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Abstract: From the beginning of the 1980s, the life science industry increasingly recognized the importance of
chirality in biological interaction processes, but the methods for preparing optically pure drugs were still limited.
Most of the syntheses of chiral compounds were performed starting from optically active building blocks (chiral
pool), mainly from natural sources, or by resolution of the enantiomers via formation of diastereomers. In this
context, there was a growing interest for enantioselective processes, such as synthetic methodologies and
separation techniques for accessing optically pure substances in an effective manner. Among the separation
approaches, enantioselective chromatography looked very promising and a project aiming to explore this op-
tion was started in the Central Research Laboratories of former Ciba-Geigy. This article reviews the story of this
development which culminated in the discovery of highly efficient polysaccharide-based chiral stationary phases
which have now become the gold standard in the world of enantioselective chromatography. It shows also how
the technique of enantioselective chromatography has evolved from an analytical tool to a practical preparative

technology, up to production scale.
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For 10 years, he focused his research inter-
est on the development of new chiral sta-
tionary phases for enantioselective sepa-
rations of chiral compounds and worked
in close collaboration with chemists in
drug and agrochemical research. In 1991,
he moved to the pharmaceutical division
of Ciba, which became Novartis in 1996,
where he was executive director until his
retirement in 2016. He is now independent
scientific advisor in the field of Separation
Sciences. During his industrial research
career as a project leader and section
head, he developed and applied innovative
chiral materials for the separation of en-
antiomers of numerous biologically active
substances on an analytical and prepara-
tive scale, facilitating and accelerating
the development of new drugs. The novel
chiral stationary phases that he developed,
have been commercialized and are now the
gold standard in this field. He was also a
pioneer for the implementation of new pre-
parative chromatographic technologies
such as simulated-moving-bed and super-
critical fluid chromatography in the phar-
maceutical industry. He received several
awards for his contribution in the field of
enantioselective chromatography, notably
the Ciba Fellow Award (1995), the Jaubert
Prize of the Geneva University (1998), and
the Novartis Distinguished Scientist award
(2000). He holds about 120 publications
and patents.

Introduction

In 1980, no single chiral stationary
phase was commercially available for
enantioselective chromatography and a
project aiming to develop optically ac-
tive polymers to be used for the resolution
of racemic drug and drug intermediates
by chromatography was initiated in the
central research laboratories of formerly
Ciba-Geigy. The primary motivation for
this project was driven by the growing
awareness of the importance of chirality
on biological activity.

At that time, a number of initial works
on this topic had already been performed
by a few groups in the US, Europe and
Japan, but most of the investigations were
isolated and preliminary. These works in-
clude the very first liquid chromatography
separation of enantiomers by Henderson
and Rules in 193901 and the resolution
of the racemic Troger base on lactose by
Prelog and Wieland in 1944 (Table 1).12]
Almost 30 years later, Davankov in Russia
introduced the concept of chiral ligand ex-
change chromatography!3 and Blaschke in
Germany developed optically active poly-
acrylamides as chromatographic support
for enantioselective separation.[l Further
earlier reports include the utilization of
cellulose, starch, partially acetylated and
triacetylated cellulose, and proteins as chi-
ral stationary phases for enantioselective
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liquid chromatography, or amino acids for
enantioselective gas chromatography.l3!
Interestingly, most of the very early stud-
ies were performed using polysaccharides.

But it was not before the early 1980s
that the topic of enantioselective chro-
matography attracted growing atten-
tion, especially under the impulse of the
group of Okamoto in Japan,[® the groups
of Pirkle!”l and Armstrong in the US,®8I
Schurigl! and Konigh® in Germany, and
Lindner in Austria.l'!l In the same period
of time, we started to synthesize a broad
variety of optically active polymers pursu-
ing the goal to develop novel effective chi-
ral stationary phases (CSPs) for separating
stereoisomers. This article summarizes the
work performed at Ciba-Geigy and later at
Novartis in the framework of this project
and the successful development of unique
chromatographic CSPs which have been
commercialized and are now recognized as
the new gold standard in the field. Today,
enantioselective chromatography has be-
come the first technique for the separa-
tion of stereoisomers and is used world-
wide from the analytical up to production
scale. A broad variety of chiral stationary
phases is available but more than 90%
of the applications are performed using
polysaccharide-based stationary phases,
emphasizing the exceptional ability of this
class of molecular system to recognize chi-
rality of molecules. At a preparative scale,
enantioselective chromatography can be
considered as a pseudo catalytic process as
the ‘chiral auxiliary’ is not consumed dur-
ing the enantioselective separation process
and is continuously recycled. Moreover,
unlike for classical catalytic reactions, the
chiral ‘catalyst’ (selector) does not need to
be optically pure to reach a complete sepa-
ration and obtain the pure enantiomers in
enantioselective chromatography. A lower
optical purity will affect the performance
of separation, but not necessarily the purity
of the isolated enantiomers.

Oligo- and Polysaccharides in
Enantioselective Separations

Mono-, oligo- and polysaccharides
are essential molecular assemblies in liv-
ing organisms. Their function is extremely
diverse, covering the skeletal structure of
animal and plants, energy storage, cell pro-
tection and recognition, therapeutic activ-
ity, solubilizing systems, seed dispersal,
etc. They are also very abundant across the
entire world.

Moreover, saccharides are, beside ami-
no acids, the most important basic chiral
molecules in life and this characteristic
confers them the ability to operate as chiral
discriminators. This feature has made them
extremely useful as a source of chemical

Table 1. Milestones in the development of enantioselective chromatography

1904:
1939:
1943:
1944
1948:
1951:
1952:
1954:
1957:
1966:

Lecog on lactose
Prelog and Wieland on lactose
Dent on cellulose (paper)

Dalgliesh on cellulose (paper)
Krebs and Rasche on starch
Musso on cellulose powder

L 2R ZEE JNR JER ZER ZER R JNR 2R JER 2

for liquid chromatography

¢ early 1980s, first ‘chiral’ columns appear on the market

Willstdtter, first attempts on wool and silk
Henderson and Rule on lactose

Kotake et al. on cellulose (paper)

Liittringhaus and Peters on acetylated cellulose
1968 : Kratchanov and Popova on polygalacturonic acid
¢ from 1975, growing research activities in the field of chiral stationary phases

substances for the elaboration of power-
ful chiral stationary phases for the enan-
tioselective chromatographic separation
of enantiomeric mixtures. Over the last 30
years, a broad range of oligo- and polysac-
charide-based phases have been developed
as chiral selectors for enantioselective
gas, liquid, and electrochemical separa-
tion processes. The chiral selectors in-
clude small oligosaccharide, cyclodextrin,
and polysaccharide derivatives (Fig. 1) as
well as cyclofructose derivatives and gly-
copeptides. While the cyclodextrin-based
selectors dominate the gas and electropho-
retic application areas, the polysaccharide-
based stationary phases (mainly derived
from cellulose and amylose) dominate by
far the liquid chromatography world in
terms of applications.

Enantioselective Liquid
Chromatography on
Polysaccharide-based Phases

Cellulose Triacetate

During the initial phase of our project
at Ciba-Geigy Central Research, we syn-
thesized cellulose triacetate (Fig. 2) ac-
cording to the process described by Hess
and Ljubitsch in 19280121 and used in
the pioneer works of Hesse and Hagel in
1973.113]

A glass column was packed with the
material and tested with a series of internal
racemic drug samples. We rapidly noticed
that cellulose triacetate exhibited interest-
ing properties in terms of chiral recognition
for a variety of drugs developed in Ciba. As
already pointed out by Hess and Hagel, we
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Fig. 1. Structures of oligo- and polysaccharides used in the course of our studies.
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Fig. 2. Structure of cellulose triacetate.

confirmed that the preparation of cellulose
triacetate under heterogeneous conditions
was crucial to maintain the high chiral
recognition ability of the material. The
heterogeneous conditions were supposed
to preserve the original micro-crystalline
structure of cellulose.!!3] We intensely in-
vestigated this aspectl!4l and compared the
chiral recognition ability of three different
samples of cellulose triacetate (CTA): the
first sample (CTA II) was obtained under
homogeneous conditions of acetylation in-
volving a dissolution and re-precipitation
of CTA; the second sample (CTA I) was
obtained under heterogeneous conditions,
and the third sample (CTA I annealed) was
prepared by annealing sample CTA I for
30 min at 240 °C. X-Ray powder diffrac-
tion showed distinguished patterns for the
three samples, indicating different crystal
structures and degrees of crystallinity. As
expected, annealed CTA I exhibits an en-
hanced degree of crystallinity compared
to CTA I. Chromatography columns were
packed with the three different CTA ma-
terials and their chiral recognition ability
was compared using a set of ten racemic
compounds. For all racemates, the best res-
olution was obtained on CTA 1. Moreover,
for a number of racemic compounds an

inversion of elution order was observed
between CTA I and CTA II (Fig. 3).

This result clearly demonstrated the im-
portance of the supramolecular structure of
CTA in the chiral recognition mechanism.
Indeed, CTA I and CTA II possess the same
chiral information at the molecular level
but very different chiral recognition ability.
It was concluded that the mutual arrange-
ment of the individual polymeric chains in
the crystal packing plays an essential role
in the chiral discrimination process, by
providing different chiral environments to
the interacting solute.['4 By analogy to the
crystal forms I and II of native and regener-
ated cellulose respectively, the correspond-
ing cellulose triacetates are designated as
CTA I and CTA II. The difference between
the two crystal forms is their parallel (form
I) and anti-parallel (form II) arrangement
of the cellulose chains in the crystal pack-
ing (Fig. 4).

This finding was fundamental in the
context of the development of polysaccha-
ride-based stationary phase for enantiose-
lective chromatographic separations. The
same phenomenon was observed later for
other cellulose derivatives.[15]

Independently of this result, it was also
empirically found that the chiral recogni-
tion of the solute by CTA could be often im-
proved by achiral derivatization. Actually
it was observed that molecules bearing a
phenyl group and more particularly a nitro-
phenyl fragment generally showed a high
affinity for CTA I and that a strong retention
was mostly correlated with a good enanti-
oselectivity. Based on this observation, we
developed an achiral ‘derivatization’ strat-

egy to solve enantiomeric separation re-
quests which could not be achieved with the
underivatized molecules. It was particularly
useful for free alcohols, acids and amines.
For acids, benzyl ester derivatives such as
para-chloro or para-nitro were prepared.
For amines and alcohols, para-nitrobenz-
amide and para-nitrobenzoate derivatives
respectively were mostly well appropriate.
A few typical examples of application of
this approach are shown in Fig. 5.

This strategy was broadly exploited in
our laboratories for at least a decade. At a
time where no chiral stationary phase was
commercially available, this was a very
valuable strategy to extend the applicabil-
ity of CTA 1. The derivatization strategy
has proven to be very useful for separat-
ing enantiomers of an extended diversity of
chemical structures. Various applications
exemplifying this strategy have been re-
ported for numerous chiral building blocks
and auxiliaries.l'®! In this report, cyclic
and linear mono alcohols, diols, glycerol
derivatives, epoxides and lactones were
almost all easily resolved on CTA I into
the respective enantiomers after simple
derivatization of the racemic alcohols as
para-substituted benzoylesters.

For example for racemic 2-trans-phe-
nylcyclohexanol, which is not resolved on
CTA 1 in the non-derivatized form, all the
tested para-substituted benzoylester de-
rivatives could be easily resolved on CTA
[.116] This example shows also that both the
retention and the enantioselectivity were
strongly affected by the type of substitu-
ent in para-position of the phenyl ring, in-
dicating a determining contribution of the
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Fig. 3. Influence of the crystal form of cellulose triacetate on its chiral recognition ability. On the left, X-ray diffractograms of cellulose triacetate | and II
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Parallel
arrangement of the
polymeric chains
Crystal form |

Anti-parallel
arrangement of the d
polymeric chains
Crystal form Il

Fig. 4. Supramolecular arrangement of cellulose triacetate | and II.

derivatizing group in the chiral discrimi-
nation process with CTA I, even though
this group is relatively remote from the
chiral center. Moreover, it was observed
that the influence of the substituent in
para-position did not follow the same or-
der for all substrates, suggesting that dif-
ferent interaction sites are present in CTA
I, providing different spatial and electronic
requirements.!'®l These two findings were
important in the context of understand-
ing the mechanism of ‘chiral recognition’
of CTA I. In particular the presence of
multiple interaction sites in the polymer
matrix of CTA I might explain the broad
diversity of chiral substances which can
be resolved by chromatography on this
polymeric material. However, this feature
emphasizes the difficulty to rationalize the
use of the systematic derivatization of chi-

ral compounds in order to improve their
resolution. Nevertheless, the derivatiza-
tion strategy was successfully applied on
an empirical basis to solve a huge number
of practical problems in the early phase
time of the technology. By systematically
applying this derivatization strategy, we
could achieve a success rate of about 80%
(40% totally, 40% strongly enriched) for
all chiral samples using the single CTA 1
stationary phase.

The same strategy was applied to deter-
mine the enantioselectivity of the pharma-
cokinetics of the enantiomers of the drug
oxindanac in humans.!'”l This was one of
the very first applications of direct chro-
matographic separation of enantiomers
and the first using a polysaccharide-based
CSP for pharmacological studies. In this
case, the chiral lability of the acid (drug)

Lecithin intermediate ‘ | Rifamycin intermediate

1-chloro-3,3-dichloro-

Analytical determination
of enantiomeric purity

Various batches (100 kg)
from chemical development

HiC(HL)u_ o
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Preparative separation
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OH OH (o

NH
OAc

o) /N

(0]
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Cl

O

propionic acid6

Preparative separation
for enantioselective
synthesis

ccl,

Fig. 5. Strategy of derivatization for enantioselective chromatography on CTA I. Left: Nitrobenzoyl
ester of lecithin intermediate; Middle: Nitrobenzamide derivative of a synthetic intermediate for
synthesis of Rifamycin analogous; Right: 4-chlorobenzyl-2,4,4,4-tetrachlorobutanoate.

prevented the use of the ‘classical’ de-
rivatization with a chiral agent to perform
the pharmacokinetic study. The mild de-
rivatization with diazomethane permitted
the chiral integrity of the benzylic carbon
atom to be maintained, enabling the enan-
tioselective analysis (Fig. 6)

With the growing experience in the
field, the separation of the enantiomers
of an increasingly broad variety of race-
mic molecules could be achieved on CTA
I. The applications included gamma- and
delta-lactones for the preparation of an-
tibiotics,[18191 chiral solvating agents for
NMR, 29 chiral titanocene,[?!1 phenoxypyr-
idyl and phenoxyphenyl biocide interme-
diates,[22-%51 organic conductors, and nu-
merous drugs or drug intermediates.[24-27]
The structure of selected chiral molecules
of practical interest is shown in Fig. 7. It
was also noticed that aromatic compounds
having a chiral center in a benzylic posi-
tion and carrying an unsaturated double
bond (C=C, C=0, C=N, C=S) in o of this
benzylic position were generally well re-
solved on CTA I.

Considering the high success rate of
CTA T as a widely applicable CSP for en-
antioselective separations and the internal
demand for increasing amounts of pure en-
antiomers on preparative scale, we decided
in 1985 to build up a large CTA column
(1 meter by 20 cm i.d.) containing about
14 kg of cellulose triacetate (CTA I) in
the central research laboratories of former
Ciba-Geigy (Fig. 8). Although the one-step
synthesis of CTA 1 is relatively easy, the
preparation of tens of kilograms required
extended optimization of the reaction con-
ditions. In particular the type of catalyst,
temperature, and time were found to con-
siderably affect the morphology of the ma-
terial. Indeed, the sieving step to sort the
broken materials according to particle size
was a tedious operation but it was essential
to eliminate small particles which cause
the obstruction of the frits. Of course, the
availability of the starting material cellu-
lose in large amounts and the extremely
high loading capacity, as well as the low
production costs were other advantageous
features of CTA I with respect to its utiliza-
tion for large scale separations.

A number of practical applications to
support the pharmaceutical and agrochem-
ical divisions of Ciba were successfully
achieved on this column. To our knowl-
edge, this column was the largest ‘chiral’
column built at that time. This step was
determining to persuade the chemists that
enantioselective chromatography was a vi-
able practical technique to rapidly access
enantiomerically pure compounds (drug or
drug intermediates) on a preparative scale.
As a consequence, the number of requests
for chromatographic separations started to
rapidly grow from the mid-eighties. This
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was important not only in the context of
testing the biological activity of the single
stereoisomers but also in terms of intel-
lectual property protection. Indeed, at that
time and obviously before, many chiral
drug molecules were still commercialized
as racemates and it was common that the
single enantiomers had not been sepa-
rated. This situation left the door open
for some companies such as Sepracor to
prepare and patent the single enantiomers
of marketed drugs, making a profitable
business.[28]

Large-scale applications (hundreds of
grams) on this column included for exam-
ple the separations of enantiomers of the
NSAI drug Oxindazac (benzylester),23]
N-acetylindoline-2-carboxylic acid (pre-
cursor of an ACE inhibitor),[?5! the fun-
gicide Clozylacon,?3 1-phenylethanol, 23]
phenyldioxane,?! Troeger’s base,[?>1 of
the chiral solvating agent trifluoranthra-
nylalcohol,2] the chiral reducing agent
1-tert-butylphenylethyl borane,[25] and of
ethylthiocyclohexene.?’] Fig. 9 and 10
show the chromatograms of the large-scale
enantiomeric separation of selected chiral
compounds on CTA I. For the fungicide
Clozilacon (Fig. 10b), more than 1 kg of
racemate was processed.l?91 At this time,
the enantioselective separation of such

amounts by chromatography was remark-
ably exceptional.

The successful application of CTA I
motivated us to more deeply investigate
the mechanism of the chiral discrimination
between CTA I and chiral molecules, pur-
suing the ultimate goal of designing more
efficient and possibly a universal CSP. In
order to gain more insights into the interac-
tion mechanism, a series of structurally re-
lated racemic compounds were synthesized
and chromatographed on CTA L1301 The
chromatographic data were correlated to
selected properties of the chiral molecules,

including the charge distribution on the van
der Waals envelope and the molecular struc-
ture. It was found that both the electrostatic
potential in the neighborhood of the chiral
center (Fig. 11) and the flatness of the mol-
ecule were very important factors favoring a
strong interaction with CTA L. In particular
the interaction with the most retained enan-
tiomer of delta-phenyl-valerolactone and
the enantioselectivity of the enantiomeric
separation were extremely high (Fig. 11a).
The enantiomer showing the highest affinity
for CTA I was retained 23 times more than
the first eluting enantiomer. This molecule
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Fig. 6. a) Analytical separation of the enantiomers of oxindanac methyl ester; b) Stereoselective
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Fig. 8. Picture of
large CTA | column
(Central Research
Laboratories; Ciba-
Geigy 1985); column
(20 cm x 100 cm)
packed with 14 kg
CTA L

Fig. 9. Applications of
large scale enantio-
meric separations on
CTA | (large column).
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recycling.

was later used as a model to ‘titrate’ the in-
teraction of the individual enantiomers with
CTA 1.BU

Although the results of this theoretical
studies were inspiring, it rapidly became
clear that such a conclusion was only
valid for the studied class of structure and
that the complex molecular arrangement
of CTA I with the presumed presence of
many different interaction sites make this
approach very uncertain for predicting the
enantioselectivity of a separation.

Polysaccharide Beads CSPs

Because not all racemic molecules
could be separated on CTA I, we contin-
ued, in parallel to the mechanistic inves-
tigations and practical applications, to
evaluate the potential of further polysac-
charide derivatives as chiral packing ma-
terial for chromatographic resolutions.
Considering that our main focus was on the
preparative application of enantioselective
chromatography to support the life science
departments, we developed a process to
prepare pure polysaccharide derivatives
and shaping them in a form which was
appropriate for packing a column.32-34 In
the meantime, another process was devel-
oped in Japan by Okamoto and his group to
produce polysaccharide-based stationary
phases.35-371 However, this process which
consists in coating the polysaccharide de-
rivative on silica gel (about 20/80 w/w),
considerably reduces the content of ‘chi-
ral polysaccharide selector’ in the packing
material, and consequently the loading ca-
pacity of the stationary phase.

Our process to prepare pure polysaccha-
ride derivatives consisted in producing an
aqueous emulsion of the polysaccharide de-
rivatives dissolved in a mixture of an organ-
ic solvent and a precipitation agent, in the
presence of a surfactant (Fig. 12). By slowly
heating the emulsion, the organic solvent
contained in the droplets was gradually re-
moved, leaving the solid polysaccharide de-
rivative as small beads which could be eas-
ily filtrated.[32-341 The influence of various
parameters on the size of the beads, their
size distribution, and the specific surface
area of the produced material was investi-
gated in detail. Parameters such as the type
of surfactant, the type of organic solvent,
the type of precipitation agent, the speed of
rotation of the stirrer, the temperature, and
the heating time were varied.

For benzoylester derivatives of cellu-
lose, sodium lauryl sulfate was found to be
the best surfactant for the emulsion while
for arylcarabamate derivatives, polyvinyl-
alcohol was more effective. The best condi-
tions had to be optimized for each polysac-
charide derivative. It was noticed that the
chiral recognition ability was dependent
not only on the crystallinity, like for CTA I,
but also very much on the specific surface
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area of the obtained material. For benzoyl-
cellulose for example, a domain compris-
ing a AH in differential scan calorimetry
(crystallinity) ranging between 15 and 23
J/g and a specific area ranging between
40 and 70 m*g was found to be optimal
(Fig. 13). The particle size of the beads was
mostly controlled by the speed of rotation
of the stirrer, but in some instances, sieving
the material was necessary in order to nar-
row the particle size distribution, which is
important to obtain a regular packing and
high performance column.

A variety of pure polysaccharide-based
beads CSPs were prepared according to
this process (Table 2), and a few typical
pictures of the obtained beads (electron
microscopy) are shown in Fig. 12.

Excellent analytical separations were
obtained on the pure polysaccharide-
based phase.[33-38.39 In contrast to CTA I,
racemic benzylic alcohols were easily di-
rectly resolved in the underivatized form
on tribenzoylcellulose beads (TBCB).[31 A
broad variety of structurally diverse chiral
molecules were actually well resolved on
TBCB. Published examples include a se-
ries of pyridyl pyrethroid intermediates,[20]
chiral lactones,38] diols (as acetates),!33.38!
epoxides,[38] chiral sulfoxides,33 chiral
mono- and dihydropyranes,33! chiral in-
dane derivatives,[38 barbiturates,38 hyp-
notics,[38! atrope isomers,381 and various
other chiral drugs.[26-38]

However, above all it is the preparative
potential of TBCB as a chiral chromato-
graphic material which is remarkable.
Indeed due to the high density of chiral
selector in TBCB, the material exhibits a
much higher loading capacity compared
to the same type of chiral stationary phase
prepared by coating on a silica gel carrier
(Chiralcel OB). This advantage has been
exploited to solve several practical appli-
cations for which larger amount of pure
enantiomers were needed. Examples of
application to chiral substances developed
at Ciba-Geigy are shown in Figs 14 and
15. Fig. 14 shows the application to the
key chiral intermediate for the anticancer
agent ‘Edatrexate’.[2627.391 Fig. 15 shows
the separation of the key chiral interme-
diate in the synthesis of the insecticide
‘Lufenuron” which has become one of the
most important insecticides against fleas
in dogs and cats (Fig. 15b)[24401 and of a
formerly nootropic development drug (Fig.
15a).125-271 Further preparative applications
include the anti-cancer drug Fadrozole,4!]
a synthetic protein intermediate,[2] and
herbicide and insecticide intermediates.[20]

Other pure polysaccharide-based
phases (beads) were synthesized and
applied.[2438] Interestingly, we found that,
even though the structural changes are
far away from the chiral basic glucose
element of the polysaccharide chain, the

First eluted
enantiomer

/

Second eluted
enantiomer

/

A

4,00 5.00

=200 0.0 2.00

-400

-6.00

0 4 8 12 16 20 24 hours

-6.00  -400

-200 000 200 400 6.00

Fig. 11. Delta-phenyl valerolactone. a) Structure and chromatographic separation of the enantio-
mers; b) electrostatic potential contour (tridimensional and map). Contour lines are given in
kcal mol (negative region is in red, positive in blue).
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+
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Fig. 12. Process of preparation of beads of polysaccharide derivatives.

CSPs beads made from the three ortho-,
meta, and para-methyl benzoyl cellulose
derivatives behave differently in terms
of chiral recognition ability. Some chiral
molecules are resolved of only one of the
three phases, and in a few instances there
is even inversion of elution order of the
respective enantiomers under identical

chromatographic conditions as illustrat-
ed in Fig. 16.138] This observation again
points to the importance of the supramo-
lecular structure of the CSP in the chiral
recognition process. Very likely, change
of the position of the methyl group on the
benzoyl moiety leads to important altera-
tions of the shape of the chiral receptors
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due to modification of the supramolecular
arrangement of the polymer chains and/or
by the actual conformation of the benzoyl
cellulose chains. Although achiral per se,
the methylbenzoyl groups can obviously
transfer the chiral information of the sugar
moiety to which they are attached, further
into the space around the polymer chains,
creating different chiral cavities.

The variable selectivity of the methyl-
benzoylcellulose-based CSPs provided a
useful tool to improve the chromatograph-
ic resolution of racemic compounds. Many
chiral substances were resolved on a pre-
parative scale on these phases and include
external collaborations.[243 Unique enan-
tioselectivity could be achieved for several
important drug and biocide candidates on
the methylbenzoyl cellulose beads phases.
Applications include the enantiomers of
anti-cancer drug glutethimide,381 the enan-
tiomers of the chiral key intermediate for
the synthesis of a new class of cyclopen-
tane-type fungicides,[*4! and the interesting
separation of the enantiomers of a chiral
aziridine and oxaziridine containing a chi-
ral center on the nitrogen atomB38! (Fig. 17).

Like for CTA I, the achiral derivatiza-
tion strategy was also applied to improve
chromatographic resolution of racemic
alcohols on beads of substituted-benzoyl-
cellulose derivatives.[*3] Derivatization of
racemic alcohols to their corresponding
benzoate esters was generally very benefi-
cial in terms of improving enantioselectiv-
ity, in particular on the tribenzoylcellulose
CSP. However, the nature and position of
the substituent on the derivatizing benzoyl
group was clearly critical for the separa-
tion outcome as shown in Fig 18 for the
three methoxybenzoate derivatives of three
different alcohols.

Fig. 13. Crystallinity
and surface specific
area of samples of

L] tribenzoylcellulose
g B beads. The circle rep-
resents the domain of
samples exhibiting a
good enantioselectiv-
ity and resolution.
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Fig. 14. Preparative chromatographic separation of the enantiomers of the key intermediate for
the synthesis of the anticancer drug edatrexate on tribenzoylcellulose beads. Column, 5 cm x 70 cm;
mobile phase hexane/2-butanol 9/1; Flow rate, 60 ml/min.

Table 2. Name of the prepared polysaccharide-based bead stationary phases

Name

Tribenzoyl cellulose
Tris-(2-methylbenzoyl) cellulose
Tris-(3-methylbenzoyl) cellulose
Tris-(4-methylbenzoyl) cellulose
Tris-cinnamoyl cellulose
Tris-(4-ethylbenzoyl) cellulose
Tris-(4-chlorobenzoyl) cellulose
Tris-(3-chlorobenzoyl) cellulose
Tris-(4-fluorobenzoyl) cellulose
Tris-(3,5-dichlorobenzoyl) cellulose
Tris-(3,4,5-trichlorobenzoyl) cellulose

Tris-(dibromobutyryl) cellulose

Name

Tris-(4-butylbenzoyl) cellulose
Tris-(4-phenylbenzoyl) cellulose
Tris-(4-tert-butylbenzoyl) cellulose
Tris-(naphtoyl) cellulose

Cellulose tris-(3,5-dimethylphenylcarbamate)
Cellulose tris-phenylcarbamate
Tricrotonyl cellulose

Tribenzoyl amylose
Tris-(2-methylbenzoyl) amylose
Benzoylguaran

Tribenzoyl inulin
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Fig. 15. Preparative chromatographic separations on tribenzoylcellulose beads a) enantiomers of
a tetracyclic nootropic drug. Column, 5 cm x 45 cm; mobile phase, methanol 100%; flow rate,

60 ml/min; b) enantiomers of Lufenuron intermediate. Column: 5 x 70 cm; Injection: 1-4 g; mobile
phase, hexane/2-butanol 9:1; flow rate, 60 ml/min.

This spectacular effect shows again
that the strategy of achiral derivatiza-
tion can be very useful for separation on
polysaccharide-based phases, especially
for preparative applications and permits to
extend the applicability of a specific CSP.
However, the question regarding how to
predict what is the best derivative for a de-
fined CSP remains.

Beads made fromthe pure 3,5-dimethyl-
phenylcarbamate of cellulose (DMPCC-
beads) were also prepared.[3¥ This chiral
selector is commonly applied in the silica-
gel-coated form.13¢! The emulsion process
is similar to the process applied to the ben-

zoyl derivative of cellulose or amylose, but
polyvinyl alcohol was found to be a more
effective surfactant whereas N-phenyl-1-
heptylcarbamate gave the best results as
the precipitating agent in terms of porosity
of the beads material.

Again in this case, the pure polysac-
charide material exhibits a much higher
loading capacity compared to the sili-
ca-coated phase. From the determina-
tions of the peak saturation for the pure
DMPCC-beads (Fig. 19a) and the coated
3,5-dimethylphenylcarbamate of cellulose
column (Fig. 19b), it has been estimated
that the pure phase has a loading capacity

Tribenzoylcellulose  Tris-(2-methylbenzoyl) Tris-(3-methylbenzoyl)  Tris-(4-methylbenzoyl)
cellulose cellulose cellulose
(S))
Q (R)(+)
NV/ " (S)(-) o (90
l l (R)) I R ' (S)0)
I I !
. n L AR .
(S)(+) . (S)(+) (RI()
H (S)+) R0 (S)+)
‘N_Q h RO I RO
B 1 . L
Ho_cF, | (R [ o | SECCN YR
00 11 |
] - ud L"|

Fig. 16. Analytical separations of the enantiomers of selected compounds on ortho-, meta-,
and paramethylbenzoyl cellulose beads. Influence of the position of the methyl substituent on
the phenyl ring on chiral recognition ability. Column, 0.46 cm x 25 cm; mobile phase, hexane/

2propanol 9/1; flow rate, 1 ml/min.

which is almost 20 times higher in mg/g of
phase and 5 times higher in mg/ml of phase
for the pure cellulose derivative. The peak
saturation was determined by injection of
increasing amounts of racemate on the re-
spective columns.

Although CTA I and the polysaccha-
ride-based bead materials were quite suc-
cessfully applied for numerous practical
enantioselective separations, their utiliza-
tion needed some caution because these
materials have limited mechanical stability,
preventing them to be operated at elevated
pressure. High pressures caused breakage
of the particles, leading to an irreversible
compression of the chromatographic bed
and clogging of the column. This feature
was also limiting in terms of throughput
because only moderate flow rate could be
applied. For this reason, the utilization of
CTA I and polysaccharide-based beads has
gradually decreased to the benefit of me-
chanically more stable chromatographic
materials.

As mentioned above, another tech-
nique of preparation of polysaccharide-
based phase was developed by the group
of Okamoto in Japan in the early eight-
iesl35-37] and a number of columns packed
with these materials were commercialized
from 1984. In this process, the polysac-
charide derivatives (about 20 wt%) are
physically absorbed by coating on the
surface of silica gel (80%), conferring
mechanical stability to the chromato-
graphic material.

Immobilized Polysaccharide-based
CSPs

The silica-gel-coated phases developed
by Okamoto and his group were definitely
more effective in terms of chromatograph-
ic properties. Compared to the pure poly-
saccharide-based phases, the silica-coated
phases exhibit a much lower loading ca-
pacity due to the presence of about 80% of
achiral supporting carrier (silica gel), but
their higher mechanical robustness per-
mits operation at high pressure, resulting
in higher flow rates and productivity.

However, the coated phases showed
another major limitation due to their high
solubility in most organic solvents. This
restriction prevents the utilization of such
solvents for chromatographic separations.
While this constraint is less important for
analytical applications, it is critical for
preparative purpose. Indeed, for prepara-
tive applications, productivity is a major
parameter and it is, among other factors,
largely related to the solubility of the sol-
ute in the mobile phase. It is established
that many racemic compounds are poorly
soluble in the solvents which are compat-
ible with the coated polysaccharide-based
CSPs. Moreover, unlike other types of
CSPs, the mobile phase type and compo-
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sition greatly affect the chiral discrimina-
tion process with polysaccharide-based
CSPs, thus considerably influencing the
enantioselectivity of the chromatographic
separations. A few examples illustrating
the solvent effect on enantioselectivity are
shown in Fig. 20.

In order to tackle this problem we de-
signed and developed a new concept to
immobilize the polysaccharide derivatives
on the carrier material.l#6-52] The general
process flow for immobilization on silica
gel is shown in Fig. 21.

The process consists of a photochemi-
cal or thermal treatment of the silica gel
carrier after coating of the polysaccharide
derivatives (Fig. 22). In the photochemi-
cal approach, the silica-gel-coated mate-
rial is suspended and stirred in an inert
solvent and this suspension is irradiated
for a few hours using an immersed high-
pressure mercury lamp (Fig. 22a). The
suspension solvent and irradiation time
were found to influence the degree of im-
mobilization and the enantioselectivity
of the chromatographic material. In the
thermal process, the suspension is heated
in the presence of a radical initiator such
as AIBN or tert-butyl peroxide (Fig. 22b).
Type and amount of radical initiator, and
solvent suspension, have a critical influ-
ence on the degree of immobilization and
enantioselectivity of the obtained chro-
matographic material.

The processes are generally appli-
cable but the optimal conditions are very
dependent on the substituents present on
the polysaccharide backbone, i.e. for each
polysaccharide derivative hundreds of ex-
periments had to be performed. For some
polysaccharide derivatives the photochem-
ical process was more effective while for
others the thermal process was more valu-
able (Table 3). It was generally found that
prolonging the irradiation time more than
20 hours does not further increase the im-
mobilization degree.[52! For a few polysac-
charide derivatives, addition of a photosen-
sitizer such as thioxanthone was necessary
to reach a reasonable immobilization de-
gree. Table 3 shows the preferred immo-
bilization process for a series of polysac-
charide derivatives.

Although many physical and chemical
investigations were performed to under-
stand the mechanism of immobilization,
no conclusive proof could be established
to elucidate the immobilization process.
However, as both processes imply the
formation of radicals, it is reasonable to
believe that the immobilization occurs
through cross-linking between the poly-
saccharide chains and/or with silica gel,
leading to the formation of an insoluble
tridimensional network (Fig. 23). After
the immobilization treatment, the material
is extracted/washed to remove the non-
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Fig. 17. Analytical separations of the enantiomers of compounds containing a chiral nitrogen atom.
a) N-chloro-diphenylaziridine; b) N-tert-butyl-diphenylloxaziridine. Column (0.46 cm x 25 cm)
packed with 3-methylbenzoylcelullose beads (MMBC) and 4-methylbenzoylcelullose beads
(PMBC); mobile phase, hexane/2-propanol 9/1; flow rate, 1 ml/min. Top line, optical rotation.
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Fig. 18. Separation of the enantiomers of methoxybenzoylester derivatives of selected alcohols
on tribenzoylcellulose beads. Column, 0.46 cm x 25 cm; mobile phase, hexane/2-propanol 9/1;

flow rate, 1 ml/min.

immobilized parts of the polysaccharide
derivatives.

The immobilized phases show chiral
recognition abilities which are similar to
those obtained with the non-immobilized
ones when applied under the same chro-
matographic conditions. There is usually
a little price to pay in terms of enantiose-
lectivity for the immobilized phases, i.e.

small decrease of the separation perfor-
mance, but this can be very often easily
counterweighed by modifying the mobile
phase composition. The possibility to use
any kind of solvent with the immobilized
phases has considerably enlarged the num-
ber of options to optimize enantioselective
separations. Fig. 24 shows an example of
resolution of a racemic compound on dif-
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Fig. 19. Separation of the enantiomers of guaifenesine. a) on cellulose 3,5-dimethylphenylcar-
bamate beads. Column: 1.25 cm x 26.6 cm (32.6 ml), packed with 5.4 g CSP; mobile phase:
heptane/2-propanol 90/10; flow rate, 5 ml/min. b) on silica gel coated cellulose 3,5-dimethyl-
phenylcarbamate. Column: 0.4 cm x 25 cm (3.14 ml), packed with 1.9 g CSP; mobile phase,

heptane/ethanol 65/35; flow rate, 0.7 ml/min.
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Fig. 20. Influence of mobile phase composition on enantioselectivity. Chromatographic separa-
tion of the enantiomers of three selected racemic compounds on coated polysaccharide-based

stationary phases.

ferent immobilized polysaccharide-based
phases and under different mobile phase
conditions which would not be tolerated by
the corresponding non-immobilized phas-
es, demonstrating the extended versatility
of the immobilized polysaccharide-based
phases.

Examples illustrating the spectacu-
lar improvement of enantioselectivity are
shown in Fig 25.

The processes of immobilization
have been patented and in 1999, Daicel
Chemical Industries, the leader in the field
of chiral stationary phases, acquired the

license to exploit the patents. In the mean-
time, the company has introduced a series
of new immobilized polysaccharide-based
phases resulting from this technology and
the chiral phases have become the new
gold standard in the field of enantioselec-
tive separations. They are now used world-
wide in almost all academic, life science
industry, and service laboratories dealing
with enantioselective processes from the
analytical to the production scale.

The immobilized polysaccharide phas-
es have been applied in our laboratories
for more than 20 years and have permit-

ted to solve numerous separation problems
which could not be solved or only unsatis-
factorily with the non-immobilized phases.
The CSPs were particularly invaluable to
resolve racemic compounds which were
non- or poorly soluble in the chromato-
graphic mobile phases which are tolerated
by the conventional CSPs. The improved
solubility of the chiral solutes to be sepa-
rated offer also a considerable advantage in
terms of productivity and competitiveness
for large scale separations.

The main advantages of the immobi-
lized polysaccharide base phase can be
summarized as follows:

» Utilization of almost any kind of organic
solvent as the mobile phase

* Possibility to extend the choice of poly-
saccharide-based CSPs to polysaccharide
derivatives which are soluble in the ‘clas-
sical’ mobile phase

 Extended possibility to improve selectiv-
ity by modulating the mobile phase type
and composition

* Extended possibility to modulate reten-
tion time according to the requirements
(fast analytic, shorter cycle time in pre-
parative applications)

* Possibility to solubilize or improve solu-
bility of the solute in the mobile phase

* More stable columns possessing en-
hanced robustness (increased life time)

Our process is very simple and mini-
mizes the possible disturbance of the con-
formation of the polysaccharide chains and
of the supramolecular structure which are
known to dramatically affect the chiral rec-
ognition ability. Since the discovery of our
immobilization technique in 1994, a few
other approaches for the preparation of
immobilized polysaccharide-base phases
have been developed but they all involve
the introduction of chemical groups which
disrupt the homogeneity of the substitution
along the polysaccharide chain, and addi-
tionally need the elaboration of multi-step
synthetic pathways, mostly requiring pro-
tection and de-protection steps. The meth-
ods of immobilization of polysaccharide
derivatives have recently been reviewed.53!

Theimmobilized chiral stationary phase
prepared from 3,5-dichlorophenylcarba-
mate of cellulose is a remarkable example
of a successful material that could not be
applied in the non-immobilized form due
to the solubility of the cellulose derivative
even in apolar organic solvents.l5%-541 This
immobilized CSP exhibits an exceptional
recognition ability toward a broad variety
of chiral substances and has been very
much used in our laboratories at Novartis
since 1999. It has been introduced on the
market by Daicel in 2007. The versatility
and usefulness of this phase has been dem-
onstrated internally by hundreds of prac-
tical applications and the two examples
below should illustrate its capability. The
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example in Fig. 26 shows the separation of
the enantiomers of a chiral knot whose chi-
rality is only due to the spatial arrangement
of the molecule.l55! This was the first ex-
ample of separation of this kind of molecu-
lar chirality. The major problem was the
insolubility of the molecule in the organic
solvents which are tolerated by the non-
immobilized phase. With the immobilized
phase, mixtures containing chlorinated
solvents, could be applied, permitting the
resolution of the enantiomers.

The impact of the application shown
in Fig. 27 was extremely high as it has
permitted to elucidate the mechanism of
action of the immunosuppressant drug
FTY720,156571 which has recently been in-
troduced on the market. In the context of
the mechanistic investigations, the pure en-
antiomers of the mono-phosphate amino-
alcohol were needed. Due to the high po-
larity of the phosphate molecule, attempts
to separate the enantiomers directly failed.
After double derivatization of the molecule
(cyclic phosphate ester and oxazolidinone),
preparative chiral resolution of the poorly
soluble derivative could be achieved us-
ing the home-made immobilized (S)-
phenylethylcarbamate of amylose as a CSP
and a mixture of hexane/EtOH/chloroform
60/20/20 as the mobile phase.

Supramolecular Structure of
Polysaccharide Derivatives and
Chiral Recognition Ability

In the context of the project aiming to
better understand the mechanism of inter-
action and chiral discrimination of small
chiral molecules with polysaccharide de-
rivatives, we conducted several investiga-
tions. The evidence of the importance of
the supramolecular structure of microcrys-
talline cellulose triacetate in the chromato-
graphic chiral discrimination process was
already discussed in the first section of this
review. It was also pointed out that this su-
pramolecular structure is likely related to
the molecular arrangement of the cellulose
triacetate chains within the micro-crystals
contained in the material. These domains
offer a multitude of possible chiral cavi-
ties with varied spatial and electronic
environments.3% Obviously, altering the
crystal structure changes this environment
and consecutively the chiral recognition
properties of the material. It was also clear
that a complete lack of crystallinity (amor-
phous material) is associated with a loss of
chiral recognition ability. At this point, it
must be emphasized that the importance of
the supramolecular structure in the stere-
oselective interaction process implies that
investigation of these interactions must
occur in a state where this structure is not
destroyed.

As discussed in a previous section,
our observation that some molecules, in
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particular those containing a nitrophe-
nyl group, are strongly retained on CTA
I, has led to the elaboration of a strategy
of derivatization to enhance retention and
improve selectivity for the separation of
enantiomers. This strategy was very suc-
cessful. Following on this observation

we speculated that it might be possible
to control the crystal packing of cellu-
lose derivatives, by adding such strongly
interacting substances during the coating
process of polysaccharide derivatives on
silica gel, the substances acting as a tem-
plate mediating the pre-organization of an
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Table 3. Structures and immobilization process of the immobilized coated polysaccharides-based stationary phases
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ordered structure of the polymer before
it solidifies. We expected to exploit this
feature to improve the chiral recognition
ability of polysaccharide-based phases.
This was investigated using meta-meth-
ylbenzoyl cellulose which was dissolved
in different solvents in the presence or ab-
sence of additives before coating on silica
gel.[38-601  Meta-methylbenzoyl cellulose
was adsorbed on silica gel using pure
dichloromethane or mixture with tetra-

hydrofurane or phenol. The same opera-
tion was performed with pure nitroben-
zene and with a mixture of nitrobenzene
with phenol. When a series of racemic
compounds were chromatographed under
the same conditions (mobile phase, flow
rate, temperature) on columns packed with
the obtained coated materials, it was ob-
served 1) that the enantioselectivity of the
materials significantly varied, and ii) that
for two compounds, an inversion of elution
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Fig. 24. Chiral recognition ability of immobilized polysaccharide-based CSPs. Influence of CSP
type and mobile phase composition on enantioselectivity (o) for the separation of the enantiomers
of a chiral tetrahydro-benzazepinone derivative. Colors of the bars in the diagram correspond the

colors of the stationary phases.

order occurred if pure dichloromethane is
used during the coating procedure (Table
4 and Fig. 28). This result demonstrated
again that two chiral stationary phases
made from the same chiral polysaccha-
ride-based material, thus having the same
chiral information at the molecular level
can afford opposite chiral recognition
ability for a particular chiral compound.
This soundly suggests that two different
supramolecular structures were produced,
depending on the experimental conditions
and that the supramolecular structure gov-
erns the chiral recognition process.

The way that the cellulose derivative is
adsorbed on silica gel also greatly affects
the chiral recognition ability of the chro-
matographic material. Table 5 shows the
effect of ‘precipitating’ the polysaccharide
derivative by evaporation of the solvent or
by precipitation by adding a precipitant to
such a poor solvent for the polysaccha-
ride derivative. The ‘precipitation’ process
clearly generally appears more effective,
but there were some exceptions.

All results presented in this section,
as well as those previously discussed for
CTA, emphasize the difficulty to predict
the effect of any ‘operation’ when prepar-
ing polysaccharide-based phases. Similar
observations were made by Shibata ef al.
on CSPs made from cellulose triacetate
and benzoate but no inversion of elution
was reported.[61]
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Fig. 25. Separations of enantiomers using immobilized polysaccharide-based phases and unusual mobile phases (bottom) versus non-immobi-
lized phases (top): a) top on Chiralpak AD and bottom on immobilized 3,5-dimethyphenyl carbamate of cellulose (DMPCC-I); b) top on Chiralcel
OD and bottom on immobilized 3,5-dimethyphenyl carbamate of amylose (DMPCA-I); c) top on Chiralcel OD and bottom on immobilized (S)-
ethylphenylcarbamate of amylose (EtPCA-I). Applied mobile phases and enantioselectivity are indicated on the respective chromatograms.
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Another approach to get more insight
into the mechanism of interaction of cel-
lulose-based CSPs with chiral molecules
was followed by synthesizing and evaluat-
ing the chiral recognition power of a series
of cellulose derivatives which were regi-
oselectively derivatized on the 2, 3, and 6
positions of the glucose moiety.[3%:60.621 The
objective was to determine whether some
positions of the sugar moiety are ‘more’
or ‘less’ relevant for the chiral recognition
process. For this purpose, 16 possible com-
binations with the hydroxyl groups in the
2, 3, and 6 positions being esterified with
benzoyl, 2-methylbenzoyl, 3-methylben-
zoyl, or 4-methylbenzoyl chloride were
synthesized. In all combinations, positions
2 and 3 always carry identical groups, due
the applied synthetic procedure (Fig. 29).
The chromatographic material was pre-
pared using the standard process by coat-
ing silica gel with the respective mixed
cellulose esters.

Selected racemic compounds were in-
jected on columns packed with the coated
mixed esters. Table 6 shows the enantio-
selectivity obtained for four different ra-
cemic compounds, using hexane-ethanol
90/10 as the mobile phase. Interestingly,
for three compounds the best selectivity
was obtained on one of the homogeneously
substituted cellulose derivative, while one
compound is better resolved on a mixed es-
ter phase. From these results, it is difficult
to draw conclusions about the role of the
esters on the different positions of the glu-
cose moiety, considering that no consistent
relationship could be found between the
substitution pattern of the mixed phases
and their chiral recognition ability for all
compounds. For example, glutethimide is
well resolved on the phases carrying an
ortho-methylbenzoate group on position 6,
and does not ‘feel’ the effect of the groups
in position 2 and 3 of the glucose unit. By
contrast, 1-phenylethanol is well resolved
on the homogeneously derivatized triben-
zoylcellulose and ‘feels’ very much any
change in positions 2 and 3 of the glucose
unit. These unpredictable results again sug-
gest the importance of the conformation of
the polysaccharide chain and the result-
ing supramolecular arrangement of these
chains, which are both very likely affected
by the type of substituent on the glucose
moiety. Although the purpose of this study
was rather mechanistic, it was interesting
to notice that mixed phases might exhibit
a higher selectivity for some compounds.
However, in practice it does not make much
sense to develop so many different phases.

In conclusion, the determining influ-
ence of the supramolecular structure of
polysaccharide derivatives on their chiral
recognition ability is obviously a fascinat-
ing topic of discussion and it may explain
the high versatility of this type of chiral

stationary phases. However, it emphasizes
also the importance of carefully controlling
all parameters related to the preparation of
the stationary phases. It stresses also the
difficulty of modeling and predicting chi-

ral interactions with polysaccharide-based
chiral selectors.

Furthermore, with polysaccharide-
based chiral selectors the influence of the
mobile phase is extremely critical and
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Table 4. Influence of coating solvent on chiral recognition ability of silica-coated meta-methylbenzoyl cellulose. Enantioselectivity () and elution
order (sign) of first eluted enantiomer are given in the Table. Column, 0.4 cm x 25 cm; mobile phase, hexane/2-propanol 9/1; flow rate, 0.7 ml/min.

Coating solution Methylene Methylene Methylene Nitrobenzene Nitrobenzene
chloride chloride-THF Chloride/ /phenol
2.54/1 phenol 8/1 8/1
Enantioselectivity (o)
HO
OO 1.59 (-) 1.52 (-) 1.65 (-) 1.65 (-) 1.43 (-)
o S
@ 2.97 (+) 1.95 (+) 1.57 (+) 1.60 (+) 1.63 (+)
(0] (o
(o)
z 1.71 (-) 1.86 (-) 1.92 (-) 1.84 (-) 1.74 ()
X, | Et
N (o]
CH, O
@AOJ\Q 1.22 (-) 1.13 (+) 1.70 (+) 1.60 (+) 1.32 (+)
Cl
CH, O
@AOJ\@ 1.36 (-) 1.00 (-) 1.62 (+) 1.52 (+) 1.40 (+)
(0]
cases of inversion of elution order when
OC(C H,),

changing the mobile phase are common.
Although this phenomenon has not yet
been elucidated, we have speculated that
the mobile phase might alter the supramo-
lecular structure of the polymeric material
due to a swelling effect which modifies
the size of the interaction cavity between
the polysaccharide chains. This swelling
treatment is even necessary to ‘activate’
cellulose triacetate (CTA I) to obtain good
selectivity and resolution performances.!3!

All these features of polysaccharide-
based phases make the prediction of chi-
ral separations very questionable and this
remains, still today, a major challenge in
the field, although this kind of phase is the
most popular one and completely domi-
nates the market for enantioselective sepa-
rations.

Special Applications

The great success of polysaccharide-
based materials as chiral stationary phases
is attested by the numerous applications
which are published every year in the field,
although only a very limited number of
works appear in the public domain. Based
on the figures regarding the utilization of
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\o o
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phase R, o]
\&o ‘(
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Br-C(C¢H,), NN G E
—

R,COCI
Me Me
C(C oHs);
1) HCI / MetOH \ 0
n 2) R, COCI d?

R

1

Fig. 29. Synthetic scheme for the preparation of regioselectively derivatized benzoylcellulose

derivatives.

the technique in a large pharmaceutical
company like Novartis, it can be estimated
more than hundred thousand of new chiral
molecules are analytically or preparatively
resolved every year by enantioselective
chromatography. With the currently avail-
able tools, it is possible to resolve almost all

chiral molecules with any type of chirality.

It would be unreasonable to list the ap-
plications which were performed in our
laboratories over the last 30 years, but a
few examples illustrating the power of
enantioselective chromatography to inves-
tigate chiral molecules which would be
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difficult to examine by other methods are
presented below.

Atrope isomers are a class of chiral
molecules which is usually particularly
challenging to resolve into the correspond-
ing enantiomers. Enantioselective chroma-
tography provides a very mild and broadly
applicable tool for this type of chirality. It
was particularly helpful to separate and in-
vestigate the biological activity of the sin-
gle stereoisomers of a CCRS antagonist for
transplantation.[®3] As this molecule con-
tains two axes of chirality, the separation
of all four stereoisomers was a real chal-
lenge. The separation could be success-
fully achieved on the amylose-based phase
Chiralpak AD. Additionally, the barrier to
rotation around the chirality axis was rela-
tively low, causing a rapid interconversion
of the isomers at room temperature (Fig.
30), making their isolation for biological
testing also difficult. By performing a mi-
cro-prep separation at lower temperature,
sufficient amounts of the pure stereoiso-
mers could be isolated and tested.

A second example of a chiral molecule
with hindered rotation around the biphenyl
bond is shown in Fig. 31. In this case, the
molecule contains also a center of chirality,
causing the presence of four stereosiomers.
Enantioselective chromatography again
was a powerful tool to discriminate the
four stereoisomers. Moreover, it permitted
to recognize the lability of the atropo isom-
erism, distinguishable from the presence of
a plateau between the two enantiomers (for
each pair), indicating the dynamic charac-
ter of the isomerization. By heating up to
70 °C, coalescence of the peaks reveals the
rapid interconversion of the atrope isomers.
This phenomenon can be used to experi-
mentally calculate the barrier to rotation
of atrope isomers.[% This example shows
also the crucial influence of the mobile
phase on chiral recognition. Changing the
mobile phase composition from heptane/
ethanol 60/40 to heptane/ethanol/methanol
60/20/20 causes an inversion of one pair of
stereoisomers (Fig. 31).

In the context of the growing number of
chiral molecules exhibiting atrope isomer-
ism in pharmaceutical research and devel-
opment, the usefulness of enantioselective
chromatography for separating this kind of
stereoisomers, which are otherwise often
difficult to separate, has been particularly
valued in the pharmaceutical field.

Supercritical Fluid Chromatography
and Continuous Chromatography
for Enantioselective Separations

The successful application of enanti-
oselective chromatography was not solely
due to the development of powerful and
versatile chiral stationary phases but also
to the concomitant development of tech-
nologies (Fig. 32).

Table 5. Influence of coating procedure on retention (capacity factor k1) and chiral recognition
ability (enantioselectivity o) of silica-coated meta-methylbenzoyl cellulose. Column 0.4 cm x
25 cm; mobile phase hexane/2-propanol 9/1; flow rate 0.7 ml/min.

Coating procedure Deposition Deposition
by evaporation by precipitation
k1 k1
= o
| 1.79 1.76 1.37 1.71
™ Et
N cl
S9N
o, 2.52 1.00 1.94 1.42
Ac
OOMe
HO.
@ 3.70 1.00 2.97 2.08
CeHs
Hs
@j\o/ﬁ\Q\ 2.92 1.00 2.10 1.50
OMe
HO_ _CF(CF 3),
OOO 0.46 1.00 0.61 1.00
o
0.68 1.42 0.59 1.89
cl
cl
=\. enantiomeric
Racemate A md =0 7 pair
N o N
S QL
| | | enantiomeric
pair
|T Aryl Aryl |T
Amide rotation Amide rotation
“ rotation rotation “
’!l N_NL - l!l
- \Q //,,,\ / ¢} C( ~
o
Racemate B 0

Fig. 30. Structures and separation of the atropisomers of a CCR5 antagonist drug for transplanta-
tion on Chiralpak AD. Column, 4.6 x 25 cm; mobile phase hexane/ethanol 15/85; flow rate,

1 ml/min.

In drug discovery, rapid transfer from
the analytical data to the preparative appli-
cation was a major requirement, while in
development or production, a continuous
process was highly preferred. Working at

the interface between discovery and de-
velopment, we became very early inter-
ested in evaluating two technologies for
the purpose of large-scale enantioselective
separations. One technology was super-
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Table 6. Enantioselective separations on regioselectively substituted methylbenzoyl cellulose derivatives. Enantioselectivity obtained on the
homogeneously substituted cellulose derivatives are highlighted in yellow.
v
N 60
8]
0 b
03
i
et Ao n
R
R in glucose position 6" Benzoyl meta- para- ortho-
methyl- methyl- methyl-
benzoyl benzoyl benzoyl
R in glucose position 2,3V Enantioselectivity (o) Structure of racemate
benzoyl 1.00 1.21 1.25 1.31
meta-methylbenzoyl 1.29 1.35 1.49 1.51
-methylb 1 1.53 1.33 1.53 1.50
para-methylbenzoy o 'il o
ortho-methylbenzoyl 1.33 1.38 1.41 1.52 H
benzoyl 1.00 1.00 1.00 1.32
y o CF,
meta-methylbenzoyl 1.00 1.00 1.20 1.16 0’«

N
para-methylbenzoyl 1.00 1.57 1.25 1.17 HO\)\/
ortho-methylbenzoyl 1.20 1.22 1.38 1.38 CF,

benzoyl 1.59 1.36 1.46 1.00 CH,
meta-methylbenzoyl 1.00 1.00 1.00 1.35 OH
para-methylbenzoyl 1.11 1.00 1.00 1.00
ortho-methylbenzoyl 1.00 1.00 1.00 1.00

b 1 1.00 1.00 1.23 1.00

enzoy N CH,
meta-methylbenzoyl 1.00 2.80 2.06 1.00 k
H.C N

para-methylbenzoyl 3.58 1.67 3.96 1.83 *
ortho-methylbenzoyl 1.36 1.33 1.85 1.00

critical fluid chromatography (SFC) and
the second one is called simulated moving
bed chromatography (SMBC). These two
technologies were known for a long time
but were not applied in the pharmaceutical
industry in the early nineties.

In 1992, we simultaneously started an
internal project with chemical development
at former Ciba-Geigy!®>! and a collabora-
tion with Prochrom in France to evaluate
the potential of SFC for preparative separa-
tion of enantiomers. Independently of this
SFC project, we acquired in 1994 a proto-
type of simulated moving bed equipment
from Universal Oil Products (UOP). Both
technologies were new for the pharmaceu-
tical industry, and interestingly both were
boosted by the very specific application
of enantioselective chromatography. SFC
which was a topic of interest since 1980
but declining in the early nineties has been

‘revived’ by the enantioselective chroma-
tography application and SMBC has been
introduced in the life science industry
thanks to the enantioselective chromatog-
raphy application.

SFC is basically no different from
normal phase chromatography, which is
the classical mode of chromatography for
enantioselective separations. The main
difference resides in the fact that the or-
ganic mobile phase is replaced to a large
extent by carbon dioxide in its supercriti-
cal state, which is characterized by a very
low viscosity. Supercritical carbon dioxide
offers numerous advantages over classical
normal phase HPLC. These advantages
include high diffusivity due to the low vis-
cosity, permitting low pressure drops, rapid
chromatography, and short equilibration
times. Besides these technical advantag-
es, the reduced solvent consumption and

costs, fewer safety concerns with respect
to flammability and toxicity, reduced im-
pact on the environment, and in prepara-
tive applications fast solvent removal make
SFC a very attractive separation technique.
Although SFC had many technical hurdles
in the early stage of the development of the
technique, it is now the preferred mode of
chromatography in most research environ-
ments where chiral analysis and fast pre-
parative resolution of racemic compounds
are required.[¢! Fig. 33 shows a typical
preparative chromatographic resolution of
a chiral drug intermediate using the stan-
dard stacked injection procedure with very
short cycle times. Since many years, the
technique is applied daily at Novartis using
almost exclusively polysaccharide-based
material as chiral stationary phases.

In 1994, a ‘new’ technique called
simulated moving bed chromatography
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(SMBC) has been made available for con-
tinuous purifications. Actually, the tech-
nique was not new and had been developed
in the early sixties for very large scale pu-
rification in the petrochemical industry,
but for more than 30 years nobody had
thought that it could be beneficial in the
pharmaceutical field for high added value
substances. This has been made finally fea-
sible by down-sizing the existing concept
and the commercialization of equipment,
which was developed more or less simul-
taneously by UOP (US) and by Novasep
(France). During the same period of time,
a few groups had built up their own home-
made systems.[97-71] Simulated moving bed
chromatography is a continuous purifica-
tion process which is particularly designed
for purifying binary mixtures. Details about
the principle of SMBC are available from
many publications and reviews.[’”l Due to
the nature of racemic substances (mixture
of two enantiomers), it was inherent that the
technology perfectly fit the requirements
of large-scale separation of enantiomers.
This stimulated us to invest in the technol-
ogy and we acquired the instrument from
UOP (first in Europe) which consisted of
16 columns (6 cm by 2.1 cm) arranged in
series and contained in total about 200 g of
chiral stationary phase (Fig. 34). The sys-
tem was run in a closed setup, automatically
and 24 h a day, delivering the separated
enantiomers in high optical purity.[73!

In an early investigation productivity
comparisons were performed with classical
batch chromatography for two chiral drugs,
the antiasthmatic substance Formoterol
and the antitussive agent Guaifenesine.[73]
The study confirmed the much higher
performance for SMB. Additionally, the
solvent consumption was reduced by up
to 90% using the SMB process. In a more
detailed investigation in collaboration with
Morbidelli and Mazzotti from the ETH
Zurich, a more rationalized approach to
optimize the operational SMB conditions
was developed.[’ The high performance
of the technology and the possibility to
process larger amounts of chiral com-
pounds within a reasonable time frame
rapidly led to an increasing demand and
number of applications of SMB at Novartis
research. Later, we acquired a larger SMB
system from Bayer Technology Services
(BTS). This system, which contained in
total about 1 kg of stationary phase (6 col-
umns 15 by 5 cm), was capable to resolve
up to several kilograms of enantiometric
mixtures per day. Hundreds of chiral drugs
or drug intermediates were separated on a
large scale in support of medicinal chemis-
try research and of chemical development,
but most applications were not published
for confidential reasons. In all instances,
polysaccharide-based phases were used as
chiral stationary phases.
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Fig. 33. Preparative separation of the enantiomers of 50 g of the building block 1-N-benzyl-3-
methyl-4-piperidinone by SFC. Column: Chiralpak AD-H, 5 pm, 30 mm x 250 mm; mobile phase:
CO2/EtOH 95:5; 120 g/min; 240 stacked injection (@ 208 mg) in 7 h 22 min; cycle time: 1.8 min

Among the published applications,
it is worthwhile to mention the applica-
tion to tert-leucine as a chiral building
block!”™! and some contributions to the
development of several new chiral drugs
at Novartis, such as the antiasthmatic
agent Formoterol,[’31 a new antimalarial
agent,[’%l Fingolimod for the treatment of

multiple sclerosis,[671 3 5-disubstituted
piperidine building blocks for medicinal
chemistry,[771 a hypolipidemic agent,[78
the anti-cancer agent aminoglutethi-
mide,[73] and many other building blocks
(Fig. 35). The applications were in the
range of a few hundreds of grams up to
several kilograms.
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In several cases, we took advantage of
the possibility to racemize the undesired
enantiomer which could then be recycled,
finally getting almost quantitatively one
single enantiomer, starting from a racemic
mixture. Racemization is usually achieved
by basic or acidic treatment for molecules
containing a chiral carbon atom but in the
case of atropisomers, heating the mole-
cules at higher temperature was sufficient.
A typical practical example is shown in
Fig. 36.

The concomitant advent of the SMB
technology and the powerful polysaccha-
ride-based chiral stationary phases has
become a unique success story. It has per-
mitted to considerably accelerate the de-
velopment of new chiral drugs in the phar-
maceutical industry and made possible the
development of competitive processes to
access these new drugs up to production
scale. This success has also changed the
global perception about chromatographic
processes. It is now fully accepted in the
industry and the utilization of SMBC has
extended to further areas, in particular bio-
logical purification processes.

Epilog

When I started to work on the project of
enantioselective chromatography 35 years
ago in the central research laboratories of
Ciba, there was no chromatographic col-
umn packed with chiral material available
on the market. The usual method of de-
termination of the optical purity of chiral
substances was optical rotation, NMR with
chiral solvating agents and HPLC of dia-
stereomeric derivatives. Today, what was
thought to be impossible only 30 years ago
is considered routine. There are a broad
variety of ‘chiral’ columns on the market
and the earlier analytical methods for chi-
ral compounds have been almost totally re-
placed by the chromatographic technique
which is much more accurate and easy to
operate. Nowadays, almost any type of chi-
ral molecule can be directly resolved into
the corresponding enantiomers without
prior derivatization. It applies to all types
of chirality (centro, axial, planar) and all
types of chiral atoms (carbon, sulfur,
phosphor, nitrogen, selenium, metal ...).
Moreover, enantioselective chromatogra-
phy has proved to be a powerful approach
to resolve chiral substances on a prepara-
tive scale. In medicinal chemistry, it has
advantageously replaced the often tedious
synthetic approach, at least at the early
discovery stage which required only small
amounts of optically pure enantiomers.
The chromatographic method is not only
generally applicable, relatively simple and
rapid, but it permits the two pure enantio-
mers to be obtained in one operation. This

is obviously important at a stage where the
biological activity of the individual en-
antiomers is not known. Even large scale
separation of enantiomers by chromatog-
raphy has become a standard approach for
providing optically pure drugs or drug in-
termediates at a scale of a few hundreds of
grams to kilograms. But what was totally
unexpected is that the technique would
be used at the production scale of several
metric tons per year. There are now sev-
eral chiral drugs on the market which have
been ‘produced’ by enantioselective chro-
matography.

Fig. 34. Picture of the UOP simulated moving
bed instrument (1994).
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With the project ‘optically active poly-
mers for enantioselective chromatogra-
phy’, Ciba-Geigy had very early recog-
nized the importance of the relationship
between chirality and biological activity,
and thanks to the successful development
of the technique, the company was for ma-
ny years a step ahead of the competition.
The development of immobilized polysac-
charide-based phases was certainly a high-
light of the story and it is rewarding to see
that these phases are now the gold standard
in the field. They are used by almost all
laboratories dealing with chiral molecules
in academia and industry across the world.
In particular in the pharmaceutical indus-
try, they greatly facilitate and make safer
the development of new drugs.

This project, which was at the interface
between chemistry, physics and engineer-
ing, was also a captivating adventure in the
fascinating world of chirality.
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