationary phases.
� 25–50 g L–1 in the case of bulk polymeric chiral phases.
� 10–20 g L–1 in the case of silica-based chiral stationary phases (cellulosic,

amylosic)
� 1–5 g L–1 for other silica-based chiral stationary phases

Column efficiency (number of theoretical plates): As in batch chromatography,
one needs to determine the efficiency of the column in order to evaluate the disper-
sion of the fronts due to hydrodynamics dispersion or kinetics limitations. The rela-
tionship of N proportional to L can be expressed in terms of the equation for height
equivalent to a theoretical plate (HETP) as:

(6)

where L is the column length and N is the number of theoretical plates.

HETP can be related to the experimental parameters through the Van Deemter
[59] or Knox [60] equations. It is possible to describe the dependence of H on u since
H is a function of the interstitial mobile phase velocity u. In the case of preparative
chromatography, where relatively high velocities are used, these equations can very
often be simplified into a linear relation [61, 62].

H = a + b · u (7)

Parameters a and b are related to the diffusion coefficient of solutes in the mobile
phase, bed porosity, and mass transfer coefficients. They can be determined from the
knowledge of two chromatograms obtained at different velocities. If H is unknown,
b can be estimated as 3 to 5 times of the mean particle size, where a is highly depen-
dent on the packing and solutes. Then, the parameters can be derived from a single
analytical chromatogram.

H = L
N
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Estimation of the pressure-drop: The system is designed to work within a given
pressure limit; thus, one needs a relation giving the pressure-drop in the column (per
unit length). Darcy’s law gives the relation of ∆P/L versus the mobile phase veloc-
ity u. However, the Kozeny-Carman equation is best adapted for laminar flows as
described:

(8)

where hk is the Kozeny coefficient (close to 4.5), µ is the eluent viscosity, and u
is the linear velocity.

10.3.2.2 Step B: Calculation of TMB

For given feed composition, eluent, and stationary phase, the flowrates of a TMB to
allow processing a given flowrate of feed are calculated based on the knowledge of
the adsorption isotherms.

Optimum flowrates, resulting in high productivity and low eluent consumption,
are estimated first for an “ideal system”, which means that kinetic and hydrodynamic
dispersive effects are assumed to be negligible [46]. This procedure has recently
been improved [57].

In order to present the results in a normalized form, it is convenient to define the
reduced flowrates as:

(9)

where Qi are the flowrates in zone i and Q
–

is the solid flow rate.

Linear case: This case is met when the adsorption isotherm is considered linear,
which means operation under diluted conditions. Taking into account the saturation
capacities of the CSP, this behavior is usually met for concentrations around or
below 1 g L–1 for separation of enantiomers.

A more general criterion for linearity can be derived noting that the denominator
of the Langmuirian adsorption isotherms must approach 1, and consequently:

(10)

Assuming a linear behavior, the conditions that have to be fulfilled by the differ-
ent flowrates can be shown to be:

(11)
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It is convenient to define a parameter γ ≥ 1 and to replace Equation (11) by:

(12)

γ can be considered as a safety factor, if it is equal to 1, the system works at its opti-
mum productivity, but it will be very sensitive to any deviation regarding the
flowrates. If it is greater than 1, the system is less efficient in term of specific pro-
ductivity or eluent consumption, but it is less sensitive to possible perturbations.

Taking into account Equation (12) and the definition of the normalized flow rates,
one can derive:

(13)

As the feed flowrate is known, all the TMB flowrates are calculated from Equation
(13), for a given γ value. From Equation (13), it follows that γ must fall in this range:

(14)

There are no general rules allowing selection of the correct γ value. The correct
selection is a result of technico-economical optimization; however, for a first guess
γ can be set to γ = 1.02.

At this point, all the flowrates are known and only the total number of plates
required has to be estimated. This estimation is determined by numerical simulation.
Experience shows that SMB equivalent to 500 plates solves almost all problems.

Nonlinear case: The calculation of the flowrates is much more complex, and it is
beyond the scope of this chapter to present it in detail. However, as a useful tool, Mor-
bidelli and coworkers [48–50, 63], applied the solutions to the equations of the equi-
librium theory (when all the dispersion phenomena are neglected) to a four-zone TMB.

The solutions are explicit for mI and mIV

(15)
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As illustrated in Figure 10.4, the conditions on mII and mIII are independent of
those on mI and mIV and can be visualized in the (mII, mIII) plane.

Figure 10.4. Complete triangular separation region.

The optimum of the complete triangular separation region (maximizing produc-
tivity and minimizing eluent consumption) is the point w corresponding to:2

(17)

(18)

where ωG > ωF > 0 are the square roots of equation (19):

(19)

The above conditions are not robust because they are at the limit of the complete
separation zone. The equilibrium theory neglects the dispersion phenomena and
therefore the purity obtained under these flowrate conditions would be less than
100 % on a TMB system. Complex simulation software, which takes into account
the dispersion phenomena, gives a more robust system with higher purities [57].
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2  It has been shown recently [57] that this assertion is in fact wrong for the productivity. However, the solution is
quite close to the optimum.



The total number of plates (N) required can easily be obtained based on the
knowledge of the selectivity αB/A = KB/KA: about 100 plates are required for large
selectivities (greater than 2) and abut 600 plates are required for small selectivities
(about 1.1–1.2). Typical values of 200–400 plates allow high purity with significant
productivity for intermediate selectivity.

10.3.2.3 Step C: Calculation of SMB

Using SMB flowrates simply derived from those of the TMB, the SMB behavior is
simulated according to the number of columns and equivalent number of plates per
column. The SMB raffinate, extract, and eluent flowrates are identical to those of the
TMB feed. The SMB recycling flowrate QR (zone I) is given by:

(20)

Moreover, the shift period is derived from:

(21)

where Vcol is the volume of a single column.

All of the flow rates as well as the shift period are known. The remaining param-
eters to be determined are:

� Number of columns: the number of columns and equivalent number of plates per
column are determined in order to obtain the expected purities and yield. For a
first estimation, choose total number of 8 columns, that is to say 2 columns per
zone, and use the number plates proposed in the TMB calculation.

� Column length and diameter: these are set according to the minimum number
of plates required and the maximum acceptable pressure-drop, and calculated by
taking into account the constraints given by the Van Deemter and Darcy’s laws.

10.4 Example of process design

10.4.1 Manufacture of Enantiopure Drug Substances

In order to illustrate an example of process design for the manufacture of enantio-
pure drug substances on an industrial SMB system, consider manufacturing 10 ton/
year of an enantiopure drug. The racemic drug by definition is a 50:50 mixture of
each enantiomer (products A and B). The goal is to process enantiopure drug sub-
stances in order to obtain 99 % purity for both the extract and the raffinate.

∆T
V

Q
col= − ⋅( )1 ε

Q Q QR l= +
−

⋅ε
ε1
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Two different feed concentrations or streams are possible to illustrate this exam-
ple:

� Feed stream a: contains a total concentration of 1 g L–1

� Feed stream b: contains a total concentration of 10 g L–1

The issue is to design an industrial SMB system capable of processing these two
feed streams, and to compare them in order to select the most adapted solution. The
working pressure should not exceed 10 bar.

10.4.1.1 Gathering Physico-Chemical Parameters

Figure 10.5 shows two analytical injections of a racemic mixture on an analytical
column (V = 4.15 mL (i.e. 250 × 4.6 mm); Q = 1 mL min–1 and 2 mL min–1).
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Figure 10.5. Chromatograms obtained from an analytical injection.

Q = 1 mL min–1

Q = 2 mL min–1



At a flow rate of 1 ml min–1, the zero retention time on the analytical column is:

The retention times of the two products being tR(A) = 6.9 min and tR(B) = 9.5 min
(Fig. 10.5), one obtains:

Note that knowledge of the initial slopes of the adsorption isotherms gives some
constraint to be fullfilled between parameters λ, N, and K

–
. In order to fit the adsorp-

tion isotherms, frontal analysis has performed with the pure components at 1, 25, 50,
75 and 100 g L–1 on the analytical column at 1 ml min–1.

Results (breakthrough times) are given in Table 10.1.

Table 10.1 Retention times associated with breakthrough curves (A and B injected separately).

Concentration Retention time front A Retention time front B
(g L–1) (min) (min)

1 6.9 9.5
25 6.2 7.5
50 5.7 6.5
75 5.3 5.9

100 5.1 5.5

The retention times obtained at a concentration of 1 g L–1 are identical to the ana-
lytical retention times. Therefore, system behavior is linear at concentrations below
1 g L–1. When the concentration increases, the retention decreases, which are con-
sistent with a Langmuir-type behavior.

It has been shown that retention times obtained by breakthrough curves for single
component solutions is given by [58]:

(22)

C
–

: concentration on the solid phase in equilibrium with the feed concentration.

Knowing the experimental retention times, the previous equation allows the calcula-
tion of “experimental” concentration on the solid phase. Parameters of adsorption iso-
therms, can then be determined by fitting experimental and calculated concentrations.

t t
C feed
C feedR = + − ⋅





0 1 1 ε
ε

( )
( )

K
t A t

t

K
t B t

t

A
R

B
R

= − ⋅
−

= − ⋅
−

=

= − ⋅
−

= − ⋅
−

=

( )

( )

0

0

0

0

1
6 9 1 66

1 66
0 4

1 0 4
2 1

1
9 5 1 66

1 66
0 4

1 0 4
3 15

ε
ε

ε
ε

. .
.

.
.

.

. .
.

.
.

.

t V
Q0

0 4 4 15
1

1 66= ⋅ = ⋅ =ε . . . min

10.4 Example of process design 269



Correlation between experimental and calculated concentrations is obtained using
a modified Langmuir adsorption isotherm with the following parameters:

In Table 10.2, this correlation is shown, comparing solid phase concentration cal-
culated from the retention times of the fronts, and using the adsorption isotherm
equation.

Table 10.2 Correlation: experimental and calculated concentrations in solid phase

Concentration (g L–1) tR (A) tR (B) C
–

A (exp.) C
–

B (exp.) C
–

A (Theoret.) C
–

B (Theoret.)

1 6.9 9.5 2.10 3.15 2.08 3.10
25 6.2 7.5 45.5 58.6 45.0 58.6
50 5.7 6.5 81.1 97.1 80.4 97.2
75 5.3 5.9 109.6 127.7 110.6 127.7

100 5.1 5.5 138.1 154.2 137.7 154.2

The Van Deemter curve (HETP vs fluid velocity) is estimated from the two ana-
lytical chromatograms. At a flow rate of 1 ml min–1, the liquid velocity is 0.001 m
s–1 the number of theoretical plates associated to the second peak is about 250. The
efficiency at 2 mL min–1 drops to 150.

The Van Deemter curve is represented by:

(23)

L in m u in m/s

For accurate determination of pressure drop, the flowrate is measured at 20 ml
min–1. A pressure drop of 5.5 bar was measured, allowing Darcy’s law to be
expressed as:

(24)

L in m u in m/s ∆P in bar

10.4.1.2 SMB: Linear Conditions

Calculation of TMB flowrates: To calculate TMB flowrates, linear behavior of the
adsorption isotherms for a feed concentration of 1 g L–1 is assessed. To check this
point, we will use the criterion given in Equation (10).

At a feed concentration of 1 g L–1 which means that CF
A = CF

B = 0.5, the criterion
K̃A · CF

A + K̃B · CF
B ≤ 0.1 equals approximately 0.02, and the system behaves linearly.
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Equation 13 is used to calculate the SMB flow rates. To ensure a throughput of 10
tons/year of the racemic mixture we need a feed flow rate of 1250 L h–1. The γ value
must fulfill 1 ^ γ ^ 1.22 with our recommended value of 1.02.

The reduced flow rates given by Equation (12) are thus:

mI = 3.213 mII = 2.142 mIII = 3.088 mIV =2.059

leading to the following internal flow rates for the TMB:

Q
–

= 1321 l h–1

QI = 4244 l h–1 QII = 2829 l h–1 QIII = 4079 l h–1 QIV = 2719 l h–1

The inlet-outlet flow rates are then given by:

Qext = 1415 l h–1 QFeed = 1250 l h–1 QRaf = 1360 l h–1

Calculation of the SMB flowrates: The flow rate in each zone of a TMB is
related to the flow rate of a SMB by Equation (20):

Consequently, one obtains for the SMB:

QI = 5125 l h–1 QII = 3710 l h–1 QIII = 4960 l h–1 QIV = 3600 l h–1

the mean value of the flow rates in the different zone is thus approximately Qmean =
4350 l h–1.

Calculation of the SMB system: The SMB system requires between 200 and 400
theoretical plates for an enantioselectivity of 1.5. The working system pressure is
10 bar. With the equations for the HETP and the pressure-drop, we have two equa-
tions for two unknowns.

To solve the total column length for the SMB system, one eliminates the fluid
velocity:
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The total column length is:
L = 1.43 m (8 columns of 18 cm length)

The velocity is then:
u = 0.0064 m s–1

The column diameter is then determined using the mean flow rate in the SMB.

and Equation (21) gives the shift period: ∆T = 0.92 min.

Using simulation software (essentially solving the mass balance equation in the
transitory regime), one can show that the internal profiles of the products in the sys-
tem are given by the profiles presented in Figure 10.6. Samples were taken between
columns at half periods.

Figure 10.6. Internal profile (simulated) obtained for the separation under linear conditions.

This simulation shows that the purity of the raffinate collected over a complete
cycle is about 97.0 % and the extract is about 98.5 %. These results are close to the
target and adequate purity can be reached with minor changes in flowrates. Further
details will be given in the next section.
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10.4.1.3 SMB: Nonlinear Conditions

Calculation of the SMB flowrates: The criterion K̃A · CF
A + K̃B · CF

B ≤ 0.1 (Equation 10)
equaling now approximately 0.22, the system is operating under nonlinear adsorp-
tion isotherm conditions.

Conditions of nonlinear chromatography prevail, and the set of Equations (15–19)
leads to the following optimum reduced flowrates:

ωG = 2.2116 ωF = 1.2785
mI = 3.14 mII = 1.988 mIII = 2.831 mIV = 2.022

and the region of complete separation is given in Figure 10.7.

Figure 10.7. Zone of complete separation according to the equilibrium theory.

Knowing that the feed flow rate should equal Qfeed = 125 l h–1, one can estimate
the required solid flow rate: Q

–
= QFeed/(mIII–mII) = 149 l h–1 leading to all the inter-

nal flow rates:

QI = 466 l h–1 Qu = 295 l h–1 Qm = 420 l h–1 QIV = 300 l h–1

Calculation of SMB flowrates: The flow rate in each zone of a SMB is related
to the flow rate of a TMB by Equation (20):

Consequently, one obtains for the SMB:

QI = 564 l h–1 QII = 394 l h–1 QIII = 519 l h–1 QIV = 399 l h–1

the mean value of the flow rates in the different zone is thus approximately Qmean =
469 l h–1.
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Calculation of the SMB system: As the enantioselectivity is 1.5, we need
between 200 and 400 theoretical plates in the system with a working pressure of 10
bar. The system constraints are similar to those of the linear system, one has:

L = 1.43 m (8 columns of 18 cm length) u = 0.0064 m s–1

The column diameter is then determined using the mean flow rate in the SMB.

and Equation (21) gives the shift period: ∆T = 0.89 min.

Using simulation software (essentially solving the mass balance equation in the
transitory regime), one can show that the internal profiles of the products in the sys-
tem are given by the profiles presented in Figure 10.8. Samples are taken between
the column at half period.

Figure 10.8. Internal profile (simulated) obtained for the separation under nonlinear condition.

According to the simulation of the process, the purity of the raffinate product was
98.0 % and the extract was slightly below 97.3 %. These results are quite close to
the target purity of 99 %. To verify these constraints, the operating conditions were
adjusted.

Two possible options allow the increase in purity of the recovered streams:

� Increase the number of plates equivalent to the system (adjusting column length,
or fluid velocity).

� Increase the shift periods between the different zones (change internal flow rates).
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Choosing the second option, we would increase the flowrates in zones I and
decrease the flowrate in zone IV. Then adjust the flowrates in zones II and III (the
feed flowrate is slightly decreased to improve the margin in these two zones). With
the assistance of the simulation program, we can determine to what degree the
flowrates should be decreased or increased to obtain the target purity.

The final flowrates are determined by replacing the initial set of flowrates:

QI = 567 l h–1 QII = 395 l h–1 QIII = 521 l h–1 QIV = 400 l h–1

by:
QI = 587 l h–1 QII = 409 l h–1 QIII = 519 l h–1 QIV = 395 l h–1

which leads to an extract purity of 99.4 % and to a raffinate purity of 99.4 %. The
new flow rates are thus very close from the initial one.

10.5 SMB as a Production Tool

10.5.1 cGMP Compliance

Current Good Manufacturing Practices (cGMP) and compliance are the require-
ments found in the legislation, regulation, and administrative provisions for drug
manufacturing processes. It defines the facilities, equipment, manufacturing pro-
cesses, and packaging of a drug substance or product. It assures that such drug sub-
stance or product meets the requirements as to safety, efficacy, and purity. Under
cGMP, the FDA provides guidelines for the manufacturing, processing, and packag-
ing of all drug substances, which include enantiopure drugs as API. The API or fin-
ished dosage form of the drug is intended to provide pharmacological activity for the
diagnosis, cure, treatment, or prevention of a disease. APIs include substances man-
ufactured by processes such as: chemical synthesis, fermentation, and biotechnology
methods, purification process such as chromatography, and isolation and recovery
from natural products.

The FDA recognizes that at certain early production stages, applying stringent
controls may not be feasible or necessary. The stringency of controls, such as the
extent of written instructions, in-process controls, sampling, testing, monitoring and
documentation, in the manufacture of API’s increase as the process proceeds from
early intermediate stages to final synthesis and purification.

10.5.1.1 Manufacturing and Process Controls

In March of 1998, the FDA announced a draft guidance document for Industry for
the manufacturing, process, or holding of APIs [64]. We shall apply our interpreta-
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tion of cGMP compliance for the manufacture of enantiopure drug substances to the
SMB process.

10.5.1.2 Solvent Recovery

The draft document address the issue of solvent recovered from a process and the
use of these solvents in the same process or reused for different processes. It requires
that recovery procedures be validated to ensure cross-contamination between recov-
ered solvents and monitoring of the solvent composition at suitable intervals during
the process.

Figure 10.9 illustrates an industrial SMB system. The system is a closed-loop con-
tinuous SMB system composed of a chromatographic and solvent recycling unit.
The total SMB system consists of 8 HPLC columns, which range from 200 to 1000
mm in diameter. An eluent tank for preparation of a binary mobile phase and moni-
toring of composition and back-up solvent tank for addition of a single solvent. A
feed preparation tank is used for the preparation of a solution of the racemic drug
substance before pumping to a holding feed tank. To complete the closed-loop sys-
tem, two falling film evaporators are for the concentration of extract and raffinate
and recycling of the eluent.

Figure 10.9 Closed loop SMB system.

With the SMB system, solvents are recovered, continuously monitored, and ana-
lyzed by an automated software system. The chromatographic SMB process ensures
that the solvents meet appropriate standards and cross-contamination is eliminated.

276 10 The Use of SMB for the Manufacture of Enantiopure Drug Substances: From …

Falling Film Evaporators
Eluent Recycle

Eluent Tank

Feed Tank

ELUENT

EXTRACT

RAFFINATE

FEED

SMB SYSTEM

Concentrated Extract

Feed Preparation Tank

1234

5 6 7 8

Back-up
Solvent tank

Concentrated Raffinate



Another important parameter is the eluent composition. Binary mixtures (and
obviously pure solvents) should be preferred to complex mixtures, since new sys-
tems perform an on-line analysis of the composition of binary eluents. These eluent
systems allow the automatic eluent recycling, with a reduced number of controls.

10.5.1.3 In-Process Testing

Another issue during manufacturing is in-process controls and sampling of APIs.
The guidance document defines sampling methods for in-process materials, inter-
mediates, and APIs. These sampling protocols are based on validated data and con-
trolled sampling practices. The sampling technique requires controls to prevent
cross-contamination with other APIs or intermediates with procedures to ensure
integrity of the in-process samples after collection [65].

Due to the nature of the SMB process, in-process samples of the unwanted enan-
tiomer and the enantiopure drug substance can be sampled at controlled times dur-
ing the continuous process to assess the enantiomeric and chemical purity. One can
monitor the process without system shutdown by diverting either the extract or the
raffinate streams. Further monitoring of the receiving tanks can also be accom-
plished.

10.5.1.4 Calculation of Yields and Definition of Batch

The guidance document requires calculation of actual yields and percentages of
expected yields. The yield should be recorded at the conclusion of each phase of
manufacturing of an API. The expected yield and ranges are established during pro-
cess validation or from a pilot-scale production run [66].

For a continuous SMB process, the specific identified amount or batch produced
is defined by unit of time in such a way that ensures a homogeneous material and
quality within specified limits. In the case of a continuous SMB production run a
batch is defined by the amount produced in a fixed time interval. A time limitation
during manufacturing using SMB is established by the same fixed time interval as
the batch. The duration of the production phase is thus established, which does not
affect the quality of the drug substance [66].

10.5.2 Process Validation

Process validation is a requirement of the cGMP Regulations for Finished Phar-
maceuticals [66]. The Global Harmonization Task Force Study Group #3 issued the
most recent guidelines on process validation [67]. Therefore, our task is to address
some of the issues concerning the industrial SMB system during process validation
of enantiopure drug substances and the issues they pose in the pharmaceutical indus-
try.
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The design of the system must take into account possible variation of critical con-
trol parameters that could affect performance. The maximum performance of the
process should be defined by a reasonable safety margin. In order to comply with
cGMP guidelines, established validation protocols, and parameters should allow the
process to achieve reproducible purity and yield under stressed conditions. This
implies that the industrial SMB system must be stressed to simulate worst-case con-
ditions for process validation.

Process validation requires documented evidence that a process will provide a
high degree of assurance that it consistently produce an enantiopure drug substance
meeting its predetermined specifications and qualities characteristics. To validate an
SMB process, a range of critical process parameters are established based on
research or pilot-scale batches that encompasses values that are capable of produc-
ing enantiopure drug substances with acceptable quality attributes. To establish
worst-case conditions a validation protocol is a written plan demonstrating how val-
idation will be conducted. The protocol for manufacturing an enantiopure drug sub-
stance should identify the processing equipment. In our case, this represents the
industrial SMB system as a single unit, from the chromatography to evaporation.
Critical process parameters such as the influence of the feed concentration change in
internal flowrates, column efficiency, and evaluation of different batches of CSPs
should be obtained and acceptable test results established. Data must be collected for
extended operating ranges or target ranges during routine production. Establishment
of monitoring points for in-process sampling and test data required for evaluation of
product characteristics.

In addition, the protocol should specify a sufficient number of process runs to
prove consistency of the process, and provide an accurate measure of variability
among successive runs. The number of batches should depend on the extent of vali-
dation and complexity of the process or importance of any process changes. Fur-
thermore, the protocol should address the quality of materials used in the process
from starting materials to new and recovered solvents, and evidence of the perfor-
mance and reliability of equipment and systems.

Process validation should be extended to those steps determined to be critical to
the quality and purity of the enantiopure drug. Establishing impurity profiles is an
important aspect of process validation. One should consider chemical purity, enan-
tiomeric excess by quantitative assays for impurity profiles, physical characteristics
such as particle size, polymorphic forms, moisture and solvent content, and homo-
geneity. In principle, the SMB process validation should provide conclusive evi-
dence that the levels of contaminants (chemical impurities, enantioenrichment of
unwanted enantiomer) is reduced as processing proceeds during the purification pro-
cess.

In order to illustrate the critical process parameters of SMB process validation, we
will consider the separation of the racemic drug as described in Process design. The
study represents the effect of the influence of feed concentration, number of plates
and retention factor on the second eluting enantiomer. The simulation of the process
for different values of feed concentration is performed and the variations of the
extract and raffinate purities are shown in Fig. 10.10.
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A target purity of 99 % was established for both extract and raffinate. According
to the simulation results, one can predict that a variation of the feed concentration
range between 7.5 and 11 g L–1 will meet the required purity. The system was
designed for a feed concentration equal to 10 g L–1. The influence of change in feed
concentration on the purity of both extract and raffinate illustrates the robustness of
SMB, and that the process tolerates fluctuations when critical parameters are
stressed during process validation.

A second simulation study was performed to measure the effect on both extract
and raffinate purities of a loss of chromatographic efficiency (Fig. 10.11).

The graph in Fig. 10.11 shows that the SMB can tolerate a loss of 13 % chro-
matographic efficiency and still reach a purity of greater than 98 %. The industrial
SMB system was designed to operate with 300 theoretical plates without any modi-
fication of the operating flowrates.
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Finally, simulation studies were performed to evaluate the influence of change in
eluent consumption or variations due to different lots of CSPs on the retention of the
second peak. The variation in retention of the second peak is another critical param-
eter on resulting purity of the extract and raffinate.

The effect on purity and the influence of retention factor by adjusting operating
flowrates is illustrated in Fig. 10.12.

The graph in Fig. 10.12 shows that the purity decreases very quickly below
acceptable levels as retention factor of the more retained enantiomer decreases.
However, with minor adjustment of the SMB internal flow rates, a variation of more
than 10 % of the retention factor of the more retained enantiomer still meets required
purity, productivity, and eluent consumption. Control of critical parameters such as
retention factors can be made without modification of the feed and eluent flowrates.

Using computer-aided numerical calculations, one can readily simulate and iden-
tify critical parameters for process validation. Thus, one can evaluate the robustness
of the process during its design. To ensure performance, optimization of the process
and evaluation of critical parameters can be determined before actual operating con-
ditions.
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10.6 SMB Accepted for Manufacturing

10.6.1 Practical Implications for Manufacturing

SMB is now accepted as a real production tool. For instance, the Belgium pharma-
ceutical company U.C.B. Pharma announced recently the use of SMB for perform-
ing multi-ton scale purification of an enantiopure drug substance. The concept of
large-scale purification of enantiomers using chromatographic techniques has
moved from a dream to a reality within the last few years.

A major advantage of SMB technology compared to the cost of stereoselective
synthesis is that manufacture of a racemic drug substance has already been proven
to be straightforward, inexpensive, and less time-consuming. Coupling non-stereos-
elective synthesis with an SMB process is an economical way to produce both enan-
tiomers with high purity and recovery. The main object for any pharmaceutical man-
ufacturer is the rapid delivery of enantiopure drugs to market.

The interests of SMB for performing large-scale separations of enantiopure drugs
has been recognized (very short development time, extremely high probability of
success, and attractive purification cost) [68]. Several pharmaceutical and fine chem-
ical companies have already developed SMB processes. However, because of strong
confidentiality constraints, public information is limited, and some of the major
announcements are summarized below:

� DAICEL announcement: Daicel has announced an investment in a SMB pro-
duction plant with columns of 100 mm i.d. to be installed in their facilities at Arai
(Japan). This plant produces hundreds of kg per year for a drug currently manu-
factured by Nissan Chemicals (Japan Chemical Week, December 4, 1997).

� UCB announcement: UCB Pharma (Belgium) announced in 1997 its decision to
install a SMB made of columns of 45 cm i.d. in order to perform large-scale man-
ufacturing for a promising new class of drugs. UCB decided to replace a classical
chemical process used in the pharmaceutical industry by SMB technology.

� AEROJET: AEROJET (California) has announced in 1999 its decision to invest
in a SMB system using columns of 80 cm in diameter.

10.7 Conclusions

The evolution of FDA policies continues to be a significant driving force on the
global pharmaceutical market. Several pharmaceutical firms have made new discov-
eries while evaluating enantiopure drugs originally discovered and marketed as race-
mates by others. These pharmaceutical firms have merged, or other companies have
appropriated portfolios of patents based on chiral switches. Thus, the FDA contin-
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ues to establish policies to control market exclusivity as it applies to cGMP guide-
lines defined for the development and manufacture of enantiopure drug substances.

Preparative chromatography has been used for chiral separations for years, but
examples of multi-kg separations (and hence larger ones) were rare until recently.
The development of SMB techniques (both hardware and simulation software) has
made major breakthroughs in this field. The ability of SMB as a development tool
has allowed the pharmaceutical manufacturer to obtain kilo grams quantities of
enantiopure drug substances as well benefit from the economics of large-scale pro-
duction.

Process validation is the procedure that allows one to establish the critical operat-
ing parameters of a manufacturing process. Hence, the constraints imposed by the
FDA as part of process control and validation of an SMB process. The total indus-
trial SMB system, as described, is a continuous closed-loop chromatographic pro-
cess, from the chromatographic to recycling unit and, with the use of numerical sim-
ulation software allows the pharmaceutical manufacturer rapidly to design and
develop worst-case studies.

From the position of the FDA, acceptance of SMB as a viable tool for cGMP man-
ufacturing of enantiopure drug substances, there shall be no compromise, it must be
properly engineered, and follow established guidelines.
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11.1 Introduction

The separation of enantiomers is a very important topic to the pharmaceutical indus-
try. It is well recognized that the biological activities and bioavailabilities of enan-
tiomers often differ [1]. To further complicate matters, the pharmacokinetic profile
of the racemate is often not just the sum of the profiles of the individual enantiomers.
In many cases, one enantiomer has the desired pharmacological activity, whereas the
other enantiomer may be responsible for undesirable side-effects. What often gets
lost however is the fact that, in some cases, one enantiomer may be inert and, in
many cases, both enantiomers may have therapeutic value, though not for the same
disease state. It is also possible for one enantiomer to mediate the harmful effects of
the other enantiomer. For instance, in the case of indacrinone, one enantiomer is a
diuretic but causes uric acid retention, whereas the other enantiomer causes uric acid
elimination. Thus, administration of a mixture of enantiomers, although not neces-
sarily racemic, may have therapeutic value. 

Despite tremendous advances in stereospecific synthesis, chiral separations will
continue to be important because of possible racemization along the synthetic path-
way [2], during storage or in vivo (e.g., ibuprofen [3]). While analytical methods are
necessary and have become almost routine, economical methods for preparative and
semipreparative scale-chiral separation remains largely unexplored. Yet, preparative
chiral separations may be particularly important in an R&D setting where only small
amounts of material may be required to initiate screening prior to developing a
potentially more costly stereospecific synthetic strategy. In addition, the pharmaceu-
tical industry has a critical need for methods which produce pure enantiomers for
reference materials. 

During the past two decades, significant progress has been made in chromato-
graphic chiral separation technology. However, the bioavailability of drug sub-
stances dictates that the compounds be water-soluble, and many are ionized at phys-
iological pH. The pKas of many drugs (see Table 11-1) are well outside the safe
operating range for silica-based media, and almost all high-performance liquid chro-
matography (HPLC) chiral stationary phases currently available commercially are
on silica substrates. In addition, most preparative liquid chromatography (LC) 
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Table 11-1. Examples of pKas for various chiral drugs.

Drug Class pKa

Albuterol Bronchodilator 9.3
Bupivacaine Anesthetic 8.1
Chloroquine Antimalarial 10.8, 8.4
Chlorpheniramine Antihistamine 9.2

chiral chromatographic separations are performed using organic mobile phases in
which many drug substances have limited solubility. Hence, there is a critical need
for alternative methods for preparative chiral separations. 

Chiral additives have been shown to be very effective for chiral separations by
capillary electrophoresis (CE) [4, 5]. Indeed, it may be argued that there has been
considerably more research activity in chiral separations by CE than by LC methods
since the introduction of the former technique. Chiral additives in CE have several
advantages, some of which are highlighted in Table 11-2. 

Table 11-2. Advantages of chiral additives in Ce.

� Additive can be readily changed
� Variety of chiral selectors available
� Rapid sreening of chiral selectors/conditions/analytes
� Small amounts of background electrolyte required
� Small amounts of chiral additive required
� Can use “counter current” processes
� Multiple complexation possible
� No pre equilibration

While most discussion of resolution in CE focuses on the tremendous efficiencies
(e.g., narrow peak widths) achievable with capillary columns, it should be noted that
resolution is also a function of differences in selectivity. Unlike HPLC, where flow
is unidirectional, CE using chiral additives can exploit true countercurrent migration
of oppositely charged analytes and additives. For instance, in Fig. 11-1, an electro-
pherogram [6] obtained with minimal cathodic electro-osmotic flow directed away
from the detector, the cationic analytes only reach the detector through complexation
with the anionic cyclodextrin. Inhibition of complexation through the addition of
methanol amplifies chiral recognition because the analyte effectively experiences a
“longer” column as its own intrinsic electrophoretic mobility carries it back up the
column when it is in the uncomplexed state.

CE is generally more suited to analytical separations than to preparative-scale
separations. However, given the success of CE methods for chiral separations, it
seems reasonable to explore the utility of preparative electrophoretic methods to chi-
ral separations. Thus, the purpose of this work is to highlight some of the develop-
ments in the application of preparative electrophoresis to chiral separations. Both
batch and continuous processes will be examined.

Important in all of this preparative electrophoretic work is the recognition that 
CE has been used in the method development of these preparative electrophoretic 
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Fig. 11-1. Effect of the addition of methanol on the enantiomeric separation of terbutaline using 2 %
sulfated cyclodextrin in 25 mM phosphate buffer (pH 3).

methods. An analogous relationship may be seen in the use of chiral mobile phase
additives in thin-layer chromatography (TLC) for screening potential chiral selectors
for immobilization in chiral stationary phases for HPLC. 

In considering the applicability of preparative classical electrophoretic methods to
chiral separations, it should be noted that practitioners in the art of classical elec-
trophoresis have been particularly inventive in designing novel separation strategies.
For instance, pH, ionic strength and density gradients have all been used. Isoelectric
focusing and isotachophoresis are well-established separation modes in classical
electrophoresis and are also being implemented in CE separations [7, 8]. These
trends are also reflected in the preparative electrophoretic approaches discussed
here.

11.2 Classical Electrophoretic Chiral Separations:
Batch Processes

Classical gel electrophoresis has been used extensively for protein and nucleic acid
purification and characterization [9, 10], but has not been used routinely for small
molecule separations, other than for polypeptides. A comparison between TLC and
electrophoresis reveals that while detection is usually accomplished off-line in both
electrophoretic and TLC methods, the analyte remains localized in the TLC bed and
the mobile phase is immediately removed subsequent to chromatographic develop-
ment. In contrast, in gel electrophoresis, the gel matrix serves primarily as an anti-
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convective medium and is usually designed to minimize interactions with the solute,
excluding molecular sieving effects. In addition, the presence of bulk liquid in the
post-run gel no doubt contributes to the solute diffusivity problem, thereby reducing
efficiency and complicating detection. Hence, separation of small molecules by clas-
sical gel electrophoresis is generally not done. However, solute diffusion may be
reduced through complexation with bulky additives.

Righetti and co-workers [11] were one of the first to demonstrate the utility of
classical isoelectric focusing for the chiral separation of small molecules in a slab
gel configuration. In their system, dansylated amino acids were resolved enan-
tiomerically through complexation with β-cyclodextrin. Preferential complexation
between the cyclodextrin and the derivatized amino acid induced as much as a 0.1
pH unit difference in the pKbs of the dansyl group.

Stalcup et al. [12] also demonstrated that chiral analytes complexed with a bulky
chiral additive (e.g. sulfated cyclodextrin, MW ~2000–2500 Da, depending on
degree of substitution, DS), with reasonably large binding constants (~103 m–1) [13]
could be resolved enantiomerically using classical gel electrophoresis. Initial work
used a tube agarose gel containing sulfated cyclodextrin as the chiral additive.
Mechanical support and cooling for the gel was provided by a condenser from an
organic synthetic glassware kit (Fig. 11-2). Although 10 mg of racemate were loaded
onto the gel and significant enantiomeric enrichment was obtained, recovery of the
analyte required extrusion and slicing of the gel with subsequent extraction of the
individual slices followed by chiral analysis of the extracts, a fairly labor-intensive
process. 

Fig. 11-2. Schematic for preparative gel electrophoresis using a condenser for mechanical support and
cooling.

290 11 Electrophoretically Driven Preparative Chiral Separations using Cyclodextrins



Fig. 11-3. Mini-prep continuous elution electrophoretic cell.

Fig. 11-4. UV trace of piperoxan enantiomers eluting from mini-prep
electrophoresis cell.

Stalcup and co-workers [14] adapted this method to a continuous elution mini-
prep electrophoresis apparatus shown in Fig. 11-3. In this apparatus, the end of the
electrophoretic gel is continuously washed with elution buffer. The eluent can then
be monitored using an HPLC detector (Fig. 11-4) and sent to a fraction collector
where the purified enantiomers, as well as the chiral additive, may be recovered. In
this system, the gel configuration was approximately 100 mm × 7 mm, and was air-
cooled. The number of theoretical plates obtained for 0.5 mg of piperoxan with this
gel was approximately 200. A larger, water-cooled gel was able to handle 15 mg of
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terbutaline. However, run times were on the order of 20 h and thus represents the
probable limitations of this approach.

In contrast to most classical electrophoretic separations of biologically derived
samples, the racemic mixtures separated on these gels should be relatively pure, and
sample degradation should not contaminate the gels. Hence, a significant advantage
to the apparatus used in Fig. 11-3 is that the gel can be used several times. Indeed,
Table 11-3 illustrates the results for four consecutive runs obtained on the same gel.
Thus, in essence, the gel may serve as a surrogate column, suggesting that classical
electrophoresis may provide a low-cost alternative to chiral chromatography. 

Table 11-3. Migration times for piperoxan enantiomers for
four consecutive runs on the same agarose gel using sulfated
cyclodextrin as the chiral selector.

Run T1 (min.) T2 (min.)

1 133 167
2 136 172
3 129 168
4 137 179
Average 134 172
SD 3.6 5.4

Ultimately, however, it should be noted that these examples of classical gel elec-
trophoretic separations are batch processes and therefore limited in sample through-
put. To achieve true preparative-scale separations by electrophoresis, it becomes
necessary to convert to continuous processes.

11.3 Classical Electrophoretic Chiral Separations:
Continuous Processes

Preparative continuous free flow electrophoresis was first reported in 1958 [15]. As
in the case of classical gel electrophoresis, most of the work done in this area has
been primarily in the purification of biopolymers. Continuous free flow elec-
trophoresis for the separation of small molecules has remained relatively unexplored
[16], although this is beginning to change.

In preparative continuous free flow electrophoresis, continuous buffer and sample
feed are introduced at one end of a thin, rectangular electrophoresis chamber. A
schematic is presented in Fig. 11-5. The sample stream is usually introduced through
a single port while buffer is introduced through several ports, essentially producing
a buffer “curtain”. Because the buffer streams are introduced independently, it is
fairly easy to establish a variety of gradients (e.g., pH, density, ionic strength) across
the buffer “curtain”. 
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Fig. 11-5. Schematic of continuous free flow

electrophoresis apparatus.

When an electric field is imposed perpendicular to the flow, differential interac-
tion between the various solutes and the electric field produce a lateral displacement
of individual analyte streams between the two electrodes (Fig. 11-5). Thus, the sep-
arations are accomplished in free solution. Individual fractions are collected through
an array of closely spaced ports evenly placed across the other end of the chamber. 

In the presence of a buffer with constant composition across the electrophoretic
chamber, the angle of deflection (Θ) of the solute in the electric field is dependent
upon the intrinsic electrophoretic mobility of the solute (µi), the linear velocity of the
buffer (ν) and the current through the chamber (Ι) and can be described as [17]:

(1)

where q is the cross-section of the separation chamber and κ is the specific conduc-
tance of the buffer.

For the separation of enantiomers, we are interested in Θ1–Θ2. Substituting a =
I/qκν, using the expression relating the apparent mobility of an analyte to its bind-
ing constant with a chiral additive

(2)

and the concentration of the additive, and using a series expansion of tan Θ, to a first
approximation, the difference in the angle of deflection for the enantiomers can be
expressed as 

(3)

where the subscripts f and c refer to the free and complexed analyte, respectively,
and the numbered subscripts refer to the two enantiomers, 1 and 2. Because the
mobilities of the free enantiomers are the same and assuming, to a first approxima-
tion, that the mobilities of the complexes formed by each of the enantiomers with the
cyclodextrin are the same, Equation (3) predicts that, as in CE, separation depends
upon differences in the mobilities of the free and complexed state and differences in
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the binding constants, mediated by the dimensions of the chamber as well as the spe-
cific conductance and linear velocity of the buffer. 

Despite the use of density and pH gradients, cooling and performance in micro-
gravitational environments (e.g. the space shuttle) [18], convection and heat dissipa-
tion contributed to flow stream instability which was parasitic to the desired separa-
tions and limited the utility of this approach. 

Recent innovations [19] have circumvented the heat dissipation and sample
stream distortion inherent in most of the previous designs. In one apparatus, devel-
oped by R&S Technologies, Inc. (Wakefield, RI, USA), Teflon capillary tubes are
aligned close to each other in the electrophoretic chamber. Coolant is pumped
through the Teflon capillary tubes during the electrophoretic run while the elec-
trophoretic separation is accomplished in the interstitial volume between the Teflon
tubes. 

Continuous free flow electrophoresis has been used for the separation of biopoly-
mers (e.g. ovalbumin and lysozyme) [20] as well as smaller inorganic species (e.g.
[CoIII(sepulchrate)]3+ and [CoIII(CN)6]

3-) [21]. Sample processing rates of 15 mg h–1

were reported for a mixture of Amaranth (MW: 804) and Patent Blue VF (MW:
1159) [22].

Three basic approaches have been used for chiral separations by continuous free
flow electrophoresis. Thormann and co-workers [23] used 2-hydroxypropyl-b-
cyclodextrin as an additive for the enantiomeric enrichment of methadone in an
Octopus continuous free flow electrophoresis apparatus. In this work, both zone 
and isotachophoretic electrophoresis was used. Processing rates were on the order 
of 10–20 mg h–1, which represents a significant improvement in sample throughput
relative to CE or the earlier gel work. The authors realized higher enantiomeric
purities with interrupted buffer flow than with continuous buffer flow, and sugges-
ted the potential of multistage continuous free flow for achieving even higher puri-
ties.

Glukhovskiy and Vigh [24] also used 2-hydroxypropyl-β-cyclodextrin as an addi-
tive, but their strategy involved isoelectric focusing. These authors developed the
theoretical framework and effectively demonstrated the synergism between CE and
continuous free flow electrophoresis. In this work, also using an Octopus continuous
free flow apparatus, they were able to establish a pH gradient between 3.5 to 3.6
across the electrophoretic chamber by using polydisperse ampholytes or Bier’s ser-
ine-propionic acid binary buffers in the buffer stream. As in Righetti’s earlier work,
complexation with the cyclodextrin additive induced sufficient differences in the pI
of various dansylated amino acid enantiomers that complete enantioresolution was
obtained. Although production rates were somewhat lower (~1.3 mg h–1) than
achieved by Thormann and co-workers, the enantiomeric purity was significantly
higher.

In a different approach, Stalcup and co-workers [25] used sulfated β-cyclodextrin
for the enantioseparation of piperoxan in work directly derived from earlier CE and
classical gel results. Their results were obtained using a continuous free flow appa-
ratus developed by R&S Technologies, Inc. Processing rates on the order of 4.5 mg
h–1 were reported. 
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Several issues important from a processing standpoint were addressed in this
work. With the exception of the single isomer derivatized cyclodextrins developed
by Vigh [26], almost all commercially available derivatized cyclodextrins are com-
plex mixtures of homologues and isomers. Each component, in all probability, has
different affinities for the two enantiomers. In the case of neutral cyclodextrins, each
cyclodextrin component has the same electrophoretic mobility (e.g. migrates only
with the electro-osmostic flow) and the potential complexes should also have fairly
similar mobilities. Therefore, chiral additive polydispersity should not contribute
significantly to sample band dispersion. However, in the case of cyclodextrins func-
tionalized with ionizable moieties, different degrees of substitution should produce
ions with significantly different electrophoretic mobilities. In addition, for analytes
interacting through electrostatic attraction, substitution patterns may also signifi-
cantly impact affinity. Thus, solute sample stream dispersion may be significantly
aggravated by chiral additive polydispersity. Figure 11-6 shows the distribution
obtained for piperoxan in the presence and the absence of sulfated cyclodextrin. As
can be seen from the figure, the number of vials across which the individual piper-
oxan enantiomers are distributed is about the same number as the piperoxan race-
mate. Thus, polydispersity of the cyclodextrin does not appear to be an issue with
regard to bandwidth. 

Table 11-4. Distribution of piperoxan enantiomers in CFFE vials.

Day V Vial1 Vial2 W1 W2 i R

1 200 12 15 8 7 186 0.4
2 200 12 15 9 8 185 0.35
22 200 12 15 8 9 186 0.35
22 200 12 15 9 7 189 0.38
22 200 12 15 9 7 189 0.38
2 160 13 16 8 8 151 0.35
2 180 12 15 10 8 169 0.33

V: voltage.
Vial: vial containing max concentration.
W: number of vials containing enantiomer.
i: current.

With respect to method robustness, Table 11-4 shows results obtained on several
different days during which a variety of buffer conditions were used. As can be seen
from the table, the vial corresponding to the maximum concentration of the individ-
ual enantiomers as well as the number of vials containing piperoxan is fairly con-
stant. 

As in CE, changing system variables (e.g., pH, ionic strength, additive concentra-
tion) is very easy in any of the continuous free flow electrophoresis systems reported
here because all the interactions take place in free solution. Indeed, changing system
variables may be easier in continuous free flow electrophoresis systems than in a CE
system because there are essentially no wall effects. Of course, changing system
variables in the continuous free flow electrophoresis apparatus may also be easier
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than in a chromatographic system because there is no solid sorbent 
that is subject to degradation or that needs to be pre-equilibrated with the mobile
phase. 
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Fig. 11-6. Histograms showing the distribution of piperoxan enantiomers in the absence (a) and pre-
sence (b) of sulfated cyclodextrin in continuous free flow electrophoresis.
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11.4 Conclusions

Clearly, chiral separations, particularly preparative, present such a challenging prob-
lem that no single technology can provide complete satisfaction. Much of the activ-
ity in chiral separations by CE may be attributed to the advantages of CE relative to
liquid chromatography (e.g., efficiency, rapid method development, ease of chang-
ing chiral selector, etc.). However, it must be noted that the true countercurrent pro-
cesses possible in CE also allow selectivity to be manipulated to a much greater
extent and with greater ease than is generally feasible in liquid chromatography
using immobilized chiral selectors. In principle, any of the chiral entities enan-
tiomerically resolved by CE should be amenable to preparative electrophoretic
methods. 

An important consideration for the ultimate economic viability of any preparative
electrophoretic approach is the potential recovery of the chiral additive. Because the
electrophoretic separation depends only upon the stability of the chiral additive itself
and not the combined stability of an immobilized chiral selector, a spacer and an
underlying substrate, as in the case of cyclodextrins immobilized on a silica chro-
matographic support, preparative electrophoretic separations have the potential to be
more robust than analogous chromatographic methods. Although still in its infancy,
preparative chiral electrophoresis represents an important technological advance in
chiral separations, and has the potential to complement preparative chiral chromato-
graphic methods as well as chiral CE complements chiral analytical chromato-
graphy. 
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12.1 Introduction

Growing recognition of the role of chirality in biological activity and subsequent
regulatory guidelines for chiral drug development have spurred tremendous growth
in chiral separations technology. Applications of this technology range from phar-
macokinetic studies during drug development to assessment of asymmetric synthe-
sis strategies for the expanding list of drugs marketed in single-isomer form. Chro-
matographic methods have proven to be the most reliable and versatile analytical
techniques for measurement of stereochemical composition, although capillary elec-
trophoresis (CE) has become a viable alternative for certain applications [1, 2]. Chi-
ral chromatographic methods are not limited to analytical-scale applications. Prepar-
ative scale chromatography is often the most efficient approach to resolve sufficient
quantities of enantiomers for drug discovery activities [3, 4] .

Development and commercialization of chiral stationary phases (CSPs) for liquid
chromatography (LC) revolutionized the field of enantiomer separations. Suddenly,
the analyst could choose from a variety of immobilized chiral selectors to achieve
direct enantiomer resolution and significantly reduce the need for chiral derivatizing
agents [5]. However, a number of limitations of this approach also became apparent.
First, prediction of CSP selectivity remains elusive, and method development often
requires a trial-and-error approach. Second, successful chiral resolution often occurs
within a narrow range of mobile phase compositions, and parameters that yield suc-
cessful enantiomeric separation may not be suitable for resolving the enantiomers
from other sample components. Finally, chromatographic efficiency of CSPs tends
to be inferior to the efficiency of nonchiral stationary phases for LC, and broad chro-
matographic peaks can hinder quantification of desired analytes [1].

Supercritical fluid chromatography (SFC) provides a means of minimizing the
limitations of CSPs developed for LC while retaining the impressive chiral selectiv-
ity that has been achieved through the evolution of CSPs during the past two decades
[6, 7]. The use of supercritical fluids as eluents for chromatographic separations was
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first reported more than 30 years ago, but most of the growth in SFC has occurred
very recently. In fact, the dramatic increase in enantiomeric separations provided the
perfect opportunity for a resurgence of SFC [8]. Numerous reports have now illus-
trated the advantages that can be realized by utilizing SFC as an alternative to LC for
chiral separations, including increased efficiency, simplified method development,
and reduced analysis time [9]. This revival has also been facilitated by the re-emer-
gence of commercial instrumentation for SFC.

12.2 Sub- and Supercritical Fluid Chromatography

Myths and misconceptions about the characteristics of supercritical fluids have
slowed their application to chromatographic separations. While these fluids do have
interesting properties, they are not “super” fluids, and they are not suitable for all
types of separations. An understanding of the fundamental behavior of supercritical
fluids is key to identifying appropriate applications [10].

Table 12-1. Physical parameters of selected supercritical fluids.

Critical temperature Critical pressure
Fluid Tc (°C) Pc (MPa)

CO2 31.3 7.39
N2O 36.5 7.34
NH3 132.5 11.40
SF6 45.5 3.76
C5H12 196.6 3.37
CHF3 25.9 4.75

12.2.1 Properties of Supercritical Fluids

By definition, a supercritical fluid exists when both the temperature and pressure of
the system exceed the critical values, Tc and Pc. The critical parameters of some flu-
ids are listed in Table 12-1 [11]. Supercritical fluids have physical properties that
position them between liquids and gases. Like gases, supercritical fluids are highly
compressible, and properties of the fluid including density and viscosity can be
manipulated by changes in pressure and temperature. Under the conditions used for
most chromatographic separations, solute diffusion coefficients are often an order of
magnitude higher in supercritical fluids than in traditional liquids, and viscosities are
lower than those of liquids [12]. Supercritical fluids can be comprised of a single
component, but binary and ternary fluid systems are also possible. At temperatures
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below Tc and pressures above Pc, the fluid becomes a liquid. However, many of the
desirable properties of supercritical fluids, including low viscosity and high diffu-
sivity, are retained under these subcritical conditions. At temperatures above Tc and
pressures below Pc, the fluid becomes a gas. Therefore, supercritical fluids can be
viewed as part of a continuum between liquids and gases [13].

12.2.2 Supercritical Fluids as Mobile Phases

The use of supercritical fluids as eluents for chromatographic separations was first
reported by Klesper et al. in 1962. They reported the separation of porphyrin mix-
tures using supercritical chlorofluoromethanes as eluents [14]. Several years later,
Giddings et al. demonstrated the separation of solutes such as carotenoids and sterols
that were not amenable to separation by gas chromatography (GC). Compression of
certain gases reportedly produced eluents with liquid-like solvent properties [15].
Much of the early work in SFC utilized either ammonia (NH3) or carbon dioxide
(CO2), but compressed ammonia proved to be too hazardous for most users. Carbon
dioxide has been the primary component of most eluent systems in SFC because of
its modest critical parameters, moderate cost, and low toxicity. Early work greatly
overestimated the elution power of pure CO2. Giddings proposed that the solvent
strength of supercritical CO2 approximated that of isopropyl alcohol [16], a belief
which led to considerable confusion and disappointment in early applications of
SFC. A number of studies with solvatochromic dyes have now revealed that pure
CO2 is actually similar to pentane or hexane in solvent strength [17] and is, there-
fore, not a suitable eluent for most polar compounds.

The elution power of CO2 and other fluids can be altered through the incorpora-
tion of an organic modifier. Most common organic solvents, such as methanol, ace-
tonitrile, and dichloromethane, can be used as modifiers in SFC [18]. The addition
of modifiers increases the critical parameters for the fluid. At the near-ambient tem-
peratures (T < Tc) used for many SFC separations, the modified eluent may actually
be in the subcritical (liquid) state. However, solute diffusion coefficients remain
higher in subcritical fluids than in traditional liquids [19]. In binary eluent systems,
separation of the eluent into two phases is possible. Phase diagrams for many binary
systems such as methanol-CO2 are available, and chromatographic parameters that
result in phase separation are easily avoided [20]. In some instances, a very polar
substance may be added to the modifier to form a ternary eluent system. These addi-
tives are generally acids or bases and are used to elute certain components or to
improve chromatographic peak shape [21, 22]. Common additives include isopropy-
lamine and trifluoroacetic acid.

The use of both sub- and supercritical fluids as eluents yields mobile phases with
increased diffusivity and decreased viscosity relative to liquid eluents [23]. These
properties enhance chromatographic efficiency and improve resolution. Higher effi-
ciency in SFC shifts the optimum flowrate to higher values so that analysis time can
be reduced without compromising resolution [12]. The low viscosity of the eluent
also reduces the pressure-drop across the chromatographic column and facilitates the
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use of long columns or multiple columns connected in series [24]. Manipulation of
mobile phase composition, temperature, and pressure can be used to achieve the
desired selectivity in SFC [25]. Rapid column equilibration in SFC is an additional
advantage over liquid chromatographic methods [26]. Replacement of liquid eluents
with sub- and supercritical fluids also reduces solvent consumption.

12.2.3 Instrumentation for SFC

SFC has been performed with either open capillary columns similar to those used in
GC or packed columns transferred from LC, and the instrumentation requirements
differ for these two approaches [12]. This chapter will focus on the use of packed
column technology because of its dominance in the area of pharmaceutical com-
pound separations. Current commercial instrumentation for packed column SFC uti-
lizes many of the same components as traditional LC instruments, including pumps,
injection valves, and detectors. In fact, most modern packed column SFC instru-
ments can also be used to perform LC separations, and many of the same stationary
phases can be used in both LC and SFC [9].

Certain modifications to the chromatographic system are necessary to accommo-
date the compressibility of the eluent in SFC [27]. Carbon dioxide and other fluids
comprising the bulk of the mobile phase are liquefied gases supplied in cylinders.
Chilling of the pump head is necessary to ensure that the fluid remains in the liquid
state. A second pump can be used to deliver a modifier if binary eluents are desired.
When necessary, mobile phase additives are incorporated by adding them to the
modifier. Automatic injection systems are available for SFC, but injection valves
must be modified to permit introduction of the sample into a high-pressure environ-
ment. Injection volumes of 5–20 µL are common. The most noticeable difference
between LC and SFC is the addition of a back-pressure regulator after the detector
to control outlet pressure and prevent expansion of the eluent into a gas. Electronic
back-pressure regulators allow independent control of pressure and mobile phase
composition [12]. Measurement of UV absorbance remains the most common detec-
tion method for packed column SFC. The position of the back-pressure regulator
necessitates the use of detection cells capable of withstanding high pressure.

12.3 Advantages of SFC for Chiral Separations

The high diffusivity and low viscosity of sub- and supercritical fluids make them
particularly attractive eluents for enantiomeric separations. Mourier et al. first
exploited sub- and supercritical eluents for the separation of phosphine oxides on a
brush-type chiral stationary phase [28]. They compared analysis time and resolution
per unit time for separations performed by LC and SFC. Although selectivity (α) was
comparable in LC and SFC for the compounds studied, resolution was consistently
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higher in SFC, and analysis times were shorter compared to LC. They also explored
the influence of the type of modifier on selectivity in SFC.

Mourier’s report was quickly followed by successful enantiomeric resolutions on
stationary phases bearing other types of chiral selectors, including native and deriva-
tized cyclodextrins and derivatized polysaccharides. Many chiral compounds of
pharmaceutical interest have now been resolved by packed column SFC, including
antimalarials, β-blockers, and antivirals. A summary is provided in Table 12-2. Most
of the applications have utilized modified CO2 as the eluent.

Table 12-2. Selected applications of chiral SFC to pharmaceutical compoundsa.

Chiral stationary phase Compounds resolved

Cellulose derivatives β-Blockers, benzodiazepines, NSAIDs, barbiturates
Amylose derivatives NSAIDs, protease inhibitors, β-blockers, benzodiazepines
Brush-type Antimalarials, NSAIDs, β-blockers, bronchodilators
Cyclodextrins and derivatives Phosphine oxides, NSAIDs, anticonvulsants
Macrocyclic antibiotics Bronchodilators, β-blockers

a For a more comprehensive listing, see. ref. [12].

Fig. 12-1. Separation of primaquine enantiomers on a Chiralcel OD CSP. Chromatographic conditions:
20 % methanol with 0.5 % isopropylamine in carbon dioxide, 2.0 mL min–1, 15 MPa, 30 °C.

Some of the initial enthusiasm surrounding chiral SFC was tempered by the fact
that many of the same separations had already been achieved by LC [29]. Therefore,
researchers were reluctant to add SFC to their analytical laboratories. In some
instances, SFC does yield separations that can not be achieved on the same CSP in
LC [30, 31]. The enantioseparation of primaquine, an antimalarial compound, on a
Chiralcel OD CSP is illustrated in Fig. 12-1 [32]. This compound was not resolved
on the same CSP in LC [33]. The reverse situation, where a separation obtained in
LC may not be observed on the same CSP in SFC, can also occur [34]. These dis-
parities seem to be related to differences in analyte-eluent and eluent-CSP interac-
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tions between the two techniques. The occasional failures of SFC do not diminish
the unique advantages of sub- and supercritical eluents for enantiomeric separations.

12.3.1 Increased Efficiency

The efficiency of many CSPs increases dramatically when liquid eluents are
replaced with sub- or supercritical fluids. During a comparison of LC and SFC per-
formed with a Chiralcel OD CSP, Lynam and Nicolas reported that the number of
theoretical plates obtained was three to five times higher in SFC than in LC [26]. The
separation of metoprolol enantiomers by LC and SFC on a Chiralcel OD CSP is
illustrated in Fig. 12-2. Although impressive selectivity is achieved by both tech-
niques, resolution is higher in SFC (Rs = 12.7) than in LC (Rs = 4.8), and the higher
flowrate in SFC reduces the analysis time. The increased efficiency of SFC also
improves peak symmetry.

Fig. 12-2. Separation of metoprolol enantiomers by LC and SFC on a Chiralcel OD CSP. Chromato-
graphic conditions for LC: 20 % 2-propanol in hexane, with 0.1 % diethylamine, 0.5 mL min–1.
Chromatographic conditions for SFC: 20 % methanol with 0.5 % isopropylamine in carbon dioxide,
2.0 mL min–1, 15 MPa, 30 °C.

The difference in resolution between LC and SFC can be significant enough to
turn a marginal LC separation into a viable chromatographic method in SFC. String-
ham et al. reported that packed column SFC yielded satisfactory chiral analysis
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methods for all four compounds related to synthesis of an antiviral drug candidate
[35]. Successful LC methods with the same CSP could only be developed for two of
the candidate compounds. Samples for pharmaceutical analysis rarely consist only
of the target analyte. Ideally, achiral and chiral analysis can be performed concur-
rently, and the increased resolution power of SFC reduces the likelihood that unex-
pected sample components will interfere with the analysis.

12.3.2 Rapid Method Development

Method development remains the most challenging aspect of chiral chromatographic
analysis, and the need for rapid method development is particularly acute in the
pharmaceutical industry. To complicate matters, even structurally similar com-
pounds may not be resolved under the same chromatographic conditions, or even on
the same CSP. Rapid column equilibration in SFC speeds the column screening pro-
cess, and automated systems accommodating multiple CSPs and modifiers now per-
mit unattended method optimization in SFC [36]. Because more compounds are
likely to be resolved with a single set of parameters in SFC than in LC, the analyst
stands a greater chance of success on the first try in SFC [37]. The increased reso-
lution obtained in SFC may also reduce the number of columns that must be evalu-
ated to achieve the desired separation.

12.3.3 Column Coupling

In some instances, a single CSP may not provide the desired separation. Compounds
having multiple chiral centers often present analytical challenges because co-elution of
enantiomers and diastereomers can occur. Drug formulations typically contain excipi-
ents, preservatives, or other active ingredients that can cause chromatographic interfer-
ences. Serial coupling of multiple chiral columns or coupling of achiral and chiral
columns resolves some of these issues, and this is readily performed in SFC as a con-
sequence of the reduced pressure-drop across the column. Mobile phase compatibility
issues, often a problem when coupling columns in LC, are eliminated in SFC. Coupling
of multiple CSPs of the same type was used as a brute force approach by Mathre et al.
to resolve the four possible stereoisomers of a drug candidate [38]. Kot et al. reported
serial coupling of three different CSPs in SFC. The column triplet provided a multipur-
pose chromatographic system for the enantioresolution of a wide variety of racemic
compounds [39]. This approach should be used with caution, however, because oppos-
ing selectivities of the coupled CSPs may effectively cancel out a separation that would
normally be achieved on a single CSP [40]. The separation of components of a cough
syrup on a Chiralpak AD CSP alone, and on a coupled achiral/chiral column system is
illustrated in Fig. 12-3. Peak overlap of the two active ingredients occurred when only
the chiral column was used. No changes in chromatographic parameters were necessary
to accommodate the coupled column system [41]. Column coupling in SFC can provide
tremendous advantages over LC for challenging separations.
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Fig. 12-3. Separation of ingredients of an expectorant syrup, on a Chiralpak AD CSP (a) and the
coupled cyano/Chiralpak AD CSP (b). Chromatographic conditions: 10 % methanol with 0.5 % iso-
propylamine in carbon dioxide, 2.0 mL min–1, 15 MPa, 30 °C. Peaks are benzoic acid (BA), guaifenesin
(GF), and phenylpropanolamine (PPA).

12.3.4 Preparative Separations

Packed column SFC has also been applied to preparative-scale separations [42]. In
comparison to preparative LC, SFC offers reduced solvent consumption and easier
product recovery [43]. Whatley [44] described the preparative-scale resolution of
potassium channel blockers. Increased resolution in SFC improved peak symmetry
and allowed higher sample throughput when compared to LC. The enhanced resolu-
tion obtained in SFC also increases the enantiomeric purity of the fractions col-
lected. Currently, the major obstacle to widespread use of preparative SFC has been
the cost and complexity of the instrumentation.
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12.4 Chiral Stationary Phases in SFC

The low polarity of CO2-based eluents makes SFC a normal phase technique.
Therefore, it is not surprising that most of the successful applications of chiral SFC
have utilized CSPs designed for normal phase LC. However, some exceptions have
been noted. Specific applications of various CSPs are outlined in the next sections.

12.4.1 Brush-type

The brush-type (Pirkle-type) CSPs have been used predominantly under normal
phase conditions in LC. The chiral selector typically incorporates π-acidic and/or π-
basic functionality, and the chiral interactions between the analyte and the CSP
include dipole–dipole interactions, π–π interactions, hydrogen bonding, and steric
hindrance. The concept of reciprocity has been used to facilitate the rational design
of chiral selectors having the desired selectivity [45].

As noted earlier, the first report of chiral packed column SFC utilized a brush-type
CSP for the separation of phosphine oxides [28]. The CSP consisted of (R)-N-(3,5-
dinitrobenzoyl)phenylglycine covalently bonded to aminopropyl silica. Macaudière
and co-workers resolved a series of aromatic amides on the same type of CSP. They
postulated that the chiral recognition mechanisms were identical in SFC and LC, and
that the methods were interchangeable [46]. Their results contrast significantly with
the observations of Siret et al. for a CSP based on a tyrosine derivative (ChyRoSine-
A) [47]. Enantioseparation of β-blockers was achieved on the ChyRoSine-A CSP
with a modified CO2 eluent in SFC, but the same compounds were not resolved in
LC. Modeling studies have suggested that CO2 interacts with solutes having certain
structural features to enhance chiral recognition in SFC [48]. A short (5 cm) column
packed with ChyRoSine-A yielded separations of β-blocker enantiomers in less than
2 min [49].

A new brush-type CSP, the Whelk-O 1, was used by Blum et al. for the analytical
and preparative-scale separations of racemic pharmaceutical compounds, including
verapamil and ketoprofen. A comparison of LC and SFC revealed the superiority of
SFC in terms of efficiency and speed of method development [50]. The Whelk-O 1
selector and its homologues have also been incorporated into polysiloxanes. The
resulting polymers were coated on silica and thermally immobilized. Higher effi-
ciencies were observed when these CSPs were used with sub- and supercritical flu-
ids as eluents, and a greater number of compounds were resolved in SFC compared
to LC. Compounds such as flurbiprofen, warfarin, and benzoin were enantioresolved
with a modified CO2 eluent [37].
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12.4.2 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides comprised of glucose units joined through
α-1,4 linkages. In LC, chiral recognition is believed to involve the formation of
inclusion complexes between the analyte and the hydrophobic cavity of the
cyclodextrin. The use of aqueous-organic mobile phases facilitates complex forma-
tion. Under normal phase conditions, the apolar component of the mobile phase
occupies the cyclodextrin cavity, reducing opportunities for chiral complexation
[51]. Cyclodextrin-based CSPs have also been used in the polar organic mode. In
this mode, the analyte is believed to interact primarily with the hydroxyl groups
along the mouth of the cyclodextrin [52].

Macaudière et al. first reported the enantiomeric separation of racemic phosphine
oxides and amides on native cyclodextrin-based CSPs under subcritical conditions
[53]. The separations obtained were indicative of inclusion complexation. When the
CO2–methanol eluent used in SFC was replaced with hexane-ethanol in LC, reduced
selectivity was observed. The authors proposed that the smaller size of the CO2
molecule made it less likely than hexane to compete with the analyte for the
cyclodextrin cavity.

Comparisons of LC and SFC have also been performed on naphthylethylcar-
bamoylated-β-cyclodextrin CSPs. These multimodal CSPs can be used in conjunc-
tion with normal phase, reversed phase, and polar organic eluents. Discrete sets of
chiral compounds tend to be resolved in each of the three mobile phase modes in LC.
As demonstrated by Williams et al., separations obtained in each of the different
mobile phase modes in LC could be replicated with a simple CO2-methanol eluent
in SFC [54]. Separation of tropicamide enantiomers on a Cyclobond I SN CSP with
a modified CO2 eluent is illustrated in Fig. 12-4. An aqueous-organic mobile phase
was required for enantioresolution of the same compound on the Cyclobond I SN
CSP in LC. In this case, SFC offered a means of simplifying method development
for the derivatized cyclodextrin CSPs. Higher resolution was also achieved in SFC.
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12.4.3 Derivatized Polysaccharides

Polysaccharide-based CSPs incorporate derivatives of cellulose and amylose
adsorbed on silica gel. The selectivity of these CSPs depends upon the nature of the
substituents introduced during the derivatization process. The secondary structure of
the modified polysaccharide is believed to play a role in selectivity, but the chiral
recognition mechanisms have not been fully elucidated [55].

Several research groups have reported the separation of β-blocker enantiomers on
cellulose tris(3,5-dimethylphenylcarbamate) CSPs [56, 57]. Bargmann-Leyder et al.
performed a detailed comparison of LC and SFC on a cellulosic CSP (Chiralcel OD)
[58]. Although resolution was generally higher in SFC than in LC for this family of
compounds, differences in selectivity between the two techniques were observed,
and these discrepancies seemed to be compound specific. Examination of a series of
propranolol analogues provided additional insight into differences in the chiral
recognition mechanisms operative in LC and SFC.

Benzodiazepine enantiomers have also been resolved on the Chiralcel OD CSP.
Wang et al. utilized this CSP to determine the enantiomeric composition of
camazepam and its metabolites [59]. SFC provided improved resolution of the com-
pounds of interest in a shorter period of time than LC. Phinney et al. demonstrated
the separation of a series of achiral and chiral benzodiazepines. An amino column
was coupled in series with the Chiralcel OD CSP to achieve the desired separation
[41].

The selectivity of another cellulose-based CSP, Chiralcel OJ, has also been exam-
ined in SFC [60]. Separations of racemic drugs such as benoxaprofen, temazepam,
and mephobarbital were obtained. Acetonitrile proved to be a better modifier than
methanol for some of the compounds investigated. The four optical isomers of a cal-
cium channel blocker were resolved by Siret et al. on the Chiralcel OJ CSP [30]. In
LC, two CSPs were required to perform the same separation.

Derivatized amylose is the basis for the Chiralpak AD CSP. This CSP has been
utilized for the resolution of ibuprofen and flurbiprofen, as well as other members of
the family of nonsteroidal inflammatory drugs (NSAIDs) [39, 61]. Ibuprofen was
not resolved on the Chiralpak AD CSP in LC. Pressure-related effects on stereose-
lectivity were observed by Bargmann-Leyder et al. on a Chiralpak AD CSP [58]. No
corresponding effect of pressure on selectivity was observed with a Chiralcel OD
CSP. The authors speculated that the helical conformation of the amylose-based CSP
is more flexible than that of the cellulose-based CSP.

12.4.4 Macrocyclic Antibiotics

This relatively new class of CSPs incorporates glycopeptides attached covalently to
silica gel. These CSPs can be used in the normal phase, reversed phase, and polar
organic modes in LC [62]. Various functional groups on the macrocyclic antibiotic
molecule provide opportunities for π-π complexation, hydrogen bonding, and steric
interactions between the analyte and the chiral selector. Association of the analyte
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with a hydrophobic cleft of the macrocycle may also play a role in chiral recogni-
tion.

The macrocyclic antibiotic-based CSPs have not been used extensively in SFC.
Two macrocyclic antibiotic CSPs, Chirobiotic T and Chirobiotic V, were included in
a study of various CSPs in SFC. At least partial resolution of approximately half of
the 44 test compounds could be obtained on these two CSPs in SFC [63]. A high
concentration of modifier was necessary to elute some of the analytes. Enantioreso-
lution of derivatized amino acids was also demonstrated in the same study. However,
a complex modifier comprised of methanol, water, and glycerol was required for
separations performed on the Chirobiotic T CSP. The separation of coumachlor
enantiomers on a vancomycin-based CSP (Chirobiotic V) in SFC is illustrated in
Fig. 12-5 [32].

Fig. 12-5. Separation of coumachlor enantiomers on a Chirobiotic V CSP. Chromatographic conditions:
15 % methanol in carbon dioxide, 2.0 mL min–1, 20 MPa, 30 °C.

12.4.5 Other CSPs

Macaudière and co-workers performed a comparison of LC and SFC on a polymer
based-CSP (Chiralpak OT) [64]. The chromatographic behavior of this CSP seemed
to be quite different in SFC than in LC, although satisfactory separations were
achieved with both techniques. The chiral recognition mechanisms may be altered
by the nature (hexane-based or CO2-based) of the eluent.

A CSP based on the adsorption of a chiral anthrylamine on porous graphitic car-
bon successfully resolved the enantiomers of tropic acid derivatives and anti-inflam-
matory agents in SFC [65]. The carbon-based CSP produced superior results when
compared to an analogous silica-based CSP. Occasional washing of the column was
necessary to remove highly retained substances.
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12.5 Method Development in Chiral SFC

Rapid method development remains one of the principal advantages of SFC for
enantiomeric separations, particularly when the analyst is faced with a structurally
diverse array of analytes. However, the applicability of SFC for a given separation
should be assessed prior to attempting method development. Berger [12] has sug-
gested that solubility of the analyte in methanol or a less polar solvent can be used
to gauge the likelihood of success. Compounds requiring aqueous conditions are
generally not good candidates for SFC [66].

12.5.1 Stationary Phase Selection

Column selection remains the most important factor in successful enantiomeric sep-
arations. The CSPs most likely to be effective in SFC are those that have been
employed under normal phase conditions in LC. In fact, the tremendous body of
knowledge that has been accumulated for LC can also guide column selection in
SFC [66]. The likelihood of success with a particular CSP can generally be gauged
after one or two injections [67]. If no evidence of separation is observed, another
CSP should be investigated.

12.5.2 Modifiers

The nature of the modifier and the modifier concentration impact both retention and
selectivity in packed column SFC. SFC offers considerable flexibility in modifier se-
lection because nearly all commonly used organic modifiers, including methanol and
acetonitrile, are miscible with CO2. In contrast, methanol and acetonitrile are rarely
used as modifiers in normal phase LC because they are immiscible with hexane [68].

In general, retention decreases as the modifier concentration increases because the
modifier competes with the analytes for sites on the stationary phase. The effect on
retention of changes in modifier concentration seems to be more pronounced for
CSPs than for achiral stationary phases in SFC, and peak shapes are apt to degrade
rapidly at low modifier concentrations [12]. Efficiency tends to decrease as the mod-
ifier concentration increases because analyte diffusion is slowed by the increased
viscosity of the eluent [39].

Methanol remains the most widely used modifier because it produces highly effi-
cient separations, but it does not always produce the highest selectivity [8]. Recent
studies have provided insight into the role of the modifier in enantioselectivity in
SFC [69]. Blackwell and Stringham examined a series of phenylalanine analogues
on a brush-type CSP and developed a model that allowed prediction of selectivity
based on the bulk solvation parameters of various modifiers [70]. Careful choice of
modifiers can be used to mask or enhance particular molecular interactions and ulti-
mately provide control of selectivity [71].
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Modifier additives also play a role in method optimization and are typically added
to the modifier at concentrations less than 1 % (v/v). Additives can provide increased
efficiency by minimizing undesirable interactions between the analyte and the CSP,
and may be necessary to elute certain types of compounds. The type of additive
(acidic or basic) that will produce the best results depends upon the functionality of
the analyte [72]. Certain additives are strongly retained on the stationary phase, and
their effect may persist even after they are removed from the eluent [22]. The impact
of both modifiers and additives can also be affected by the proximity of the operat-
ing conditions to the critical point of the eluent [73].

12.5.3 Temperature

Temperature can also be used to optimize enantioselectivity in SFC. The selectivity
of most CSPs increases as temperature decreases. For this reason, most chiral sepa-
rations in SFC are performed at ambient or subambient temperatures [50, 74]. Sub-
ambient temperatures are particularly useful for compounds having low conforma-
tional stability [75]. Stringham and Blackwell explored the concept of entropically
driven separations [76]. As temperature increased, enantioselectivity decreased until
the enantiomers co-eluted at the isoelution temperature. Further increases in tem-
perature resulted in reversal of elution order of the enantiomers. The temperature
limitations of the CSP should be considered before working at elevated tempera-
tures.

12.5.4 Pressure

Changes in pressure typically have a greater impact on retention than on selectivity.
Most studies of CSPs have indicated little effect of pressure on stereoselectivity [28,
31]. However, Bargmann-Leyder et al. reported pressure-related changes in selectiv-
ity for an amylose-based CSP, though the magnitude of the pressure effect was not
the same for all the compounds studied [58]. Pressures in the range of 15–20 MPa
are common for chiral SFC.

12.5.5 Flowrate

Optimum flowrates are higher in packed column SFC than in LC. Flowrates as high
as 5.0 mL min–1 generally do not dramatically reduce efficiency in SFC [12]. Bier-
manns and co-workers reported the separation of β-blockers at a flowrate of 4.0 mL
min–1, a rate eight times higher than the flowrate recommended for LC [56]. No
deterioration of column performance was observed.
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12.6 Conclusions

Enantiomeric separations have proven to be one of the most successful applications
of packed column SFC. Despite initial reluctance, many analysts now use SFC rou-
tinely for both analytical and preparative chiral separations. Additional studies of
chiral recognition in SFC and continued improvements in instrumentation will
ensure a prominent role for SFC in chiral separations methodology in the future.

Disclaimer

Certain commercial equipment, instruments, or materials are identified in this report
to specify adequately the experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and Tech-
nology, nor does it imply that the materials or equipment identified are necessarily
the best available for the purpose.
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13.1 Introduction

The regulation of chiral drugs provides a good demonstration of the mutual rela-
tionship between progress in scientific methodology and the development of regula-
tory guidelines. It is also an example of international debate between regulatory
authorities and the pharmaceutical industry leading to a consensus in recognition of
the global nature of pharmaceutical development. The significance of optical iso-
merism in drug action is well-established; for example, it was known in 1926 that
the biological activity of atropine resided in only one stereoisomer [1]. However, the
absence of suitable methods for either the large-scale preparation of pure enan-
tiomers or for stereoselective analysis meant that the majority of stereochemically
pure drugs on the market were of natural origin. That drug metabolism could be
stereoselective was already acknowledged by the 1970s [2], but it was only in the
following decade that the wider implications of chirality in clinical pharmacokinet-
ics and drug safety began to be recognized and then only after some vigorous cam-
paigning, for example, by Ariëns [3, 4]. The “enantiomer-versus-racemate” debate
will not be reiterated here as the published literature is quite extensive and has been
previously reviewed [e.g., 5–8]. A summary, however, is given in Table 13-1 of the
different scenarios, illustrated by single examples, associated with the administration
of a racemate which might need be taken into account during development of new
drug substances.

Historically, synthetic chiral drugs were mainly presented as the racemate due to
the technical difficulties of either synthesizing the pure enantiomers or separating
them to yield the individual isomers. The 1980s saw the introduction of new meth-
ods for the preparation of single enantiomers accompanied by advances in chiral
analytical procedures. The field of asymmetric synthesis in organic chemistry bur-
geoned and a wide range of chiral precursors and reagents are now commercially
available as a result. There has also been exploitation of biosynthetic pathways in
micro-organisms to produce drug substances, either employing chiral starting mate-
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rials for subsequent derivatization (achiral or otherwise) or by using well-character-
ized enantioselective microbial reactions at strategic points in a chemical synthesis
to introduce the desired chiral center. Where the option of synthesizing the required
stereoisomer is not feasible, the enantiomers of the drug must be separated. The tra-
ditional method is fractional crystallization using a chiral counter-ion to produce
diastereoisomeric salts. This technique is still commonly used, but finding a suitable
counter-ion is mainly based on trial and error. Chiral high-performance liquid chro-
matography (HPLC) may provide a suitable preparative method for small amounts
of enantiomers, but is less likely to be commercially viable. New developments such
as simulated moving bed (SMB) chromatography provide exciting possibilities for
the future production of large-scale quantities of pure enantiomers.

Alongside the improvement in procedures for obtaining enantiomerically pure
compounds have come new methods of analysis which are necessary to demonstrate
the effectiveness of manufacturing procedures and to control the quality of the active
ingredient and corresponding medicinal product. The greatest area of evolution has
been in chiral chromatography, particularly HPLC, but methods based on nuclear
magnetic resonance (NMR) spectroscopy are also used and latterly capillary elec-
trophoresis (CE) techniques have become available. Bioanalytical methods are also
required for monitoring the fate of individual isomers after administration [9]. 

As the new synthetic, preparative and analytical methods arrived, they allowed
growth of the body of evidence demonstrating the pharmacological, pharmacoki-
netic and clinical significance of drug chirality until the stage was reached where the
issue needed to be addressed by both the pharmaceutical industry and the regulatory
authorities responsible for licensing medicinal products. A consultative approach
was adopted by the regulators. In 1992, a Drug Information Association (DIA) work-
shop on chirality was held with a concurrent independent discussion on regulatory
requirements for chiral drugs [10]. Regulators and representatives from the pharma-
ceutical industry in the European Union (EU), Japan and the US debated chiral
issues relating to quality, safety, and efficacy – the three principles which form the
basis for approval of a medicinal product. The workshop recommended a pragmatic
approach to the regulation of chiral drugs whereby the choice of the stereochemical
form should be based on scientific data relating to quality, safety, efficacy and
risk–benefit. The decision as to whether a racemate or enantiomer ought to be devel-
oped should reside with the applicant for the marketing authorization or sponsor of
the product. The workshop recommended that the regulation of chiral drugs should
be consistent with these principles.

Regulatory guidance on the development of chiral drugs was published subse-
quently, first in the US in 1992 and then shortly afterwards by the EU, and indeed
has adopted the pragmatic approach advocated by the DIA workshop. A similar atti-
tude prevails in Japan, although formal guidance has not been produced. The Cana-
dian guidance is also based on the same principles [11]. There is a wider interna-
tional effect of these and other regulatory policies through exchange schemes with
other countries. The same dossier of information may be accepted to register a
medicinal product elsewhere and in some cases an authorization is granted on the
basis of the original assessment report. An example of the latter is the Pharmaceuti-
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cal Evaluation Report (PER) scheme which was initiated by the EFTA countries but
now has world-wide membership. The publication of guidance by the various regu-
latory authorities has itself in turn further stimulated the development of single enan-
tiomers by the pharmaceutical industry and thus ensured the continued introduction
of new enantioselective methods of synthesis and analysis.

The progress made in this area has been such that, in retrospect, it is difficult to
see why the biological significance of chirality was not initially more widely appre-
ciated and why there was so much controversy when the concept of regulating chi-
ral drugs was first aired. Nowadays, it is widely accepted that enantiomers should be
treated as separate compounds from the point of view of their pharmacological
action, although there are still lessons to be learned with respect to drug safety [12].
The presentation of a drug as a racemate now requires full justification before a mar-
keting authorization can be granted, which means that studies with individual enan-
tiomers using chiral analytical procedures are a necessity during product develop-
ment even if it is the racemate that is finally marketed. The issue of chirality has been
reviewed with respect to classes of drugs such as nonsteroidal anti-inflammatory
agents [13] and antimicrobials [14].

The remainder of this chapter outlines the regulatory requirements for investiga-
tion of chiral drugs in the three regions of Europe, the US and Japan. These coun-
tries provide the sponsoring bodies for the International Conference on Harmoniza-
tion which aims to unify the process of drug registration globally (see Section 13.5).
The requirements are discussed with particular emphasis on their pharmaceutical
and chemical (quality) aspects: enantiopurity is a significant factor to be considered
when seeking approval of a chiral drug.

13.2 Requirements in the European Union

13.2.1 Introduction

Common legislation governs the criteria for the approval of human medicines
throughout the countries of the EU whether applications for marketing authoriza-
tions are made through the centralized or national routes. There are several volumes
of the Rules Governing Medicinal Products in the European Community [15] which
include the relevant Directives and also provide interpretation of the pharmaceutical
legislation. The Rules are available on the Internet web-site for Directorate General
III of the European Commission which is responsible for pharmaceuticals
(http://dg3.eudra.org). Recommendations on the studies to be conducted in support
of an application for a marketing authorization are made in Guidelines on Quality,
Safety and Efficacy of Medicinal Products for Human Use contained in Volume III
of the Rules. These notes for guidance begin life under the auspices of the various
working parties of the Committee of Proprietary Medicinal Products (CPMP) and
include guidelines which are the result of international harmonization (see Section
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13.5). Such guidelines are not legally binding, but the applicant would be expected
to provide a satisfactory (scientifically based) justification in cases where the rec-
ommendations had not been followed. European guidelines are available at their
draft consultation stages and in their final form on the Eudranet web-site of the Euro-
pean Medicines Evaluation Agency (EMEA) at http://www.eudra.org/emea.html.
The note for guidance of primary interest for drugs which may exist as optical iso-
mers is called Investigation of Chiral Active Substances (CPMP/III/3501/91). Dis-
cussion on this guideline started in 1991, it was adopted in October 1993 and came
into force in April 1994. Its requirements are discussed below together with relevant
aspects of other notes for guidance concerning quality issues.

13.2.2 Note for Guidance on Investigation of Chiral Active Substances

The contents of this guideline are additional to other guidelines relating to the qual-
ity, safety and efficacy of medicinal products licensed in the EU. Manufacturers
must decide whether to market a drug as a single enantiomer or a racemate. They
should provide sufficient justification of their decision so that the licensing author-
ity can assess the risk:benefit ratio. The key to a successful outcome for an applica-
tion for a marketing authorization is proper justification of the decisions made con-
cerning a product during development. The guideline sets out requirements for stud-
ies to justify the chosen strategy in the areas corresponding to the three technical
parts of the dossier accompanying the application.

13.2.3 Chemistry and pharmacy aspects

Chemical aspects of the information required to support an application for a medic-
inal product containing a new drug were set out in the original guideline Chemistry
of Active Ingredients (Eudra/Q/87/011) published in Volume III of the Rules. This
guidance has since been updated in the draft note for guidance on the Chemistry of
new active substances (CPMP/QWP/130/96). The guideline on chiral active sub-
stances supplements these texts.

13.2.3.1 Synthesis of the Active Substance

In addition to providing the usual information concerning the manufacturing proce-
dure, the step where the chiral center is formed must be described in detail, and the
measures taken to maintain the desired configuration during subsequent stages of
synthesis must be shown. The ability of the process to provide adequate stereo-
chemical control must be validated and thus analytical methods for determination of
chiral compounds are of fundamental importance in the control and regulation of
medicines containing such drugs. The synthetic product must be fully characterized



with respect to identity, related substances and other impurities as for any other drug
substance, but with the additional requirement of establishing stereochemical purity.

Several synthetic strategies are possible and demand that different types of infor-
mation be provided. In cases where the starting material, whether a racemate or
enantiomer, already contains the required chiral center, full characterization of that
substance is required, including stereochemical purity and validation of chiral ana-
lytical procedures. Where a racemate or other intended enantiomeric mixture is
required, evidence should be provided that these are the result unless obvious from
the synthetic route employed. Where the preferred enantiomer is obtained by isola-
tion, the resolution step is considered part of the overall manufacturing process and
the usual details of the procedure should be given together with the number of cycles
used. If a nonequimolar mixture of enantiomers is needed, then the manufacturing
process must be validated to ensure consistent composition of the active ingredient.

There are circumstances in which it is not possible to obtain the required enan-
tiomer at manufacturing scale either by synthesis or isolation, e.g. because of diffi-
culties with scale-up or failure to obtain material in a suitable physical form for phar-
maceutical manufacture. In such cases, all the experimental results available should
be described and the reason for the failure given. Likewise, if enantiomeric material
could not be obtained for preclinical and clinical studies (see below), this should also
be discussed. Advances in preparative techniques should eventually make this sce-
nario less common.

13.2.3.2 Quality of the Active Substance

The quality of a drug substance is controlled by its specification. An internationally
harmonized guideline on specifications and tests for chemical substances as active
ingredients and in drug products makes reference to chiral compounds. This has
recently been finalized and is discussed in Section 13.5.2.

The guideline on chiral active substances states that particular attention should be
paid to identity and stereochemical purity. It states that specifications for a racemate
should include a test to show that the substance is indeed a racemate and this is a
position supported by the requirements of the European Pharmacopoeia for drug
substance monographs [16].

The chiral drugs guideline lists examples of methods that may be used for the con-
trol of drug substances, ranging from the simpler ones such as optical rotation, melt-
ing point, chiral HPLC to the more sophisticated techniques including optical rota-
tory dispersion, circular dichroism, or NMR with chiral shift reagents. It is not
expected that this list would preclude the adoption of other methods or those that
may be introduced in the future. It is the responsibility of applicants to decide on the
techniques that are appropriate for the satisfactory control of each drug substance
and to ensure that they are fully validated. The guidelines on analytical validation
have been internationally harmonized and are discussed below (Section 13.5.4).
Stereoisomeric reference substances may be required for test procedures for chiral
drugs. The stereochemical purity of reference materials must be stated by giving a
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value for their assay determination. Care should be taken in the characterization of
such materials when they are required to support the stereochemical identification of
the drug substance. It is all too easy to fall into a circular argument when trying to
establish the absolute configuration of a compound based on mechanistic arguments
and/or the chirality of starting materials. Single crystal X-ray diffraction studies of
the final drug substance with methods appropriate for the determination of absolute
configuration provide the greatest confidence.

Stereoisomers may arise during synthesis of a drug substance, or they may arise
as degradation products on storage. The guideline on chiral active substances states
that when a chiral drug substance is presented as a single enantiomer, the unwanted
enantiomer is considered to be an impurity. The internationally harmonized guide-
line on impurities (see Section 13.5.3) applies in principle to substances containing
enantiomeric or diastereoisomeric impurities as it would to active ingredients con-
taining any other organic impurities. However, the limits normally expected do not
apply to chiral impurities. The limits for the control of enantiomers in drug sub-
stances are usually relaxed compared to tests using achiral methods because it is rec-
ognized that the chiral separation methods may not be able to achieve the same sen-
sitivity.

The use to which development and commercial scale batches were put must also
be detailed by the applicant so that each can be linked to a particular safety or clin-
ical study. This information assists in the qualification of impurities which is the pro-
cess by which the biological safety of an individual impurity, or an impurity profile,
is established at a specified level. If the new drug substance containing a particular
level of impurity has been adequately tested in safety and/or clinical studies then that
level is considered to be qualified. Metabolism studies with chiral drugs should
demonstrate whether or not chiral inversion occurs. Impurities that are also signifi-
cant human metabolites do not need further qualification, as exposure to them would
be automatic on administration of the drug in clinical trials. Together with the batch
analysis data, the qualification studies should be used to justify the specification lim-
its for individual known, unknown and total impurities. The applicant should demon-
strate that unacceptable changes in stereochemical purity or enantiomeric ratio do
not occur on storage of the active ingredient.

Chemical development: Proof of structure and configuration are required as part
of the information on chemical development. The methods used at batch release
should be validated to guarantee the identity and purity of the substance. It should
be established whether a drug produced as a racemate is a true racemate or a con-
glomerate by investigating physical parameters such as melting point, solubility and
crystal properties. The physicochemical properties of the drug substance should be
characterized, e.g. crystallinity, polymorphism and rate of dissolution.

Finished product: The applicant should show that the manufacturing process pro-
duces no unacceptable changes in the stereochemical purity of the active ingredient
and that such changes do not occur on storage for the proposed shelf-life.



13.2.4 Preclinical and Clinical Studies

13.2.4.1 Single Enantiomer

The development of a single enantiomer as a new active substance should be
described in the same manner as for any other new chemical entity. Studies should
be carried out with the single enantiomer, but if development began with the race-
mate then these studies may also be taken into account. Chiral conversion should be
considered early on so that enantiospecific bioanalytical methods may be developed.
These methods should be described in chemistry and pharmacy part of the dossier.
If the opposite enantiomer is formed in vivo, then it should be evaluated in the same
way as other metabolites. For endogenous human chiral compounds, enantiospecific
analysis may not be necessary. The enantiomeric purity of the active ingredient used
in preclinical and clinical studies should be stated.

13.2.4.2 Racemate

The applicant should provide justification for using the racemate. Where the inter-
conversion of the enantiomers in vivo is more rapid than the distribution and elimi-
nation rates, then use of the racemate is justified. In cases where there is no such
interconversion or it is slow, then differential pharmacological effects and fate of the
enantiomers may be apparent. Use of the racemate may also be justified if any tox-
icity is associated with the pharmacological action and the therapeutic index is the
same for both isomers. For preclinical assessment, pharmacodynamic, pharmacoki-
netic (using enantiospecific analytical methods) and appropriate toxicological stud-
ies of the individual enantiomers and the racemate will be needed. Clinical studies
on human pharmacodynamics and tolerance, human pharmacokinetics and pharma-
cotherapeutics will be required for the racemate and for the enantiomers as appro-
priate.

13.2.4.3 New Single Enantiomer from Approved Racemate or New Racemate
from Approved Single Enantiomer

These situations are treated as completely new applications which should include an
explanation of the decision to develop the enantiomer or racemate. Data on the exist-
ing racemate or enantiomer may be included where appropriate with bridging stud-
ies as necessary.

13.2.4.4 Nonracemic Mixture from Approved Racemate or Single Enantiomer

This can be viewed as optimization of the pharmacotherapeutic profile and therefore
is treated as a fixed combination product, for which a separate note for guidance
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applies. Data on stereoisomers not previously approved should be provided together
with justification for the fixed combination.

13.2.4.5 Abridged Applications

Generic applications for chiral medicinal products should be supported by bioequiv-
alence studies using enantiospecific bioanalytical methods unless both products con-
tain the same, stable, single enantiomer or both products contain a racemate where
both enantiomers show linear pharmacokinetics.

The guideline concludes with a note that there is no intention to require further
data on established medicinal products which contain a racemic drug unless new evi-
dence emerges concerning the safety or efficacy of one enantiomer. If new claims
related to the chiral nature of the active substance are made, then supporting studies
on the individual enantiomers will be required.

13.3 Requirements in the United States

13.3.1 Introduction

The Food and Drug Administration (FDA) is responsible for authorizing human
medicinal products in the USA through its Center for Drug Evaluation and Research
(CDER). Policy and guidance relating to drug registration for chemical substances
is published in the Federal Register and is available on the FDA Internet web-site at
http://www.fda.gov/cder/guidance/index.htm. The relevant guidance for chiral drugs
is the policy statement for the development of new stereoisomeric drugs which is
described below.

13.3.2 Policy Statement for the Development of New Stereoisomeric
Drugs

The FDA has taken essentially the same view as the EU with respect to the devel-
opment of chiral drugs but emphasizes different aspects in its guidance. The FDA’s
Policy statement for the development of new stereoisomeric drugs was first published
in January 1992, with corrections made in January 1997. The statement was pro-
duced in response to the technological advances which permitted production of
many single enantiomers on a commercial scale. The policy relates only to enan-
tiomers and not to geometric isomers or to diastereoisomers which have chemically
and pharmacologically distinct actions. Except in rare cases where biotransforma-
tion occurs, such compounds are treated as separate drugs, and mixtures are not
developed unless fortuitously as a fixed-dose combination. The guideline acknowl-



edges that the development of racemates may continue to be appropriate, but identi-
fies two areas which should be considered in product development.

The first is the manufacture and control of a product to assure its stereoisomeric
composition with respect to identity, strength, quality and purity. The quantitative
composition of the material used in the pharmacological, toxicological and clinical
studies conducted during development must be known.

The second point of consideration is the pharmacokinetic evaluation of a chiral
drug. Results from such studies will be misleading if the disposition of the enan-
tiomers is different, unless a chiral assay is used. Such an assay would have to be
established for in vivo use early in the drug development process as results from ini-
tial pharmacokinetic measurements, including information on interconversion of
enantiomer in vivo, will inform the decision as to whether the individual enantiomer
or racemate should be developed. If the drug product is to contain a racemate and the
pharmacokinetic profiles of the individual isomers are different, appropriate studies
should be conducted to measure characteristics such as the dose linearity, the effects
of altered metabolism and excretion and drug–drug interactions for the individual
enantiomers. An achiral assay or monitoring of only one enantiomer is acceptable if
the pharmacokinetics of the optical isomers is the same or in a fixed ratio in the tar-
get population. The in vivo measurement of individual enantiomers would be of
assistance in assessing the results of toxicological studies, but if this is not possible
then human pharmacokinetic studies would be sufficient.

The pharmacological activities of the isomers should be compared in vitro and in
vivo in both animals and humans. Separate toxicological evaluation of the enan-
tiomers would not usually be required when the profile of the racemate was rela-
tively benign but unexpected effects – especially if unusual or near-effective doses
in animals or near planned human exposure – would warrant further studies with the
individual isomers.

The guideline notes that the FDA invites discussion with sponsors on whether to
pursue development of the racemate or single enantiomer. This reflects the some-
what different regulatory approach in the US where there is greater interaction
between the FDA and sponsor during the drug development process than occurs in
Europe. All information obtained by the sponsor or available in published literature
relating to the chemistry, pharmacology, toxicology or clinical actions of the
stereoisomers should be included in the investigational new drug (IND) or new drug
(NDA) submissions.

13.3.3 Chemistry, manufacturing and controls

The policy gives further recommendations on the information which should be pro-
vided on chemistry, manufacturing and controls (CMC) in addition to that found in
other guidance (see Section 13.3.6).
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13.3.3.1 Methods and Specifications

For drug substances and drug products, applications for enantiomers and racemates
should include a stereochemically specific identity test and/or a stereochemically
selective assay. The choice of control tests should be based on the method of manu-
facture and stability characteristics and, in the case of the finished product, its com-
position.

13.3.3.2 Stability

Methods of assessing the stereochemical integrity of enantiomeric drug substances
and drug products should be included in the stability protocols for both, but stereos-
elective tests may not be required once it has been shown that racemization does not
occur.

13.3.3.3 Impurity Limits

It is essential to determine the concentration of each isomer and define limits for all
isomeric components, impurities, and contaminants of the compound tested preclin-
ically that is intended for use in clinical trials. The maximum level of impurities in
a stereoisomeric product used in clinical studies should not exceed that in the mate-
rial evaluated in nonclinical toxicity studies. This point is expanded in the ICH
impurities guideline (Section 13.5.3).

13.3.4 Pharmacology/Toxicology

The activity of the individual enantiomers should be characterized according to the
principal and any other important pharmacological effects with respect to the usual
parameters including potency, specificity and maximum effect. The pharmacokinetic
profile of each isomer should be established in animals and later compared to the
human pharmacokinetic profile found in Phase I studies which are conducted in
healthy volunteers. It is normally sufficient to carry out toxicity studies on the race-
mate. If the drug causes toxic effects other than that predicted from its pharmacol-
ogy at relatively low exposure in comparison with planned clinical trials, then the
studies should be repeated with the individual isomers to ascertain whether a single
enantiomer is responsible for the effect. If this is the case, then it would be desirable
to eliminate the toxicity by developing the appropriate single enantiomer with only
the desired effect.



13.3.4.1 Developing a Single Enantiomer after a Racemate is Studied

Once a mixture of stereoisomers has been investigated nonclinically, an abbreviated
evaluation of pharmacology and toxicity could be conducted to allow the existing
knowledge of the racemate available to the applicant to be applied to the pure enan-
tiomer. No further studies would be needed if the single enantiomer and the racemate
had the same toxicological profile. However, if the single enantiomer should appear
more toxic, then further investigations would be required to produce an explanation
and the implications for dosing in humans would have to be considered.

13.3.5 Clinical and Biopharmaceutical Studies

Where the individual enantiomers and the racemate show little difference in activity
and pharmacokinetics, the development of the racemate is justifiable. In other
instances, the development of the single enantiomer is especially desirable, for
example where one isomer is toxic and the other is not. Cases where unexpected tox-
icity or pharmacological effects occur at clinical doses of the racemate should be fur-
ther investigated with respect to the properties of the individual enantiomers and
their active metabolites. Such investigations might take place in animals, but human
studies may be essential. The unexpected effects may not relate to the parent enan-
tiomer but may be associated with an isomer-specific metabolite. Generally, it is not
as important to consider developing only one enantiomer if the opposite isomer is
pharmacologically inert. Clinical evaluation of both enantiomers and potential
development of a single enantiomer is more important when both enantiomers are
pharmacologically active but differ significantly in their potency, specificity or max-
imum effect. If both enantiomers carry desirable but different properties, then devel-
opment of a mixture of the two – not necessarily as a racemate – as a fixed combi-
nation might be reasonable.

Where the drug studied is a racemate, the pharmacokinetics, including potential
interconversion, of the individual enantiomers should be investigated in Phase I clin-
ical studies. Phase I or II data in the target population should indicate whether an
achiral assay, or monitoring of only one optical isomer where a fixed ratio is con-
firmed, will be adequate for pharmacokinetic evaluation. If the racemate has already
been marketed and the sponsor wishes to develop the single enantiomer, additional
studies should include determination of any conversion to the other isomer and
whether there is any difference in pharmacokinetics between the single enantiomer
administered alone or as part of the racemate.

13.3.6 Other Relevant FDA Guidance

The FDA’s Guideline for submitting supporting documentation in drug applications
for the manufacture of drug substances makes some specific references to chiral
drug substances. The requirements are similar to those in the EU. Elucidation of the
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structure of a chiral drug molecule should include determination of its configuration.
This analytical information should be supplemented by an knowledge of the synthe-
sis and the way in which the chiral center is produced (e.g. from a starting material,
stereospecific reaction or by resolution of intermediates). Optically active starting
materials may require additional testing compared to those without asymmetric cen-
ters if their chirality is of significance in the manufacture of the drug substance, e.g.
they are used in a resolution step. The policy notes that enantiomers may be consid-
ered as impurities (even in racemates) and as such require proper control during
manufacture and in the final drug substance. The guidance specifically addresses the
issue of key intermediates, those compounds in which the essential molecular char-
acteristics necessary for the desired pharmacological activity are first introduced into
the structure. Key intermediates will often be those where a chiral center of the cor-
rect stereochemistry is introduced, and as such they should be subjected to quantita-
tive tests to limit the content of undesired isomers. The control of drug substances is
discussed in the policy, but specifications and tests are now addressed by the inter-
nationally harmonized guideline discussed in Section 13.5.2. The need for stereo-
chemical characterization of reference materials used during analytical procedures is
noted.

The FDA’s Reviewer guidance on the validation of chromatographic methods
issued in November 1994 also refers to chiral methods. The guidance incorporates
the ICH analytical terms (see Section 13.5.4). It is noted that separation of enan-
tiomers can be achieved by HPLC with chiral stationary phases or with achiral sta-
tionary phases by formation of diastereoisomers using derivatizing agents or by the
use of mobile phase additives. When the chromatographic method is used in an
impurity test, the sensitivity is enhanced if the enantiomeric impurity elutes before
the enantiomeric drug (to avoid the tail of the main peak).

13.4 Requirements in Japan

The Japanese regulatory authority is the Ministry of Health and Welfare (MHW) and
the Pharmaceutical and Medical Safety Bureau (PSMB) is responsible for the pro-
mulgation of national and international guidelines in the form of Notifications.
Guidelines are available on the Internet web-site of the National Institute of Health
and Science (http://www.nihs.go.jp). The MHW has not issued specific guidance on
the development of chiral drugs, but has nonetheless responded to the “enantiomer-
versus-racemate” scientific debate. The attitude of the MHW and its advisory body,
the Central Pharmaceutical Affairs Council (CPAC) is discussed in two articles by
Shindo and Caldwell published in 1991 and 1995 [17, 18]. The latter paper analyzes
the results of a survey of the Japanese pharmaceutical industry which sought
responses on chirality issues.

Shindo and Caldwell reported that specific reference was made to chiral drugs in
only two places in the Japanese Requirements for Drug Manufacturing Approval.



The first was an amendment to the original document on Points to consider when
preparing data published in 1989 in the section on ‘Data concerning physicochem-
ical properties and standards and test methods’. It stated that, for mixtures of optical
isomers, it was recommended that chromatographic tests were performed in addition
to optical rotatory tests and indicated the MHW’s response to the growing develop-
ment of chiral stationary phases in HPLC. The second reference was added in 1985
and appeared in the section on ‘Test data concerning absorption, distribution,
metabolism and excretion’. It stated that when the drug concerned was a racemate,
investigation of the absorption, distribution, metabolism and excretion (ADME) of
each optical isomer was recommended.

Further references to chiral drugs have been found in the Japanese guidelines on
establishing specifications for new active substances issued in 1994. These indicate
firstly that consideration should be given to the solvent used in a test for optical rota-
tion and its effect on the result explained, and secondly that where the active ingre-
dient is an optical isomer, a method of discriminating between enantiomers should
be investigated and the ratio of enantiomers determined. The ICH guideline on spec-
ifications and tests (Section 13.5.2) now applies in Japan.

While the official requirements offer limited guidance on investigation of chiral
drugs, there is considerable correspondence on individual cases either with individ-
ual applicants or pharmaceutical industry associations. Shindo and Caldwell [17]
report that in 1986 this led to a distinction by the MHW between racemates, where
the ADME patterns of each enantiomer should be investigated together with the pos-
sibility of interconversion in vivo, and mixtures of diastereoisomers, where the
kinetics and contribution of each isomer to the efficacy of the drug should be estab-
lished. The CPAC also publishes an annual review of answers to industry questions.
These comments allow an insight into the drug approval process in Japan and offer
interpretations of the official guidelines. Shindo and Caldwell [18] provide examples
of some responses from the CPAC which show that the approval of a racemate is not
precluded, but that the selection of the optical form for marketing should be based
on a consideration of the efficacy and toxicity of each isomer. Investigations should
be performed on enantiomeric composition, pharmacological effect, metabolism,
toxicity, in vivo interconversion, etc. for the racemate and different isomers. In this
respect, the Japanese authorities operate on the same principles as other regulatory
authorities. However, it is also true that the requirements for drug registration in
Japan are more stringent than elsewhere, for example, in the battery of preclinical
tests required preapproval.

Thus, although there is a lack of formal guidance in Japan, it is apparent that there
is a considerable degree of concordance with the regulatory principles established
elsewhere. Approval is not proscriptive, is based on the data for individual cases and
the applicant is required to justify their reasons for developing a racemate if that is
the case.
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13.5 Guidelines from the International Conference 
on Harmonization

13.5.1 Introduction

The International Conference on Harmonization of Technical Requirements for the
Registration of Pharmaceuticals for Human Use (ICH) is a tripartite body sponsored
by regulatory authorities and research-based industry representatives from the three
regions discussed above: the European Union, Japan and the United States. In addi-
tion, the ICH Steering Committee includes observers from the World Health Orga-
nization (WHO), the Canadian Drugs Directorate and the European Free Trade
Association (EFTA). It is the aim of ICH to promote international harmonization of
regulatory requirements. Such harmonization avoids the duplication of the develop-
ment work required for registering new medicinal products and is of importance to
the pharmaceutical industry which is becoming increasingly globalized.

The Steering Committee is responsible for identifying topics for which harmo-
nized guidelines are then developed. These guidelines can be obtained from the ICH
Internet web-site which is maintained by the International Federation of Pharma-
ceutical Manufacturers Associations (IFPMA) who provide the secretariat support
for ICH (http://www.ifpma.org). ICH also holds biennial conferences and work-
shops. There are five stages in the ICH process for developing a guideline, repre-
sented in Fig. 13-1, which starts with consideration of the topic and development of
a consensus by the relevant Expert Working Group (EWG). The EWG members are
nominated from the regulatory and industrial bodies in the three regions. The draft
consensus resulting from the EWG is then released by the ICH Steering Committee
for wider consultation in the three sponsor regions. Comments from other geo-
graphical areas are received through IFPMA and WHO contacts. The comments
received are consolidated and the final guideline is issued for adoption and imple-
mentation in the three regions.

Some internationally harmonized guidelines regarding specifications and tests,
impurities and validation of analytical methods have particular relevance to the
development of chiral drugs and are discussed below. In addition, the impact of work
on the common technical document is considered.

13.5.2 Specifications and Tests

ICH Topic Q6A Specifications: Test Procedures and Acceptance Criteria for new
drug substances and new drug products: Chemical Substances reached Step 4 in
October 1999 and was approved by the CPMP in November 1999 with a date of May
2000 (Step 5) for coming into operation in the EU [CPMP/ICH/367/96]. It provides
guidance on the selection of test procedures and the setting and justification of
acceptance criteria for new drug substances of synthetic chemical origin, and drug
products produced from them, that have not been previously registered in the EU,



Fig. 13-1. International Conference on Harmonization (ICH) process for developing harmonized guide-
lines.

Japan or US. Detailed recommendations are made regarding the specifications for
active ingredients and different types of dosage forms, and reference is made to chi-
ral drugs. Thus, this ICH guideline may supersede, or at least provide additional
guidance to, the recommendations in the regional guidelines described above. It
should be noted that this ICH guideline does not apply to drugs of natural origin.

Guidance on specifications is divided into universal tests/criteria which are con-
sidered generally applicable to all new substances/products and specific tests/crite-
ria which may need to be addressed on a case-by-case basis when they have an
impact on the quality for batch control. Tests are expected to follow the ICH guide-
line on analytical validation (Section 13.5.4). Identification of the drug substance is
included in the universal category, and such a test must be able discriminate between
compounds of closely related structure which are likely to be present. It is acknowl-
edged here that optically active substances may need specific identification testing
or performance of a chiral assay in addition to this requirement.

Tests for chiral drug substances are included in the category of specific tests/cri-
teria. A decision tree (Fig. 13-2) summarizes when and if chiral identity tests, impu-
rity tests and assays may be needed in drug substance and finished product specifi-
cations. For a drug substance, an identity test should be capable of distinguishing
between the enantiomers and the racemate for a drug substance developed as a sin-
gle enantiomer. A chiral assay or enantiomeric impurity procedure may serve to pro-
vide a chiral identity test. When the active ingredient is a racemate, a stereospecific
test is appropriate where there is a significant possibility that substitution of an enan-
tiomer for a racemate may occur or when preferential crystallization may lead to
unintentional production of a nonracemic mixture. Such a test is generally not 
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Fig. 13-2. Establishing procedures for chiral new drug substances and new medicinal products contain-
ing new chiral drug substances.

needed in the finished product specification if there is insignificant racemization
during manufacture of the dosage form or on storage and a test is included in the
drug substance specification. If the opposite enantiomer is formed on storage, then
a chiral assay or enantiomeric impurity testing will serve to identify the substance as
well.

With respect to impurities, it is acknowledged that, where the substance is pre-
dominantly one enantiomer, the opposite isomer is excluded from the qualification
and identification thresholds given in the ICH guideline on impurities (Section
13.5.3) because of practical difficulties in quantification at the recommended levels.
Otherwise, it is expected that the principles of that guidance apply. The guideline
allows that appropriate testing of a starting material or intermediate, with suitable
justification from studies conducted during development, could give assurance of
control. This approach may necessary, for example, when there are multiple chiral
centers present in the drug molecule. Control of the other enantiomer in the finished
product is needed unless racemization during manufacture of the dosage form or on
storage is insignificant. The procedure used may be the same as the assay, or it may
be separate.

Determination of the drug substance is expected to be enantioselective, and this
may be achieved by including a chiral assay in the specification or an achiral assay
together with appropriate methods of controlling the enantiomeric impurity. For a
drug product where racemization does not occur during manufacture or storage, an
achiral assay may suffice. If racemization does happen, then a chiral assay should be
used or an achiral method combined with a validated procedure to control the pres-
ence of the other enantiomer.
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13.5.3 Impurities

There are two ICH guidelines on impurities: Topics Q3A makes recommendations
on Impurities in new drug substances and Topic Q3B on Impurities in new medici-
nal products. In Europe, the guidelines are published respectively as
CPMP/ICH/142/95 and its Annex CPMP/ICH/282/95. Revisions to these to guide-
lines are at Step 2 of the ICH process (regulatory consultation in the three regions)
and affect the way rounding of analytical results is related to the limits for impuri-
ties denoted in the texts. As previously stated, enantiomeric impurities are excluded
from the guideline, but the principles expressed are expected to apply. There are two
aspects of control of impurities: firstly, their chemical classification and identifica-
tion; and secondly, assessment of their safety at the level imposed by the drug sub-
stance specification. The latter is the process of qualification already mentioned in
Section 13.2.3.2, Quality of the active substance.

The guidance on impurities in new drug substances state that the sources of actual
and potential impurities, whether arising from synthesis, purification or degradation,
should be discussed. Analytical data are required that show the level of individual
and total impurities in development and commercial scale batches. The impurity pro-
files, e.g. chromatograms, must be available if requested. Samples should be inten-
tionally degraded so that potential impurities arising from storage can be identified.
Such studies would reveal whether racemization of single enantiomers was likely to
occur. In normal application of the guideline, identification of organic impurities is
required above certain specified thresholds, usually by isolation and spectroscopic
characterization, or if this has not been possible, the unsuccessful laboratory studies
described. Below these thresholds, identification is not required but it is useful to
present this data if available and identification should be attempted in any case for
compounds expected to be unusually potent or toxic. Chiral analysis would enable
the identification of enantiomeric impurities.

The guideline gives thresholds depending on the maximum daily dose of the drug
above which qualification studies are required. Lower or higher qualification thresh-
olds may be appropriate for certain classes of drugs. Where the qualification thresh-
old is exceeded, additional safety studies may be required according to a decision
tree provided in the guideline. Similar qualification of enantiomeric impurities by
their presence in batches of drug substance used in safety and/or clinical studies
would be expected, although they are not strictly covered by the guideline. The revi-
sions to the guideline currently under consultation include the designation of report-
ing thresholds for impurities.

The guideline on impurities in new medicinal products parallels the drug sub-
stance text, but the designated thresholds concern only degradation products. The
thresholds should be applied to the product at the end of its shelf-life, as that is when
the greatest level of degradation is expected to have occurred.
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13.5.4 Analytical Validation

There are two ICH guidelines on analytical validation. The first provides a glossary
of terms and the second addresses methodology. The first guideline, ICH Topic Q2A
Validation of analytical procedures: Definitions and terminology, reached Step 4 in
October 1994. It sought only to present a collection of terms and definitions and not
to provide direction on how to accomplish validation. The guideline was intended to
bridge the differences which could exist between the various compendia and regula-
tors in the three regions of the ICH. In the EU, the guideline was approved by the
CPMP in November 1994 (CPMP/III/5626/93) and came into operation in June
1995. As mentioned above, the FDA incorporated the ICH definitions of analytical
terms into its guidance on validation of chromatographic methods in November
1994.

The guideline states that the objective of validation is to demonstrate that an ana-
lytical method is fit for its purpose and summarizes the characteristics required of
tests for identification, control of impurities and assay procedures (Table 13-2). As
such, it applies to chiral drug substances as to any other active ingredients. Require-
ments for other analytical procedures may be added in due course.

Table 13-2. Characteristics of analytical procedures requiring validation (indicated by a tick).

Identity
Control of impurities

Assay
Quantification Limit test

Accuracy and precision � �
Specificity � � � �
Limit of detection (�) �
Limit of quantitation �
Linearity and range � �

Assays may be applied to the active moiety in the drug substance or drug product
or to other selected components of the product. They are used for content/potency
determinations and for measurement of dissolution. Precision includes repeatability
(intra-assay precision) and intermediate precision (within laboratory) except the lat-
ter is not required where reproducibility (inter-laboratory) has been performed. If
there is lack of specificity in one analytical procedure, compensation by other sup-
porting methods is allowed. The characteristics listed in Table 13-2 are considered
typical, but allowance is made for dealing with exceptions on a case-by-case basis.
Robustness is not listed, but should be considered at an appropriate stage in devel-
opment. Revalidation of analytical procedures is required following changes in the
synthesis of a drug substance, composition of the finished product or in the analyti-
cal procedure.

The second guideline, ICH Topic Q2B, Validation of analytical procedures:
Methodology, reached Step 4 in November 1996, was approved by the CPMP in
Europe in December 1996 (CPMP/ICH/281/95) and came into operation in June
1997. It is complementary to the first guideline and provides some guidance and rec-
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ommendations on acceptable methods for validating the characteristics of an analyt-
ical procedure. An indication of the data which should be provided in an application
for a marketing authorization is given. It discusses the following characteristics sep-
arately: specificity; linearity; range; accuracy; precision; detection limit; quantita-
tion limit; robustness and system suitability testing.

13.5.5 Common Technical Document

This ICH Topic (M4) is mentioned here as an indication of a future trend in the
global authorization of new medicinal products. It is probably the ICH’s most ambi-
tious undertaking, aiming as it does to provide the basis for a single set of registra-
tion documents to support an application for marketing authorization in any of the
three ICH regions. The EWG for the Common Technical Document (CTD) has been
extended to include the observers to ICH and representatives of the generics indus-
try and manufacturers of products for self-medication. There is also liaison with the
ICH topic (M2) on electronic submission of documents supporting a drug registra-
tion. The magnitude of the task is such that the progress to date on reaching a con-
sensus on the table of contents for the CTD has only been achieved after consider-
able debate. There are differences in regulatory practice in the three regions, in par-
ticular in the way that authorities interact with the drug development process, which
will provide considerable hurdles to be overcome by the harmonization process. The
CTD has been broken down into modules and the tables of contents (TOC) for the
quality, safety and efficacy sections have been released for Step 2 consultation. The
TOC give cross-references to appropriate harmonized guidelines. The CTD will pro-
vide the focus of the Fifth ICH Conference in November 2000.

13.6 The Effect of Regulatory Guidelines

The regulatory guidelines and attitudes of the regulatory authorities described above
have affected the number of submissions for authorization of medicinal products con-
taining drugs which are single enantiomers. Table 13-3 summarizes the data available
from various surveys [17–20] using the categories first established by Ariëns in 1984
[19]. The figures for the Medicines Control Agency (MCA) result from an informal
analysis of cases assessed between July 1996 and June 1999. Table 13-3 shows that the
proportion of synthetic chiral drugs developed as single enantiomers appears to have
genuinely risen between 1982 and 1999, even though the figures have been obtained
from different surveys. This increase reflects both the regulatory requirements intro-
duced in the early 1990s and the availability of the necessary scientific techniques to
synthesize and control the enantiopurity of chiral drugs. The proportion of synthetic
drugs which are presented in a nonchiral form is somewhat variable over the period of
time represented by the figures in Table 13-1. In the surveys conducted between 1982
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and 1985, the proportion was about 60 %, and between 1986 and 1991 it was about
25 %, whereas from 1992 to 1999 it appeared to increase from 30 % to 40 %, thus
making any conclusions about trends rather difficult.

Table 13-3. New chemical entities (NCEs)1 categorized according to their origin and chirality.

Drugs in NCEs NCEs Drugs in NCEs NCEs 
use 1982 approved approved use 1991 approved assessed

1983–85 in Japan in Japan by MCA
1986–89 1992–93 1996–99

[19] [19] [17] [20] [18]

Natural/Semi-synthetic 475 39 53 147 – 17
Racemate 8 0 5 8 – 1
Single enantiomer 461 39 47 119 – 14
Achiral 6 0 1 8 – 2

Synthetic 1200 91 47 521 47 61
Racemate 422 36 29 140 22 13

(88 %) (95 %) (80 %) (56 %) (67 %) (35 %)
Single enantiomer 58 2 7 110 11 24

(12 %) (5 %) (20 %) (44 %) (33 %) (65 %)
Achiral 720 53 11 140 14 24

Total 1675 130 100 668 78

1 In the US, NCEs are referred to as new molecular entities (NMEs).

The area of “racemic switches” where a single enantiomer is developed subse-
quently to a corresponding racemate which is already on the market has attracted
much interest [7, 8]. A description of the preclinical and clinical development of
dexketoprofen provides a detailed example of one of these racemic switches [21].
The regulations in Europe and the US both allow for the development of a single
enantiomer from a racemate by the use of bridging studies between the old and new
applications. One problem to be considered is how a company which was not
responsible for the original development can provide equivalent data.

Apart from any intrinsically beneficial effects to patients from the administration
of pure enantiomers, it has been speculated that such switches may provide a mech-
anism for extending the patentable period of a new drug. While this may have been
attempted, the theoretical advantages of single enantiomers have not always been
realized in practice. Examples of drugs which were first marketed as racemates
where the single enantiomer is now available are dexfenfluramine, levofloxacin, lev-
obupivacaine, dexketoprofen and dexibuprofen (in a limited number of countries).
Others are either in development or in the process of registration. Inspection of the
indications and precautions granted for such compounds reveals that the claimed
advantages of the single enantiomer are not necessarily borne out by the clinical
studies. Some of the pitfalls in developing chiral drugs from the clinical point of
view have been outlined previously [12]. One problem is interconversion of
stereoisomers which can offset any differences in pharmacological effect. For exam-
ple, the inactive form of ibuprofen, the R(–)-isomer, is incompletely converted to the



active S(+)-isomer; thus the reduction in dose of the single enantiomer required to
achieve the same clinical effect is not half that of the racemate [13]. Interconversion
is also the reason why it is unlikely that development of the single R(+)-enantiomer
of thalidomide would prevent the well-known teratogenic side-effects of this drug
which are probably associated with the S(–)-enantiomer. The R-isomer is converted
following administration to the S-isomer in man, but not in some other species. This
example illustrates the need for studies on a case-by-case basis to establish the pat-
terns of activity and pharmacokinetics for each pair of enantiomers and for careful
assessment of the future development of either the racemate or pure enantiomer.

13.7 Concluding Remarks

Regulation of chiral drugs is now well established, and has had the effect of pro-
ducing a higher ratio of single enantiomer to racemic compounds for new synthetic
drugs on the market. New analytical and preparative techniques will make it easier
in the future to develop single enantiomers. There is no real evidence that the num-
ber of achiral drugs is increasing to avoid the problems associated with enantiopu-
rity. Therefore it seems safe to assume that the technical methods for controlling chi-
ral drugs have developed to a stage where many of the challenges presented to the
analyst can be solved.

There will be a continued need for enantiospecific methods of preparation and
analysis, not only to ensure the quality of the final drug substance and reference
materials, but also to control starting materials used for their manufacture, and key
intermediates during synthesis. Likewise, specific and sensitive bioanalytical meth-
ods will be required to follow the fate of individual enantiomers after their adminis-
tration.
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