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1 Introduction

1 Introduction

1.1 Definitions

Chirality, or often called handedness, is derived from the greek word for hand and
represents the geometrical property of a given object to be not superimposable with its
mirror image. Two chiral molecules that are related to each other like image and mirror
image and are not superimposable are called enantiomers. The composition of a mixture
of enantiomers is described by the enantiomeric excess (% ee) and refers to the fraction
of the sample that leads to optical activity. A racemate is referred to a stoichiometric 1:1
mixture of two enantiomers, is not optically active and has an ee of 0%. The term
stereoisomer is used for molecules that have the same atom-to-atom connections and
thus, constitution. However, their atoms or atom groups are oriented differently in three-
dimensional space. Besides enantiomers also diastereoisomers are stereoisomers.
However, the latter are not like image and mirror image. In an achiral environment,
enantiomers have identical physicochemical properties (except their interaction with
linear polarized light) and cannot be distinguished from each other. In contrast,
diastereomers have distinct physicochemical properties and can be differentiated in an

achiral environment.

L-Glucose D-Glucose L-Mannose D-Mannose
diastereomers
ldiastereomers ll enantiomers l
R
CHO CHO CHO CHO —
HO——H H——OH H——OH HO——H
H——OH HO—1—H H—1—OH HO—1—H . .
optically active
HO——H H——OH HO——H H——OH = enantiomeric excess
HO——H H——OH HO——H H——OH
CH,0H CH,0H CH,0H CH,0H S
enantiomers - | | } optically inactive
| diastereomers . —
diastereomers

Figure 1. Schematic illustration of enantiomer and diastercomer (left) and
enantiomeric excess (right).

1.2 Importance of Chirality
Chirality is an essential and ubiquitous property of living nature since their fundamental

building blocks, amino acids and carbohydrates, are chiral and thus, also all resulting
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1 Introduction

biological macromolecules like DNA, RNA, proteins, and polysaccharides. Hence,
biological processes that are mediated by or involve these chiral molecules like e.g.
receptor-ligand interactions or enzymatically catalyzed biotransformations can be
stereoselective. Therefore, the two enantiomers of a given racemate can interact
differently with this chiral environment, leading to distinct biological activities of the
two isomers. There are a number of “combinations” described in this context, and

scheme 1 depicts a selection thereof.'

a-Methyl DOPA
HO COOH
HO:©/M?<NH2 (S)-enantiomer: antihypertensive activity

(R)-enantiomer: inactive (isomeric ballast)

DOPA

HO COOH
mHz (S)-enantiomer: anti-Parkinson active
HO

(R)-enantiomer: serious side effects

CF3 BAY K8644
H
O2N & COOMe (S)-enantiomer: stabilized Ca2*-channel in open state
Me” "N~ “Me (R)-enantiomer: stabilized CaZ*-channel in closed state
H

Scheme 1. Combinations of pharmacological activities of the enantiomers of
exemplary racemates (adopted from M.Ldmmerhofer, lecture on drug- and toxine
analysis, 2007).

Consequently, the two enantiomers must be regarded as two separate, individual
compounds. This aspect of chirality has major implications in particular for
pharmaceutical and agrochemical sciences. In both fields of application xenobiotica,
such as drugs, drug-candidates, herbicides, fungicides, and pesticides interact with
living systems, and an increasing number of their active compounds employed are
chiral. For example, during the different stages of drug discovery and development
ranging from early preparation and screening of drug-candidates to pharmacological as
well as toxicological studies in the clinical trials, both enantiomers of a given chiral
compound and their racemate have to be tested separately. These demands, which are

also enforced by the regulatory institutions, require appropriate methodologies both for
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making the enantiomeric compounds available as well as for their subsequent

monitoring by means of analytical techniques.*”

1.3 Impact of LC Enantiomer Separation

In particular enantioselective liquid chromatographic (LC) techniques can be applied for
both analytical and preparative separation challenges today due to its good scalability.
For analytical purposes enantioselective LC is the method of choice besides GC- and
CE-based separation techniques, ranging from chip- and capillary-based micro-scale to
standard HPLC applications e.g. in pharmaceutical industry for high-throughput
monitoring alongside pharmacological and toxicological investigations, in quality
control during production of chiral drug substances and their formulations. Also in
asymmetric synthesis and catalysis enantioselective HPLC is frequently used. At first,
as a convenient tool to measure the outcome of a stereoselective reaction by assessing
the enantiomeric excess of the products in the course of investigating and improving
enantioselective reactions. In addition, also the determination of the enantiomeric purity
of the employed chiral reagents, synthons, and catalysts themselves is important for
reliable results. Under the name dynamic HPLC (DHPLC) enantioselective HPLC has
also evolved as a method for the characterization of stereolabile substances e.g. in view
of determination of enantiomerization barriers and the corresponding kinetic
parameters. DHPLC allows to investigate those interconversion processes that happen at
the time scale of the chromatographic separation process, and for that purpose employs
the variation of experimental parameters like column temperature (from -80 to +80 °C)
and flow rate.*

On a preparative level, LC enantioseparations are used besides enantioselective and
biotechnological synthesis and other separation techniques like crystallization and
membrane-based methods. In particular, enantioselective LC is feasible to give rapid
access to mg-kg quantities of both enantiomers in highly pure form e.g. at early drug
discovery and development stages and for clinical trials. In that way, enantioselective
synthesis of small amounts of large numbers of compounds can be avoided, and
instead, racemic protocols may be used. Also for the large-scale production of tons of
chiral active compound as well as for “polishing” of enantioenriched samples obtained
by other approaches, enantioselective LC became applicable. However, at these stages

the concert of a number of aspects like cost efficiency, overall productivity, production
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of waste (non-utilized enantiomer), and others makes it a case-to-case decision which

approach is to be taken.’

1.4 Concepts of Chromatographic Enantiomer Separations

The indirect approach implies covalent chemical modification of the enantiomeric
mixture with a chiral auxiliar (chiral derivatizing agent, CDA) of high enantiomeric
purity. Thereby, a pair of diastereomers is formed that can be separated using standard
achiral separation techniques. In preparative applications the chiral auxiliar is removed
after successful separation to afford the initial compounds again, now in their
enantiomerically pure form. Over the years the indirect enantiomer separation approach
became well established but it also holds a series of inherent drawbacks.” Most
importantly, two additional, ideally high-yielding and racemization-free chemical
modifications including subsequent purifications of the product stereoisomers are
required. Furthermore, the enantiomeric impurity of the CDA may lead to two pairs of
diastereomers and the corresponding enantiomers will coelute during separation. If the
separation has preparative focus, the coeluted stereoisomer will end as enantiomeric
impurity in the product. Kinetic resolution phenomena, which may occur if rate
constants for the two analyte enantiomers are different (kg # ks) and the derivatization
reaction is stopped before completion, are a serious complication in analytical
applications. These and other shortcomings limit the applicability of the indirect
enantiomer separation. Moreover, it is generally desired to avoid time consuming pre-
column derivatization schemes to minimize potential sources of inaccuracy and errors in
an analytical method.

Thus, the preferred method for chromatographic enantioseparation today is the direct
approach, in particular by using chiral stationary phases (CSPs). In general, the chiral
auxiliar for the creation of a diastereomeric relationship in the direct CSP approach is
bound as a so called chiral selector (SO) onto the surface of a chromatographic solid
support. The process of enantiomer separation is now described by the formation of
transient, noncovalent diastereomeric associates of the two analyte enantiomers
(selectants, SAs) with the SO as the chiral environment of the CSP. The
enantioselectivity o is expressed by the differences in free energy of the two
diastereomeric complexes, according to the following equations, and manifests in

different elution times, respective retention factors of both SA enantiomers.
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KRS
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Be SAg the stronger bound enantiomer, i.e. Kgr > Kgs, and the retention factor k given
by the product of the phase ratio @ and the equilibrium constant of the SO-SA

interaction

k=®-K

and the enantioselectivity a as the ratio of retention factors of second to first eluted

enantiomer

k

a=—*f
kS

it follows
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Obviously, the chiral SO has to be enantioenriched in order to afford an observable
selectivity, and ideally is of high enantiomeric purity. Other than with CDAs however,
the magnitude of enantiomeric excess of the SO principally has no impact on the peak
purity of the fractionated analyte enantiomers (prepartive LC) and on the determined

enantiomer ratio (analytical LC) as long as a baseline separation can be achieved.’

If SA retention is exclusively caused by specific interaction with the SO the obtained
enantioselectivity represents the true value of the thermodynamic enantiorecognition
process. Additional, nonspecific interactions of the SA e.g. with the chromatographic
support material could also take place. These interactions would be the same for both
enantiomers, thus affecting the retention factor of the first eluting enantiomer relatively
stronger than that of the second eluted enantiomer. Accordingly, the ratio of retention

factors of second and first eluted enantiomer k, and k;, including specific and
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nonspecific contributions kg, and kns,, would lead to an apparent enantioselectivity app,

expressed by

(kz,nsp + kzasp )
Ky nep +K

k
2
a, =——=
app

kl

1,nsp 1,sp

Nonspecific interactions between SA and stationary phase are dependent on the
physicochemical properties of the chromatographic system and the particular SA (e.g.
ionic interaction between basic SAs and weakly acidic bare silica surfaces), and
therefore, appropriate experimental conditions have to be selected for CSP operation in

order to minimize these nonspecific contributions to analyte retention.”®

1.5 Chiral Stationary Phases (CSPs)

1.5.1 General Concepts

A large variety of different types of CSPs has been described in the literature’'? and
they can be classified according to several aspects and common features. Very
generally, CSPs typically rely on the one hand on chiral polymers that can either be
used as porous bulk material or bound to a chromatographic solid support like silica. On
the other hand, individual chiral compounds, covalently linked to silica to afford a
surface with separate, distinct SO sites represent the group of brush-type CSPs. CSPs
can also be distinguished according to the size of their chiral selectors (macromolecules:
synthetic polymers, DNA, RNA, polysaccharides and proteins; low molecular mass
selectors ranging from macrocyclic antibiotics and cyclodextrins to small molecules),
the source of their chiral entities (natural, semi-synthetic, totally synthetic), or according
to their general working principles and the types of intermolecular interactions that they
mainly employ (e.g. n-donor/acceptor, hydrogen bonding, metal chelation, ion exchange
etc.) which have implications on their general application range in terms of types of
analytes as well as on the mobile phase conditions and additives that are then typically

employed (nonpolar normal phase, polar organic mode, aqueous reversed-phase).
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1.5.2 Polysaccharide-type CSPs

Numerous types of CSPs have also been commercialized. The most wide spread and
successfully employed type of commercially available CSPs, both on an analytical as
well as on a preparative level, are polysaccharide-based CSPs’ which were introduced
in 1973" with microcrystalline cellulose triacetate (CTA-L see Fig. 2). The pioneering
contributions of Okamoto lead to a series of additional, nowadays most common CSPs
based on the tribenzoates and trisphenylcarbamates of cellulose and amylose (see Figure
2) with excellent and often complementary enantioseparation abilities towards a broad

range of chiral analytes.'*"

Cellulose Amylose tribenzoates: R =
o]
OR OR
Q Q kN
RO o RO ~
OR
OR n O7]n trisphenylcarbamates: R =

N
CTA-1:R=Ac YN
Ol

Figure 2. Chemical structures of common polysaccharide-based CSPs (adopted

from ref. %).

While these CSPs initially were adsorbed onto silica solid support and therefore could
solely be operated in very a narrow range of solvents to avoid column degradation,
recent introduction of polysaccharide-CSP versions with covalently immobilized
polymers led to a further expansion of their applicability. The helical superstructure of
the modified polysaccharides and the m-acidity/basicity of the aromatic substituents,
affecting the polarity of the benzoate and carbamate groups, was reported to be
fundamental for the enantiodiscrimination properties.'®!” Still, a more detailed picture
of the enantiorecognition process of polysaccharide-type CSPs on a molecular level or a
generalized binding model seems difficult to be derived.'"® For example, the
macromolecules may present not one particular but several different binding sites that
might also vary from analyte to analyte, which hampers also spectroscopic

investigations of SO-SA interaction.
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1.5.3 Brush-type CSPs and Enantioselective Molecular Recognition

A rationale of the process of enantioselective recognition and what leads on a molecular
level to a tighter binding of one enantiomer and a less tighter binding of the opposite
enantiomer, however, is desirable due to several reasons: It facilitates the finding of an
appropriate separation system in terms of type of CSP and operation condition for a new
racemate and can replace a trial-and-error approach. A consistent binding mechanism
for a series of structurally related analytes supports the prediction of separation
properties in the context of indirect assignment of absolute configurations. In addition,
it can rationally guide an improvement of the separation properties of a given CSP by

chemical modifications.

For a number of CSPs their molecular recognition mechanisms have been successfully
investigated in greater detail. Most frequently, such CSPs employed distinct low

molecular mass SO entities,” like Pirkle-type w-donor/acceptor selectors,”’

1-24 25,26 27-31

cyclodextrins,’ macrocyclic antibiotics-type, crown ether-type, and also

32-34

chiral ligand-exchange-type SOs (for a selection of these chiral SOs, see Figure 3).

tetrahydrophenantrene

n-system
Whelk-O 1 OO / Syster
(S) NH
Osi o) NO, <~ H-bond
/N H-bond donor—" acceptor
NO, dinitrobenzamide conjugated
a) n-system — -~ a-system

(e-deficient) (e-rich or -deficient)

H. .H
5 o H on (LH‘Q'H H on
' 0 o '
o/ N ‘ '
H — Y /9) — LU Y S
N ~ H s N ~
b) % (o) o ) (o) o

Figure 3. a) Chemical structure of the p-donor/acceptor-type Whelk-O1 CSP
(left), and generalized SO-SA interaction prerequisites for successful
enantioseparation. b) Chemical structures of SO-proline Cu(Il) complexes and
enantiodiscrimination model on a chiral ligand-exchange-type CSP (CLEC)
based on (S)-hydroxyproline (adopted from ref. '%).
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As low molecular mass chiral SOs are either prepared by totally synthetic or
semisynthetic protocols they are not seldom available in both enantiomeric forms. This
allows to select the analyte’s elution order simply by switching to the CSP of opposite
configuration and is an important benefit e.g. in preparative applications, or for
determination and for the quantification of low abundant enantiomeric impurities.”*”> In
this case, the enantiomer of interest can eluted first via selection of the corresponding
CSP configuration. In addition, the synthetic approach to low molecular mass chiral
SOs allows to enhance or even tailor their molecular recognition capabilities towards a
selected target analyte due to structural modifications. In this context, the successful
combination of combinatorial synthesis to provide larger numbers of potential SOs and
appropriate read-out systems to screen the SOs for their enantioselective properties have
been reported.'**>* Besides other conceptual approaches, SO libraries have frequently
been screened, according to the reciprocal recognition of SO and SA, by using the
immobilized-target approach (‘“‘analyte-type” CSPs) or CE based methodologies that

require only low amounts of SO substance to be carried out.**’

1.5.4 Cinchona-carbamate based Weak Anion Exchanger CSPs

Typical representatives of CSPs based on the above described low molecular mass SOs
are the weak anion exchanger (WAX) type CSPs of the Cinchona alkaloid family
(Figure 4). These semi-synthetic SOs employ Cinchona alkaloid scaffolds that are also
successfully and widely used in another field of stereoselective molecular recognition,
that is, organocatalysis and catalysis.*” This class of CSPs has been reported to allow
the enantioseparation of a large variety of chiral acidic compounds as its prime class of
target analytes. CSPs based on the O9-tertbutyl carbamates of quinine (QN) and
quinidine (QD) have been commercialized as Chiralpak QN-AX and QD-AX*' (Fig. 4)
and, due to the availability of pseudoenantiomeric forms QN and QD, basically allow a
switch of analyte elution order.

The general working principle of Cinchona-carbamate type CSP is based on an ion
pairing process between the protonated quinuclidine amine of the SO and the
dissociated acidic function of the analyte as the primary interaction that brings SO and
SA in close contact. At this stage, further intermolecular interactions like hydrogen
bonding, m-m stacking, steric interactions and others may come into play to afford

enantiodiscrimination. During the course of inventing, developing and exploring this
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class of SOs and CSPs a comprehensive set of investigations has been conducted which
successfully provide more detailed insights into the enantiorecognition mechanism in

action.*?

for covalent immobilization

WAX site
QN-AX: (8S,9R)

R, ,: aliphatic, aromatic substituents QD-AX: (8R,9S)

Figure 4. Schematic structure of carbamoylated Cinchona alkaloid weak anion
exchanger (WAX) SOs with sites for chemical modification (left). Chemical
structures of commercially available Chiralpak QN-AX and QD-AX CSPs

(right).

Several systematic studies on the structures of SO and SA in LC have been carried out.
For example, the influence of both the type of N-derivatizing group and the type of
substituent in o-position of N-blocked amino acids was extensively tested, thereby

mapping the binding cleft of the chiral SO.**

The DNB-amide group was found to be
exceptionally useful to enhance enantioselectivity. Correspondingly, the SO structure
was methodically modified around different sets of analytes in order to reveal the parts
of SO and SA that interact and to enhance enantioselectivity.***”** For example, testing
of various substituents introduced at O9- and O6’-position of the alkaloid could increase
enantioselectivity for model analytes such as DNB-Leu to very high values.** NMR
investigations of selected SO-SA complexes in solution corresponded to the
observations in LC and revealed the differential binding of the weaker and stronger
bound enantiomers and were supported both by X-ray crystallographic data and
theoretical calculations.** Solid state NMR experiments of the true CSP with model
analytes confirmed the findings of the solution studies.”* Hence, the following tentative

binding model was proposed (scheme 2).***

10
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L. ) drogen bondin
steric interaction ydrog 9

) — n-n-interaction
ion pairing

Scheme 2. Chemical structure of the carbamoylated quinine QN-AX CSP and
postulated binding model of DNB amino acids (adopted from ref. *).

While this particular model has been derived for N-blocked amino acids, it was found to

be generally useful guideline also for the study of other chiral acidic compounds, e.g.

45,49-51 55,56

peptide enantiomers, and xenobiotica’’ and was also

chiral auxiliars,
employed for the indirect assignment of absolute configurations.’®
From the several other anion exchanger CSP systems derived from Cinchona alkaloids

60,61

like dimers® and hybrids with calixarenes the phthalazine-type CSPs**** stand out

with remarkably high enantioselectivities (Figure 5).

Ny P8
M

l/
SE A1

Figure 5. Chemical structures of Cinchona WAX CSPs: derived from bis-1,4-
(dihydroquinidinyl)phthalazine (left), hybrids with calixarenes (middle), and
dimeric selectors (right).

In summary, the extensively investigated Cinchona alkaloid derived chiral SOs and

CSPs exemplarily depict the potential of the concept of low-molecular mass synthetic

11
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enantioselective recognition entities in general and that of chiral ion exchangers in

particular.

1.5.5 Retention mechanism on lon Exchanger CSPs

Ionic interaction between the protonated amine-type SO and a dissociated acidic analyte
is regarded as the main process in SO-SA interaction and analyte retention on the above
described weak anion exchanger-type CSPs and is the initial event for the formation of
diastereomeric complexes and thus, enantiodiscrimination. At the same time, these ionic
interactions are largely responsible for analyte retention. Analyte elution on the other
hand is effected by the action of anionic counterions that are added to the mobile phase.
The counterions displace the analyte from the oppositely charged SO-site competitively
according to a stoichiometric displacement model®** that is expressed by the following

equation
logk=logK, —Z -log|[CI]

where k is the retention factor, [CI] is the counterion concentration, and Z as the slope is
the ratio of effective charges of SA and counterion under the given conditions. The
intercept log Ky represents the log k at a molar concentration of 1 mol/l. This inherent
virtual constant K; combines several parameters including SO density on the surface
and the equilibrium constant of SO-SA ion pairing. Typically, linear relationships
between log k and log [CI] are observed for an ion exchange dominated retention
mechanism. The effectiveness of a counterion in terms of elution strength is both given
by the intercept and the slope. For example, a stronger counterion can be applied in a
lower concentration than a weaker counterion in order to afford similar retention
factors. Typically, the principal ion exchange processes are identical for both
enantiomers which manifests itself in an almost unchanged enantioselectivity alongside
changes in counterion concentration.

Obviously, the ionization states of SO, SA and counterion play an important role in the
ion exchange process and are determined by the pH or the apparent proton activity pH,
of the mobile phase. The effects of pH are thus superimposed to the ion exchange
equilibria. A theoretical model according to the mass action relationship can describe

pH-dependencies in ion exchange processes according to the following equation

12
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1

K=¢ 17K @0 @ 150k

where o are the dissociation states of SO and SA, K the ion-exchange equilibrium
constant, [CI] the counterion concentration, and [SO]i, the total ion-exchange capacitiy
of the stationary phase.”” From this equation it follows that maximum retention is
observed at a pH where there is maximum overlap of dissociation of both SO and SA.
From a practical point of view the retention of the analytes can properly be adjusted by
selection of the type and concentration of the counterion as well as by the mobile phase

pH..

1.5.6 Nonenantioselective Characteristics of lon Exchanger CSPs

The chemical structure of Cinchona carbamate-type CSPs comprises besides the anion
exchanger site further polar and hydrophobic parts (see Figure 4). When being operated
in aqueous reversed-phase conditions these CSPs can be regarded as a mixed mode type
stationary phase where both polar and ionic adsorption interactions as well as
hydrophobic partitioning processes can take place. These chromatographic mixed mode
properties lead to the development of a simplified SO that combined a hydrophobic
alkyl chain with a weak anion exchanger site (RP/WAX, see Figure 6) and is
particularly useful for the analysis of highly polar, acidic compounds that are difficult to

retain e.g. on RP packing materials.®®

Figure 6. Chemical structure of the mixed-mode reversed-phase/weak anion
exchanger (RP/WAX) stationary phase based on N-(10-undecenoyl)-3-
aminoquinuclidine.

Several applications in metabolic and toxicological studies proved the potential of the
mixed mode RP/WAX concept and also illustrate the versatility of chiral ion exchangers

. . . 67 . . .
as chromatographic separation materials.”’ Hence, in the course of developing novel ion

13
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exchanger type CSPs also the characterization of their nonenantioselective
chromatographic properties becomes appropriate in order to open up new fields of

application.

1.5.7 Cation Exchanger CSPs

Recently, and in a complementary fashion to the Cinchona-based WAX-type CSPs, also
corresponding cation exchanger (CX) type SOs and CSPs have been developed. As
prime target analytes these CX-type CSPs conceptually address chiral amine-type
compounds which includes the large group of chiral basic drugs. Amino acids and
peptides represented the chiral entities of these synthetic low molecular mass chiral CX-
SOs which would eventually allow a systematic and straightforward optimization of the
SO structure (Figure 7).°*7" A detailed comparison of carboxylate, phosphonate, and
sulfonate functionalities to serve as the cation exchange site of the SO confirmed the
sulfonate group as the motif of choice with both broadest scope of applicability as well

as widest range of useful experimental conditions that are practical for CSP operation.®®

cl cl
S O S (0]
~ T H ~ N H o \Ji/so ]
cl cl N s
0 o) H
X= ~SOzH, ~POz;H, ~COOH (S.8) or (R,S)

Figure 7. Chemical structures of CX-type CSPs based on amino acids and
dipeptides (adopted from ref. ©'")

These CX-type SOs have been successfully applied for the enantiomer separation of
numerous chiral basic drugs and related compounds but so far only in capillary format
using capillary electrochromatography (CEC) and capillary liquid chromatography
(CLC) methodologies. However, application and evaluation in standard HPLC columns,
where peak efficiencies are principally lower as opposed to CEC techniques and
therefore overall higher enantioselectivities are required for baseline enantioseparation,

of such CX-type CSPs was still to be realized when this thesis was started.

14
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1.5.8 Zwitterionic Chiral Solutes and Packing Materials

As pointed out above, ion exchanger type CSPs have so far been reported to enable
enantiomer separations of many chiral basic and acidic compounds. On the other hand
the large group of chiral amphoteric substances like amino acids do not seem to be their
prime target analytes because up to now only two corresponding studies were reported
that show enantiomer separations of amino acids using a QN-AX Ccsp.*"
Nevertheless, ion exchanger CSPs appear conceptually suited for enantioselective
amino acid analysis since compounds of this class are per se ionized. Furthermore, the
enantioselective analysis of amino acid enantiomers is becoming an increasingly
relevant task, in particular in the context of determination and quantification of low
abundant D-amino acids in mammalian tissues in order to study their biochemical

74-76

functions, in food stuffs to perform quality control and to investigate food

71,78

processing, and to date chronological ages of bones and teeth by determination of

the degree of amino acid racemization.””*
For the direct liquid chromatographic enantiomer separation of underivatized amino

268184 o rown ethers,®> proteins,88 RNA

acids CSPs based on macrocyclic antibiotics,
aptamers,®”” a-CD,”" and chiral ligand-exchange’>* have been reported, with the
macrocyclic antibiotics CSPs being the most successful and widely used. However,
these packing materials rely mainly on other types of SO-SA interaction than classical
ion exchange such as metal chelation and multiple hydrogen bonding. In 1989 Hartwick
et.al. showed in a single preliminary example the separation of phenylalanine and
tryptophan enantiomers using a chiral stationary phase made up of a zwitterionic
alanine derivative (Figure 8) — only to provide evidence for a postulated double ionic
interaction between the zwitterionic stationary phase and zwitterionic analytes in
nonenantioselective separations.92 Yet, it seems that this report has hardly been
recognized as no further, eventually systematic, study appeared to date on the
enantioselective properties towards amino acid enantiomers of comparable, covalently
immobilized zwitterionic packing materials. Merely the separation of tryptophan
enantiomers by means of a (L)-Leu-(L)-Leu-(L)-Leu tripeptide adsorbed onto
octadecylsilane modified silica was reported in 1982”° and further investigated in

2000%,
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Figure 8. Chemical structures of a) the chiral weak zwitterion exchanger
described by Hartwick et.al. (adopted from ref. %), b) the surfactants that were
used for the preparation of zwitterionic stationary phases by coating onto
octadecylsilica for electrostatic ion chromatography EIC (adopted from ref. *°).

On the other hand, zwitterionic stationary phases of various kinds (Nesterenko review)
become more and more popular in the last decade in several areas of nonstereoselective
liquid chromatography. In particular, zwitterionic surfactants like Chaps and Chapso,
adsorbed onto C18-modified silica, were used in ion chromatography IC for the

96-100

separation of inorganic ions (Figure 9). In addition, mainly Irgum et.al. described

polymer-based zwitterionic stationary phases (see Figure 10) that have been applied in
IC, but most importantly for hydrophilic interaction liquid chromatography (HILIC)

separations of — often amphoteric — peptides and proteins.'*' "’
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Figure 9. Chemical structures of zwitterionic stationary phases based on
sulfobetaine-type copolymers (left) and phosphorylcholine-type polymer grafts
(adopted from ref. ' 1%,

Finally, immobilized artificial membrane chromatography IAM based on covalently

attached cell membrane phospholipids to chromatographic solid supports have been
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1 Introduction

described as a useful tool to study ion exchange and hydrophobic properties of cell
membranes and analyte partitioning between liquid phase and the membranes.”>'**!'!!
In this context, NMR investigations stated the simultaneous double ion pairing of
tryptophan and an TAM made up from zwitterionic phospholipids.''

Apparently, there are indications for that point towards the applicability of ion

exchanger CSPs in the context of zwitterionic chiral analytes that still have to be tested.
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2 Aims of the Thesis

2 Aims of the Thesis

The aims of the present thesis were the design and the synthesis of novel chiral
selectors, based on low molecular mass ion exchangers, and corresponding CSPs
followed by their evaluation for the liquid chromatographic enantiomer separation.

In particular, a new approach to novel cation exchanger CSPs was to be developed to
afford the enantioseparation of chiral basic drugs and related compounds by HPLC
employing an ion exchange mechanism. Therefore, a modular synthesis scheme was
created that could give access to systematically varied selector structures, and would
eventually allow to prepare larger numbers of selectors according to combinatorial
synthesis protocols for target-analyte oriented selectors screening.

Furthermore, ion exchanger based selectors and CSPs were to be designed that would
address the amphoteric character of amino acids and other chiral zwitterionic
compounds as a principal molecular recognition feature for their successful
enantioseparation. In doing so, conceptually all types of ionizable chiral compounds
would be made susceptible to enantioselective ion exchange.

The chromatographic evaluation of the novel packing materials focused on
enantioselectivity in order to assess their enantiorecognition capabilities and to allow to
draw conclusions on the molecular recognition processes being in function.
Nevertheless, detailed investigations of the overall chromatographic properties of the
newly prepared ion exchanger type CSPs were to be carried out in order to determine
the underlying retention mechanisms, and to describe experimental conditions for their

successful operation — also in nonenantioselective applications.
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3 Results and Discussion

3 Results and Discussion

3.1 General Aspects

In this chapter mainly those results will be presented that afforded either manuscripts
that were already published or manuscript drafts that were ready for submission at the
time of writing this thesis. Abstract pages are included in this chapter to allow fluent
reading. In order to avoid extensive repetition, however, the content of the articles and
drafts is only mentioned briefly herein, together with additional results, to put the
articles and drafts in context. For the complete information it is therefore referred to the

full articles and manuscript drafts that are given in the appendices.

3.2 Cation Exchanger type SOs and CSPs

3.2.1 SO and CSP Design and Synthesis

Generally, the low molecular mass chiral CX-type SOs described until now employed
various amino acids as building blocks, either as a single compound or in form of
dipeptides.®®" In that way, incremental contributions to enantioselectivity could be
derived for instance to a particularly bulky amino acid side chain.”* Nevertheless, no
structural motif with fundamental significance for enantioselectivity towards chiral
basic analytes (i.e. reasonably large a-values for a wider range of chiral bases) could be
identified. It was therefore important to examine further types of building blocks that
are readily accessible in larger quantities. While previously reported CX-type CSPs (see
above) were mainly based on o-amino acids, B-amino acids have not been fully
evaluated yet in this context.® B-Amino acids however have received a lot of interest in
synthetic chemistry and especially the conformations of their peptidic derivatives differ
significantly from those comprised of a-amino acids.”***® Since in the amino acid-
derived CX-SOs the amino groups were typically modified as amides, f-amino acids
were selected herein to be examined as building blocks in CX-type SOs. Furthermore,
sulfonates were found to be the most promising functionalities for the cation exchange
process.”® However, in the sulfonate-based CX-CSPs prepared so far the cation
exchange site was always attached at an achiral methylene-group and the closest chiral
center was at least one bond further away (e.g. cysteic acid). It may be expected that

close proximity of the ion exchange site to a center of chirality can be beneficial for the
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3 Results and Discussion

enantioselective interaction of SO and analyte. In addition to the beta-amino acid
scaffold the attachment of the sulfonate group directly at a chiral center thus became a
prerequisite for the CX-type SOs to be developed herein.

The following modular synthesis scheme had been designed to give access to novel CX-

type SOs and their systematic structural variation (scheme 3).
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building blocks substituents
with CX-site type of
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Scheme 3. Modular synthesis scheme for the preparation of structurally divers
CX-type chiral SOs.

Starting points represented the B-aminosulfonic acid building blocks with the sulfonate
as the site for ionic interaction with the basic analyte and the B-amino group for
chemical modification. As N-derivatizations, carboxylic amides, sulfonamides,
carbamates, and ureas were envisioned for providing e.g. various donor/acceptor
patterns for hydrogen bonding among SO and SA, as well as different geometry and
distance between the aminosulfonic acid and further substituent groups. As substituents
aromatic moieties of altered size and n-acidity/basicity and aliphatic groups of diverse
steric demand were possible. Both N-derivatization and the further substituents were to
be introduced in one step by reaction with alkyl- and aryl-sulfonyl chlorides, -
chloroformates, -isocyanates and -carboxylic acids and acid chlorides. Immobilization
to the silica chromatographic support could either occur via additional appropriate
functional groups at the aminosulfonic acid building blocks or at the N-modification,

thereby employing well established protocols.*”*" In the first place, it was planned to
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3 Results and Discussion

prepare CX-type SOs consisting solely of one amino acid unit, but eventually, also

peptidic modifications at the f-amino group might be carried out.

Conceptually, a racemic and therefore straightforward route for the preparation of the
sulfonic acid based chiral SOs was preferred due to the following reasons. With the
potent AX-type CSPs of the Cinchona carbamate type in hand, purification of the acidic
SO enantiomers prior to immobilization guarantees high enantiomeric purity and
reproducibility while in addition enantioselective synthesis is not required and no
precautions concerning racemization during synthesis have to be taken into
consideration. Furthermore, both enantiomeric forms of the SOs become available in the
same time. This gives access to CSPs of opposite absolute configuration, and therefore
the elution order of analytes to be enantioseparated later on can be reversed simply by
switching from one enantiomeric CSP to the other. Finally, a rather simple and fast
synthesis route to racemic SOs — according to a modular synthesis scheme appropriate
also for combinatorial synthesis — is ideally suited for generating a library or a larger set
of structurally divers SOs which then can be directly screened for their enantioselective

properties, for example towards a target analyte, using CE techniques (see above).

B-Aminosulfonic acids with the acid group being at a chiral center were not
commercially available. Several synthetic approaches that give access to chiral -
aminosulfonic acids have been described in the literature and essentially employed the
corresponding amino alcohols as starting material. Subsequent functional group
interconversion of the alcohol lead to the desired amino acids.'**** If the amino
alcohols were not directly available they had to be prepared — from the corresponding
epoxide or even from the alkene itself. A rather different approach represented the direct
amino-sulfonation of alkenes by sulfur trioxide SOj3 in the presence of nitriles which is
also used for the industrial production of acrylamidosulfonic acid monomers. Only
recently, Cordero et. al. adopted this three-component reaction for a laboratory scale by
substituting liquid SO; or oleum by a commercially available, solid SOz*DMF
complex.’® The postulated reaction mechanism is depicted in the scheme 4. Addition of
SO; to the alkene affords a p-sultone that reacts in situ by nucleophilic attack of
acetonitrile to give an oxathiazine that hydrolyses upon addition of water to give a N-
acetyl-B-aminosulfonic acid. In a subsequent step hydrolysis affords the amphoteric 3-

aminosulfonic acid. If the alkene was not terminal the amino-sulfonation
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3 Results and Discussion

stereoselectively lead to anti addition of amino and sulfonic acid groups. The presence
of trifluoromethane sulfonic acid TfOH was found to enhance the reaction rate as well

as the yield of the product.
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SO, , CH,CN \\( H,0 HCI
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Scheme 4. Reaction scheme of the direct amino-sulfonation of alkenes (adopted from
ref. '),

Principally, this amino-sulfonation reaction appeared feasible for our purposes for
several reasons.’® It involves as a starting material alkenes which are commercially
available in a broad structural range. Both functional groups that were required in the 3-
aminosulfonic acid building block are formed in one step. The reaction is
stereoselective, however not enantioselective. Thus, racemic products are obtained but
not a more complex mixture of stereoisomers. Finally, access is given to sulfonic acid
groups that are directly attached at chiral centers. Therefore, the three-component direct
amino-sulfonation reaction was employed in the following to initially provide access to

different chiral B-aminosulfonic acids.

3.2.2 Evaluations of SCX-type SOs and CSPs

The above described approach to novel low molecular mass chiral SOs for cation
exchanger type CSPs has been applied for the preparation of a series of racemic SCX-
SOs on a mg-scale. Their screening for enantioselectivity towards a target chiral basic
compound was also carried out. However, this chiral basic compound was investigated
in cooperation with an industrial partner and due to confidentiality agreements and
patent issues no particular results can be shown here, but will be presented after release
by the industrial partner. Nevertheless, from one of these racemic SCX-SOs the
corresponding enantiomeric CSPs have been prepared and evaluated for the enantiomer
separation of a number of nonrestricted chiral basic drugs for HPLC. The resultant
findings were reported in the following publication (C. Hoffmann et. al., Journal of
Chromatography A 2007, 1161, p. 242-251; for the complete article, see Appendix P-1):
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3 Results and Discussion

Novel strong cation-exchange type chiral stationary phase for the
enantiomer separation of chiral amines by high-performance liquid
chromatography

Christian V. Hoffmann, Michael Lammerhofer, Wolfgang Lindner*

Christian Doppler Laboratory for Molecular Recognition Materials, Department of
Analytical Chemistry
and Food Chemistry, University of Vienna, Wahringer Strasse 38, A-1090 Vienna, Austria

* Corresponding author

Abstract

The preparation of novel brush-type chiral cation-exchange materials based on de novo
designed synthetic low molecular mass selectors (SOs) and their evaluation for
enantioselective separation of chiral amines by HPLC are presented. The SO as the
functional unit for enantioselectivity contains a 3-aminocyclohexanesulfonic acid moiety and
is readily accessible via straightforward synthesis in both enantiomeric forms yielding chiral
stationary phases (CSPs) with opposite configurations, CSPs 1 and 2, and reversed elution
orders. For the evaluation of these novel CSPs by HPLC a sound set of chiral amines, mainly
amino-alcohol type drug molecules, was selected. The chromatographic evaluations were
carried out using polar organic mobile phase conditions. All of the analytes could be baseline
separated, compared to common CSPs in parts with excellent peak efficiencies (up to 70000
theoretical plates per meter for the second eluted enantiomer). A number of experimental
parameters have been varied to look at and prove the underlying ion-exchange process on
CSPs 1 and 2, and to reveal suitable conditions for their operation. In this context, the
influence of proton activity in the mobile phase and the effects of varying concentration and
type of the counterion as well as type of co-ion and of bulk solvent components were
thoroughly investigated.

Keywords: Enantiomer separation; Chiral stationary phase; Cation exchanger; Liquid
chromatography; Chiral amines; -Aminosulfonic acid. doi:10.1016/j.chroma.2007.05.092
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The chiral SO 1 that was employed in the article reported above (Figure 11) was also
investigated for microscale enantioseparations of racemic basic drug analytes. For that
purpose, 1 was covalently immobilized onto thiol-modified silica monoliths in fused-
silica capillaries. At first, these monolithic SCX-type CSPs were studied in a direct
comparison of capillary electrochromatoraphy (CEC) and capillary LC (CLC) as
separation techniques in enantioselective chromatography (B. Preinerstorfer et. al.,
Electrophoresis 2008, 29, p. 1626-1637; for the complete article, see Appendix P-II).
The same monolithic CSPs were applied for an investigation of the electrokinetic and
chromatographic processes that effect analyte migration in stereoselective cation
exchange CEC (B. Preinerstorfer et. al., Journal of Separation Science 2008, 29, p.
3065-3078; for the complete article, see Appendix P-I11).

23



3 Results and Discussion

24

Cl
OR R= "X: SO1a (1IR,2R)
SO 1b (1S,2S)
o)
Cl
2 _NH
Oi R=>~_"~_9S © SCX-CSP 1a (1R,2R)
1 SO?G)X SCX-CSP 1b (1S,2S)

Figure 10. Chemical structures of the b-aminosulfonic acid based SOs 1a,b and
the corresponing SCX-type CSPs 1a,b.

Enantioselective silica-based monoliths modified with a novel
aminosulfonic acid-derived strong cation exchanger for electrically driven
and pressure-driven capillary chromatography

Beatrix Preinerstorfer!, Christian Hoffmann?, Dieter Lubda?, Michael Lammerhofer'*,
Wolfgang Lindner*

'Christian Doppler Laboratory for Molecular Recognition Materials, Department of Analytical
Chemistry & Food Chemistry, University of Vienna, Vienna, Austria
performance & Life Science Chemicals, Merck KGaA, Darmstadt, Germany

*Correspondence to Michael L&mmerhofer

Abstract

Silica monoliths modified with trans-(1S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)amino
cyclohexanesulfonic acid were tested for enantioselective separations of various chiral bases
by aqueous and nonaqueous CEC as well as nano-HPLC. The optimization of the
immobilization procedure showed that an intermediate selector (SO) coverage, as does result
from a single static immobilization cycle in the capillary at 60°C with an 8% (m/v) SO
solution in methanol, affords maximal EOF and optimal enantioselectivity values, while a
second immobilization cycle does not lead to any improvements. Furthermore, the mobile
phase composition was examined regarding the effectiveness of aqueous phases (ACN/water
and methanol/water) compared to nonaqueous eluents (ACN/methanol) in terms of separation
selectivity and efficiency. Additionally, different acids of varying strengths were tested as co-
ions in the ion-exchange process, including formic acid, acetic acid, methanesulfonic acid, and
TFA (pK, from 4.75 to 0.5). It turned out that the effects regarding EOF and enantioselectivity
were largely negligible. The chromatographic efficiencies of the new capillary columns were
compelling and remarkable for bases. H-u curves established for mefloquine revealed a C-
term contribution (resistance to mass transfer) by a factor of about six lower in CEC than in
nano-HPLC and an A-term (flow maldistribution) about three times lower in the CEC mode.
Theoretical plate heights as low as around 3-5 um could be obtained in CEC over a wide flow
range (0.5-1.5 mm/s). Run-to-run repeatabilities like in HPLC and excellent system stability
promise the practical usefulness of the novel monolithic capillary column for enantiomeric
composition analysis of pharmaceuticals by CEC.

Keywords: Capillary electrochromatography / Capillary liquid chromatography / Chiral
stationary phase / Silica monolith / Sol-gel process DOl
10.1002/elps.200700525
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Deconvolution of electrokinetic and chromatographic contributions to
solute migration in stereoselective ion-exchange capillary
electrochromatography on monolithic silica capillary columns

Beatrix Preinerstorfer!, Michael Lammerhofer!, Christian V. Hoffmann?!, Dieter Lubda?,
Wolfgang Lindner!

'Department of Analytical and Food Chemistry, Christian Doppler Laboratory for Molecular
Recognition Materials, University of Vienna, Vienna, Austria
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*Correspondence to Michael L&mmerhofer

Abstract

A monolithic silica stationary phase functionalized with an enantioselective strong cation
exchanger based on an aminosulfonic acid derivative was used for chiral separations of basic
test solutes by nonaqueous CEC and capillary LC. The effects of the applied electric field as
well as the ionic strength in the eluent on electrokinetic and chromatographic contributions to
the overall separation performance in the electrically driven mode were investigated. Hence,
under the utilized experimental conditions, i. e., at an electric field strength in the range of
1120-720 V/cm (applied voltages 4-24 kV) and an ionic strength of the counterion between 5
and 25 mM (at constant acid-to-base, i. e., co- to counterion ratio of 2:1), no deviations from
the expected linearity of the EOF were observed. This led to the conclusion that an occurrence
of the so-called electrokinetic effects of the second kind resulting from electric double layer
overlap inside the mesopores of the monolithic stationary phase and concentration polarization
phenomena were largely negligible. Additional support to this conclusion was inferred from
the observed independence of CEC retention factors on the electric field strength across the
investigated ionic strength range of the BGE. As a consequence, a simple framework allowing
for calculation of the CEC mobilities from the individual separation contributions, viz.
electroosmotic and electrophoretic mobilities as well as retention factors, could be applied to
model CEC migration. There was a reasonable agreement between calculated and
experimental CEC mobility data with deviations typically below 5%. The deconvolution of the
individual contributions to CEC migration and separation is of particular value for the
understanding of the separation processes in which electrophoretic migration of ionic sample
constituents plays a significant role like in ion-exchange CEC and may aid the optimization
procedure of the BGE and other experimental conditions such as the optimization of the
surface chemistry of the stationary phase. In combination with the remarkable column
performance evident from the low theoretical plate heights observed under CEC conditions for
all test solutes (3.5-7.5 um in the flow rate range of 0.4-1.2 mm/s, corresponding to (130000-
300000 plates per meter), the presented framework provides an attractive tool as the basis for
the assessment of chromatographic selectivities in a miniaturized CEC screening of new
selectors and chiral stationary phases (CSPs), respectively, from experimental CEC data and
known CE mobilities.

Keywords: Concentration polarization / Electric double layer overlap / Enantiomer separation /
Silica monolith / Strong cation exchanger DOl
10.1002/jssc.200700572
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In order to assign the absolute configuration of the two chiral centers in the 2-
amidocyclohexanesulfonate moiety of SO 1 the elution order of its enantiomers on a
tertbutyl carbamoyl quinine-type QN-AX CSP could be brought into play since this
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3 Results and Discussion

type of CSP had been employed for their preparative enantiomer separation (o = 6.0, Rs
= 12, using a mobile phase of 65 mM NH4OAc in MeOH/HOACc 98/2 v/v). For the
Cinchona carbamate WAX CSPs a tentative analyte binding model had been described
earlier for N-blocked a-amino acids which stated that the D-forms (resp. (R)
configuration) of Ng-acyl a-amino acids were eluted first and the L-forms (resp. (S)
configuration) were eluted second on a quinine-based QN-AX CSP. On a corresponding
pseudoenantiomeric quinidine-based QD-AX CSP elution orders were reversed.”**
This model was shown to be applicable to B-amino acids as well.****?” Thus, by
applying this binding model the elution order of SO 1 enantiomers on the QN-AX CSP
was preliminarily predicted to be (R) before (S). Since the configuration of the two

125 the absolute

substituents on the cyclohexane ring were postulated to be trans,
configuration of the two chiral centers followed to be (1R,2R) for the first and (1S,2S)

for the second eluted enantiomer of SO 1.

NO,

0
NO,

NH N
Ej . 2a (1R,2R)
1>S0, NH, 2b (1S,25)

Figure 11. Chemical structures of DNB-homologues of SO 1a,b (left) and
tertbutyl carbamoyl quinidine (tBuCQD, right).

OMe  tBuCQD

For assessment of these predictions, including the provisional expansion of the binding
model of Cinchona carbamate CSP from Nj-acyl a-amino acids to B-amidosulfonic
acids, X-ray diffraction analysis of a diastereomeric salt of a Cinchona carbamate SO
and the stronger bound enantiomer of SO 1 seemed to be suitable. However, it was
reported for QN-AX type CSPs to show particularly high enantioselectivities for amino
acids derivatized with the N-3,5-dinitrobenzoyl (DNB) group.*** Therefore, a
structural DNB-homologue of SO 1 appeared better suited for salt crystallization with a
Cinchona type SO than SO 1 itself owing to increased binding strength, and was

therefore prepared (Figure 11; for experimental details, see Appendix. Exp-I).
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Sulfonic acid 2 cannot be readily immobilized to serve as a chiral SO due to the lack of
an appropriate functional group but, as expected, its racemate could be enantioseparated
on a QN-AX CSP with significantly higher selectivity (o = 11.4) than that of SO 1 (a =
6.0). Hence, the weaker bound sulfonic acid enantiomer 2a eluted first on a QN-AX
CSP was crystallized with the amine-type SO of the pseudoenantiomeric QD-AX CSP
to obtain the stronger binding ion pair. Single crystals of the sulfonic acid-tBuQD salt
suitable for X-ray diffraction analysis could be grown (for experimental details, see
Appendix Exp-1) and the following crystal structure of the salt of DNB-derivatized

aminosulfonic acid 2a and tertbutyl-carbamoyl quinidine could be solved (Figure 12).

Figure 12. Different views of the crystal structure of an ion pair between
tBuCQD and sulfonic acid 2a. H-bonds and H-bonding supported ionic
interactions are indicated by dashed blue lines.

First of all, the crystal structure confirmed the absolute configuration of the known
quinidine derivative (1S,3R,4S,8R,9S). Additionally, the absolute configuration of the
sulfonic acid 2a was (1R,2R), and thus, the absolute configuration of the enantiomeric
acid 2b could be assigned as (1S,2S). In other words, the first eluted 2a on a QN-AX
CSP has (1R,2R) configuration while on the pseudoenantiomeric QD-AX CSP the first
eluted enantiomer is 2b with (1S,2S) configuration. Thereby, the initial prediction of the
elution order and the absolute configuration by employing the tentative binding model
described for Cinchona carbamate CSPs could be confirmed. Furthermore, the crystal
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3 Results and Discussion

structure gave insights into the molecular recognition between SO and SA, which was
strikingly similar to previously described SO-SA interactions for Cinchona carbamate
CSPs with DNB-derivatized amino acids.”**>**%%? |nteractions like hydrogen bond-
mediated ion pairing between the sulfonic acid and the quinuclidine amine (N-H~O 2.71
A, 169.8°), hydrogen bond interaction between the carbamate carbonyl oxygen and the
amide NH (C=0"N 2.86 A), and n-n stacking interaction between the DNB- and the
quinoline-group (face-to-face ~3.4 A) illustrated why the present SO-SA complex was
found to be the stronger bound in LC. Moreover, the quinidine derivative adopted its
anti-open conformation which is also in agreement with general molecular recognition
mechanism of Cinchona carbamate CSPs (see scheme 5).°>? Obviously, the binding
model described for Cinchona carbamate CSPs could also be expanded to f-

amidocyclohexanesulfonic acids.

ﬁ anti-closed ? syn-closed
— N — N
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along C8-C9
:/&\l
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syn-open
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Scheme 5. Conformers of tBuCQD and comparison with its conformation in the
SO-SA ion pair crystal structure from Fig. 12.

The substituents on the cyclohexane ring were in their energetically favored equatorial
position and trans to each other which was also in accordance with the postulated
outcome of the amino-sulfonation reaction.'”®

Finally, the initial purpose of these detailed investigations of intermolecular interactions
between a QD-AX-type SO and sulfonic acid 2a, i.e. the determination of the absolute

configuration of the enantiomers of SO 1, could be fulfilled by extrapolation from their
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structural homologue 2a. Therefore, the first eluted enantiomer of SO 1 on a QN-AX
CSP has been ascribed the (1R,2R)-configuration.

3.2.3 Nonenantioselective Application of a SCX-type CSP

In the course of developing and exploring ion exchanger type stationary phases as
functional materials for chromatography, the synthetic work in our laboratory usually
involved acidic and basic compounds, i.e. SOs and their precursors or test analytes. Due
to the potentially ionic character of these substances home-made CX- and AX-type
stationary phases were predominantly employed for their chromatographic analysis like
determination of the enantiomeric purity, reaction monitoring, and purity control, and
often also for their preparative purification. For example, the herein developed SCX-
type CSPs based on SOs 1 were found to be particularly useful as a chromatographic
tool for the quality control (identitiy and purity) of Cinchona alkaloids employed for
preparing chiral AX-type materials. In order to report our findings we decided to carry
out a dedicated study on the HPLC separation of natural Cinchona alkaloids and several
synthetic derivatives thereof by using the SCX-type CSP 1 (C. Hoffmann et.al.,
manuscript draft; for the complete version, see Appendix M-I). For a better illustration
of the characteristics of the sulfonic acid based column packing material also a
commercially available racemic SCX-type stationary phase (PolySulfoethyl-A, PolyLC
Inc.) and an octadecylsilane column (Zorbax Eclipse RP C18-XBR, Agilent Techn.),

which is typically employed for Cinchona alkaloid analysis, were included in this study.

Separation of Cinchona Alkaloids on a novel Strong Cation Exchange
type Chiral Stationary Phase — Comparison with commercially available
Strong Cation Exchanger and Reversed-Phase Packing Materials

Christian V. Hoffmann, Michael Ld&mmerhofer, Wolfgang Lindner*

University of Vienna, Christian Doppler Laboratory for Molecular Recognition Materials,
Department of Analytical Chemistry & Food Chemistry, Wéahringer Strasse 38, A-1090
Vienna, Austria

*corresponding author

Abstract

A recently reported chiral strong cation exchanger (cSCX) type stationary phase was
investigated for the LC separation of a series of Cinchona alkaloids and synthetic derivatives
thereof to test its usefulness as alternative methodology for the separation of those important
pharmaceuticals. The ¢cSCX column packing material was qualitatively compared on the one
hand against a commercially available  nonenantioselective ~ SCX-material,
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PolySULFOETHYL-A, and on the other hand against a modern C18 reversed-phase stationary
phase which is commonly employed for Cinchona alkaloid analysis. Both SCX columns
showed no pronounced peak tailing phenomena which typically hamper their RP analysis and
require specific optimization. Thus, the cSCX-based assay provided new feasibilities for the
separation of the Cinchona alkaloids in polar organic mode as opposed to conventional
reversed-phase methodologies. In particular, a method for the simultaneous determination of
eight Cinchona alkaloids (quinine, quinidine, cinchonine, cinchonidine, and their
corresponding dehydro analogs) using the cSCX column in HPLC has been developed and
exemplarily applied to impurity profiling of a commercial alkaloid sample. Furthermore, both
SCX materials allowed successful separation of C9-epi and 10,11-didehydro derivatives from
their respective educts in an application in synthetic Cinchona alkaloid chemistry.

Keywords:Column liquid chromatography, Cinchona alkaloid, reversed-phase, cation
exchanger, packing materials.

3.3 Zwitterionic SOs and CSPs

3.3.1 Development and Characterization of Zwitterionic CSPs

As already mentioned before, Knox and Jurant and later Hartwick reported first on
selected enantiomer separations of amino acids by means of zwitterionic stationary
phases.®*% Although these systems have not been investigated in greater detail for their
enantioselective properties these early findings clearly pointed the way how
enantioselective recognition of chiral amphoteric compounds could principally be
accomplished with an ion exchanger concept, namely by zwitterion exchange. With
molecular entities of proven enantioselective properties in hand like the Cinchona
alkaloid derivatives for anion exchange and now also B-aminosulfonic acids for cation
exchange, the circumstances seemed favorable to address chiral amino acids and related
amphoteric compounds as prime analytes for ion exchanger CSPs. As a consequence,
by fusing parts of previously established AX- and CX-type SOs to afford defined
synthetic low molecular mass zwitterionic chiral SOs, a novel type of ion exchanger
CSP was presented (Scheme 6).

In particular, the B-aminocyclohexanesulfonic acid building block from SCX-type CSP
1 was introduced at the C9-position of the Cinchona alkaloid via carbamate formation.
Therefore, the sites for anion and cation exchange were linked along several chiral
centers in combination with relatively rigid groups like the cyclohexane ring, the
carbamate, and the quinuclidine ring system, putting the oppositely charged atoms at a
distance of eight atoms. On the contrary, in typically reported zwitterionic materials the

two charges were rather close together (2-4 atoms in-between) and linked via flexible

30



3 Results and Discussion

alkyl chains.??%1%1% The design of the Cinchona alkaloid-based zwitterionic CSPs
with its relatively large distance between the charges though aimed at reducing the
electrostatic repulsions of similarly charged groups in both SO and SA upon binding,
thereby also supporting intermolecular interactions other than ion pairing.

HNJ<

v %,
\/a Q/J%O H:D
N » :

Cl o
\/\o

Cl

MeO

Scheme 6. Design of zwitterionic CSPs by fusion of parts of low molecular
mass chiral SOs of the AX- and CX-type.

Due to the combination of anion and cation exchanger sites in one CSP, the novel
zwitterionic CSPs could conceptually be operated in three different enantioselective ion
exchange modes: anion, cation, and zwitterion exchange (AX, CX, ZX) (see Scheme 7).
However, other than on the parent, pure AX- and CX-type CSPs further characteristics
may arise on zwitterionic CSPs. In the AX mode for example, the intramolecular acid
group could act as a counterion in the anion exchange process (and vice versa, the
amino group in the cation exchange process). Thus, in the ZX mode both charged
groups in the zwitterionic SO could function both as ion pairing sites and also as
intramolecular counterions. Particular attention was therefore directed to retention
behavior of zwitterionic CSPs in comparison to their parent AX- and CX-type packing

materials.
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Scheme 7. a) Anion exchanger mode (left) and cation exchanger mode (right),
supported by the intramolecular counterion, on zwitterionic CSPs (schematic).
Co-ions in the mobile phase were omitted for the benefit of clarity. b) Proposed
zwitterion exchanger mode, supported by the intramolecular counterions, for
amphoteric analytes on zwitterionic CSPs (schematic).

The design of zwitterionic ion exchanger-type CSPs represented a significant expansion
of the concept of chiral ion exchangers. Both novel enantioselective properties as well
as particularities for the chromatographic operation were indicated. But first of all, it
was essential to evaluate the concept of a combined anion and cation exchanger CSP,
and most importantly, to assess the proposed model of enantioselective zwitterion
exchange. For that purpose, a systematic study on the overall enantioselective properties
of zwitterionic ion exchanger-type CSPs for chiral acids, bases, and amino acids was
carried out and reported in the following article (C. Hoffmann et.al., Analytical

Chemistry 2008, in press; for the complete article, see Appenix P-1V):

Synergistic Effects on Enantioselectivity of Novel Zwitterionic Chiral
Stationary Phases for Separations of Chiral Acids, Bases, and Amino
Acids by HPLC

Christian V. Hoffmann, Reinhard Pell, Michael Lammerhofer, Wolfgang Lindner*
Christian Doppler Laboratory for Molecular Recognition Materials,
Department of Analytical Chemistry & Food Chemistry, University of Vienna,
Wahringer Strasse 38, A-1090 Vienna, Austria.

*Author for correspondence
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Abstract

In an attempt to overcome the limited applicability scope of earlier proposed Cinchona
alkaloid based chiral weak anion exchangers (WAX) and recently reported aminosulfonic acid
based chiral strong cation exchangers (SCX), which are conceptionally restricted to oppositely
charged solutes, their individual chiral selector (SO) subunits have been fused in a
combinatorial synthesis approach into single, now zwitterionic, chiral SO motifs. The
corresponding zwitterionic ion-exchange type chiral stationary phases (CSPs) in fact
combined the applicability spectra of the parent chiral ion-exchangers allowing for
enantioseparations of chiral acids and amine-type solutes in liquid chromatography using polar
organic mode with largely rivalling separation factors as compared to the parent WAX and
SCX CSPs. Furthermore, the application spectrum could be remarkably expanded to various
zwitterionic analytes like a- and B-amino acids and peptides. A set of structurally related yet
different CSPs consisting of either a quinine or quinidine alkaloid moiety as anion-exchange
subunit and various chiral or achiral amino acids as cation-exchange subunits enabled to
derive structure-enantioselectivity relationships which clearly provided strong unequivocal
evidence for synergistic effects of the two oppositely charged ion-exchange subunits being
involved in molecular recognition of zwitterionic analytes by zwitterionic SOs driven by
double ionic coordination.

Keywords: Enantiomer separation; Chiral stationary phase; Anion exchanger; Cation
exchanger; Zwitterion; Liquid chromatography; Chiral acids; Amino acids; Chiral amines;
Peptides.

After confirmation that enantioselective anion, cation, and zwitterion exchange was
available with Cinchona alkaloid based zwitterionic CSPs, an additional subtype of
such CSPs was contributed by Norbert N. Maier and is shown in Figure 14. As opposed
to the existing zwitterionic SOs that contain the cation exchanger site as a C9-carbamate
modification, in the novel subtype the achiral acidic side chains had been introduced to
the alkaloid scaffold at its C6’-position.

HN/\HHCO@
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Figure 13. Comparison of the chemical structures of zwitterionic CSPs with the
CX-site either in 9- or 6'-position of the quinine alkaloid.

These C6’-type zwitterionic CSPs were included in the following studies in order to

examine the effects of an alternative arrangement of AX- and CX-sites within the SOs
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on the overall ion exchange properties of zwitterionic column packing materials in

comparison to their C9-modified congeners.

As pointed out earlier herein, in the course of developing new CSPs it is also of vital
importance to evaluate these functional materials for their common chromatographic
properties and characteristics. Most importantly, the chromatographic parameters such
as k and a should be evaluated in dependence of the primary operation conditions (i.e.
mobile phase variables like type of solvent system, pH and others) in order to derive the
major influencal factors and support the general understanding of the working principles
of the CSPs. Additionally, such evaluations lead to the description of experimental
conditions that enable successful CSP operation. As a consequence, a further study was
conducted that focused on the ion exchange retention mechanisms underlying the
enantioselective recognition processes, and on the effects of the intramolecular
counterions in this context. Finally, the effects of the variation of experimental
parameters related to the mobile phase composition on the overall column performance
were evaluated. Both investigations have been summarized in the following manuscript
drafts (C. Hoffmann et.al., manuscript drafts; for the complete versions, see Appendices
M-11 and M-I111).

Stationary Phase-related Investigations of Quinine-based Zwitterionic
Chiral Stationary Phases operated in Anion, Cation, and Zwitterion
Exchange Processes

Christian Hoffmann, Roland Reischl, Norbert M. Maier, Michael Lammerhofer, Wolfgang
Lindner*

Christian Doppler Laboratory for Molecular Recognition Materials, Department of Analytical
Chemistry & Food Chemistry, University of Vienna, Wéhringer Strasse 38, A-1090 Vienna,
Austria.

*Author for correspondence:

Abstract

The concept of recently introduced Cinchona alkaloid-type zwitterionic chiral stationary
phases (CSPs) is based on fusing key cation and anion exchanger (CX, AX) moieties in one
single low-molecular mass chiral selector (SO) with the resulting CSPs allowing enantiomer
separations of a wide range of chiral ionizable analytes comprising acids, bases, and
zwitterionic compounds. Herein, we report principal, systematic investigations of the ion
exchange-type retention mechanisms available with the novel zwitterionic CSPs in
nonaqueous polar organic mode. Typical CX and AX processes, corresponding to the parent
single ion exchangers, are confirmed also for zwitterionic CSPs. The mechanism leading to
recognition and retention of zwitterions was also found to be ion exchange mediated in a
zwitterion exchange (ZX) mode. In both AX and CX mode the additional ionizable group
within the SO besides the site responsible for the respective ion exchange process could be
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characterized as an intramolecular counterion (IMCI) that effectively participates in the ion
exchange equilibria and thus, contributes to solute elution. In ZX mode both oppositely
charged groups of the zwitterionic SO were found not only to be the sites for simultaneous ion
pairing with the analyte but also functioned as IMCIs in the same time. The main practical
consequences of the IMCI feature were significant reduction of the amounts and even
elimination of acidic and basic additives required in the eluent systems to afford analyte
elution while still providing faster analysis than the parent single ion exchanger-type CSPs.
The set of ten structurally different zwitterionic CSPs employed in this study also allowed
correlations between chromatographic behavior of the CSPs with particular SO elements,
thereby supporting the understanding of the working principles of these novel packing
materials on a molecular level.

Keywords: Chiral stationary phase; Anion exchanger; Cation exchanger; Zwitterion; Liquid
chromatography; Retention mechanism; Chiral acids; Amino acids; Chiral amines;
Zwitterionic surface.

Investigations of Mobile Phase Contributions to Enantioselective Anion
and Zwitterion Exchange Modes on Quinine-based Zwitterionic Chiral
Stationary Phases

Christian Hoffmann, Roland Reischl, Norbert M. Maier, Michael L&mmerhofer, Wolfgang
Lindner*

Christian Doppler Laboratory for Molecular Recognition Materials, Department of Analytical
Chemistry & Food Chemistry, University of Vienna, Wahringer Strasse 38, A-1090 Vienna,
Awustria.

*Author for correspondence:

Abstract

Novel chiral stationary phases (CSPs) based on zwitterionic Cinchona alkaloid-type low-
molecular mass chiral selectors (SOs), as they have been reported recently, were principally
investigated in HPLC towards effects on their chromatographic behavior by mobile phase
composition. Mobile phase characteristics like acid-to-base ratio and type of acidic and basic
additives as well as effect of type of bulk solvents in nonaqueous polar organic and aqueous
reversed-phase (RP) eluent systems were varied in order to illustrate the variability and
applicability of zwitterionic CSPs with regard to mobile phase aspects. Chiral SOs of the five
zwitterionic CSPs investigated herein contained weak and strong cation exchanger (WCX,
SCX) sites at C9- and C6’-position of the Cinchona alkaloid scaffold which itself
accomodated the weak anion exchanger (WAX) site. The study focused on zwitterion
exchange (ZX) operational mode and chiral amino acids as target analytes. Besides, also the
anion exchange (AX) mode for chiral N-blocked amino acid analytes was considered, because
of the intramolecular counterion (IMCI) property available in AX mode. Overall, most general
and successful conditions in ZX mode were found to be weakly acidic methanolic mobile
phases. In aqueous eluents RP contributions to retention came into play but only at low
organic modifier content because of the highly polar character of zwitterionic analytes. At
higher acetonitrile content HILIC-related retention phenomena were observed. When using
weakly basic eluent system in AX mode remarkably fast enantiomer separations involving
exclusion phenomena were possible with one enantiomer eluting before and the other after
void volume.

Keywords: Chiral stationary phase; lon exchange; Zwitterion; Liquid chromatography; Mobile
phase composition; Polar organic mode.
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3.3.2 On the Mechanism of Enantioselective ZX Mode

Although all investigated zwitterionic CSPs were found to enantioseparate at least a few
amphoteric chiral compounds like o-methyl tryptophan or tryptophan, there are
pronounced differences in the overall enantiorecognition capabilities among the ten
packing materials towards a larger, more diverse set of amphoteric chiral analytes (see
also Appendix P-I1V). In particular, the arrangement of AX- and CX-sites in the C6’-
modified CSPs showed only limited separation potential, followed by the 6-
aminohexanoic acid-based C9-type CSP. The C9-type zwitterionic CSPs with less
flexible B- and y-amino acid moieties as CX-sites finally afforded broad applicability in
the enantioselective ZX mode, thereby indicating the requirement of a rather rigid
connection of AX- and CX-sites. Currently available data on these C9-type zwitterionic
CSPs do not allow to postulate a general mechanism for the enantiorecognition of chiral
amino acids. In addition, one should be careful with deducing selective molecular
interaction processes from low enantioselectivities. Nevertheless, a few conclusions
might be drawn at this point to set up a tentative model that can be used to direct further

variations of analyte and selector structure and to interpret observations thereof.

Scheme 8. Schematic illustration of a tentative model for the formation of
diastereomeric SO-SA complexes of zwitterionic analytes (here: Trp) with a
zwitterionic SO (here: b-valine-modified QD) in ZX mode. Hydrogens are
omitted for clarity.

Relatively consistent elution orders between the ZX mode for aromatic a.-amino acids
like the phenylalanines, tyrosines, and tryptophanes and the AX mode for N-derivatized
amino acids were found, e.g. on QN-type CSPs D- or R-enantiomers eluted first while

on QD-type CSPs elution order was typically reversed. Based on these common elution
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orders a recognition mode for the ZX mode can be derived that is principally similar to
the AX mode where the alkaloid is present in its preferred anti-open conformation
(Scheme 8, with a B-valine-modified QD selector, for comparison see also Scheme 5).
Also the amino acid analyte could take a position relative to the alkaloid scaffold that is
comparable to the binding model in AX mode with the acidic function just above the
C7’-position and in-between C9 and the methoxy group (see Scheme 8, with Trp as a
representative amphoteric analyte). In the AX mode the amide nitrogen of the N-
derivatized amino acid exhibits a hydrogen bond to the carbamate carbonyl oxygen (e.g.
see above Figure 13). In the ZX mode the ammonium group of the amino acid would be
at a similar position like the amide nitrogen before, but now could undergo an ionic
interaction with the acidic function at the C9-carbamate position of the zwitterionic
selector. Depending on the configuration at the analyte’s chiral center the side chain
could now point towards the quinoline plane (L- or S-enantiomer in Scheme 8) or
straight away from the selector (D- or R-enantiomer in Scheme 8). In the latter
arrangement the side chain would experience less steric hindrance, and therefore, would
enable stronger binding to the selector.

With this proposed SO-SA-binding mechanism at least the elution order of aromatic o.-
amino acid enantiomers and several other amphoteric analytes as well as the similarities
to the elution orders in AX mode could be rationalized. On the other hand, on the
present zwitterionic selectors there may be completely different geometries of
diastereomeric SO-SA complexes possible. Even single ion pairing which could be
regarded as nonspecific interaction with respect to the enantioselective double ion
pairing process. Thus, it is not surprising that the suggested binding model does not
cope for instance with cyclic amino acids. However, a universal model seems
unrealistic, especially in view of the various analyte structures. Despite these limitations
the tentative model presented here could be employed for example to guide
spectroscopic studies on the enantioselective ZX mode or could be probed by specific

modifications of the zwitterionic selector structure.
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4 Summary and Concluding Remarks

In this work a series of novel ion exchanger-type CSPs based on low molecular mass
chiral selectors have been designed, prepared and evaluated for their enantioselective
and nonenantioselective chromatographic properties.

With SO 1 a novel B-aminosulfonic acid-based SCX-type selector was presented that
allowed the successful enantioseparation — in parts with excellent peak efficiencies — of
a number of chiral basic compounds in HPLC and capillary-based separation
techniques. Its ready and straightforward synthetic availability according to a modular
synthesis concept indicated the potential for the development of further SCX CSPs with
improved enantiorecognition properties. Thereby, the preparation of the p-
aminosulfonic acid building blocks by means of the direct amino-sulfonation reaction
on alkenes proved principally worthwhile.

With the help of an X-ray crystal structure of an ion pair of a cation exchanger-type
selector analog SO 2a and an anion exchanger-type selector tBuCQD descriptive insight
into their intermolecular interactions could be provided. In addition, the absolute
configuration of the SCX-type SOs 1a and 1b could be derived thereof, and the binding
model for Cinchona carbamate-type AX CSPs was confirmed — this time for a trans-p3-
amidocyclohexanesulfonic acid.

Moreover, the novel SCX CSP could be successfully applied for the HPLC analysis of
natural Cinchona alkaloids and related synthetic derivatives. In particular, a method for
the simultaneous HPLC separation of the four major Cinchona alkaloids quinine,
quinidine, cinchonine, cinchonidine, and their dihydro derivatives on the SCX CSP was
developed. A comparison to a octadecylsilane-based RP column showed that the SCX-
concept circumvents a common drawback of RP packing materials, that is, peak tailing
due to ion exchange type interactions with residual silanol groups on the silica surface.
The B-aminocyclohexanesulfonic acid building blocks were not only the central
structural elements of the novel SCX CSPs. Also among the novel zwitterionic chiral
selectors and corresponding CSPs, which were prepared by fusion of parts of both anion
and cation exchanger entities in one selector, the B-aminocyclohexanesulfonate-based
representatives turned out to be most successful. For example, they were found to
essentially provide the combined enantiorecognition properties of their parent, pure
anion and cation exchanger column packing materials now with one CSP by allowing

enantioseparations of both chiral acidic and basic analytes.
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Most importantly however, enantioselective zwitterion exchange of amphoteric chiral
analytes like amino acids as a separate recognition process on Cinchona alkaloid-based
zwitterionic CSPs could be described that is mediated by simultaneous double ion
pairing of analyte and selector. Basis for these findings were the investigations of ten
structurally different, yet closely related CSPs towards a large and diverse set of chiral
analytes. In this context, it was found that the particular selector structure had marked
influence on the extent of the enantioseparation capabilities. Thus, C6’-type zwitterionic
CSPs could enantioseparate only a limited number of amino acids while especially one
-aminocyclohexanesulfonate based CSP turned out to be advantageous both in terms
of number of different analytes separated as well as thereby observed
enantioselectivities. Opposite elution orders of amino acid and dipeptide enantiomers
were observed on pseudoenantiomeric CSPs based on quinine and quinidine which
indicated that the Cinchona alkaloid scaffolds in the zwitterionic selectors dominated
the enantioselective molecular recognition process. As a result, also a tentative binding
model mainly for aromatic o.-amino acids was proposed to support future investigations
on enantioselective zwitterion exchange on Cinchona alkaloid-based zwitterionic CSPs.
Besides assessing their enantiorecognition properties, the zwitterionic CSPs were
evaluated for their overall chromatographic characteristics by variation of experimental
parameters like proton activity and elution strength of the mobile phase, and type of
bulk solvents and acidic and basic additives. In that way, ion exchange was confirmed
as the fundamental process of chromatographic retention of chiral acidic, basic and
amphoteric analytes. Due to their zwitterionic nature, the novel chiral packing materials
offered several additional features that distinguished them from their parent, pure anion
and cation exchanger CSPs. Hence, in view of the selector coverage, retention times
were generally shorter on zwitterionic CSPs owing to the intramolecularly present
counterion. As a consequence, the amounts of mobile phase additives that were required
to afford analyte elution in reasonable time frames could be significantly reduced as
compared to the parent ion exchangers, and even additive-free elution could be carried
out. Moreover, by appropriate selection of the proton activity of the eluent system,
particular elution phenomena of acidic analytes were observable where one enantiomer
was excluded by the stationary phase due to electrostatic repulsion while the other was
retained by the CSP. Finally, the zwitterion exchange mode was found to be highly
sensitive to the protic character of the mobile phase that was determined by the bulk

solvents. In particular, the use of acetonitrile lead to HILIC-related retention behavior.
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5 Future Perspectives

In the context of cation exchanger-type CSPs and the optimization of their
enantiorecognition properties, focus should be kept on providing additional chiral
aminosulfonic acid building blocks in order to further exploit the modular synthesis
approach. Thereby, peptidic selector scaffolds could be considered more closely as they
offer a wide range of structural variations. Furthermore, in peptidic structures the cation
exchanger site could be located rather in the center of the selector than at a terminal
position as it has been done so far. Finally, in a similar fashion to the RP/WAX mixed
mode stationary phase, a corresponding SCX-type packing material could be
investigated in more detail for nonenantioselective applications.

The introduction of novel zwitterionic selectors and CSPs herein opened up new
perspectives for further materials development and raised several questions. Particularly
relevant appear spectroscopic investigations of SO-SA complexes that are vital for more
insights into enantioselective amino acid recognition and to confirm the simultaneous
double ion pairing. In order to improve or adjust enantioselectivity in the zwitterion
exchange mode testing of additional chiral acidic subunits at the C9-position are
required, but also the alkaloid scaffold still offers a number of possibilities for
systematic structural modifications. Quaternizing the quinuclidine amine in accordance
to successful Cinchona-based catalysts and organocatalysts, epimerization of the chiral
center at C9-position which would lead to a significant change of the binding area, and
utilization of the CG6’-position to increase or decrease steric demand are therefore
suggested. Studies on the loadability of zwitterionic CSPs could assess their potential
for preparative enantioseparations, i.e. in the zwitterion exchange mode for amino acid
and peptide enantiomers. To see whether faster analysis time and lower amounts of
additives due to the intramolecular counterion can indeed lead to higher productivity of
zwitterionic CSPs in the anion exchange mode for acidic analytes, a direct comparison
to the parent pure anion exchanger-type packing material will be necessary. Finally, the
zwitterionic packing materials could be evaluated for nonenantioselective purposes
following the fundamental chromatographic characterization presented herein, also in
view of the increased hydrophobicity of the Cinchona alkaloid based selectors with
their quinoline and quinuclidine moieties relative to other, commercially available

zwitterionic stationary phases.
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Abstract

The preparation of novel brush-type chiral cation-exchange materials based on de novo designed synthetic low molecular mass selectors (SOs)
and their evaluation for enantioselective separation of chiral amines by HPLC are presented. The SO as the functional unit for enantioselectivity
contains a B-aminocyclohexanesulfonic acid moiety and is readily accessible via straightforward synthesis in both enantiomeric forms yielding
chiral stationary phases (CSPs) with opposite configurations, CSPs 1 and 2, and reversed elution orders. For the evaluation of these novel CSPs by
HPLC a sound set of chiral amines, mainly amino-alcohol type drug molecules, was selected. The chromatographic evaluations were carried out
using polar organic mobile phase conditions. All of the analytes could be baseline separated, compared to common CSPs in parts with excellent
peak efficiencies (up to 70 000 theoretical plates per meter for the second eluted enantiomer). A number of experimental parameters have been
varied to look at and prove the underlying ion-exchange process on CSPs 1 and 2, and to reveal suitable conditions for their operation. In this
context, the influence of proton activity in the mobile phase and the effects of varying concentration and type of the counterion as well as type of

co-ion and of bulk solvent components were thoroughly investigated.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Enantiomer separation; Chiral stationary phase; Cation exchanger; Liquid chromatography; Chiral amines; B-Aminosulfonic acid

1. Introduction

An ever-increasing number of pharmaceuticals are marketed
in their enantiomerically pure rather than their racemic form
[1,2]. This can be attributed to the fact that the two enan-
tiomers of the same compound can act differently in a chiral
environment such as living organisms. Adequate methodolo-
gies for enantiomer analysis and purification are therefore
required in the course of drug discovery and quality control.
Enantioselective chromatography employing chiral stationary
phases (CSPs) is a major technique for the separation of
enantiomers [3,4]. At an analytical level enantioselective chro-
matography is a powerful tool for the analysis of racemic or
enantio-enriched mixtures and for the determination of enan-
tiomeric excess. Preparative chromatography is also becoming

* Corresponding author. Tel.: +43 1 4277 52300; fax: +43 1 4277 9523.
E-mail address: Wolfgang.Lindner @univie.ac.at (W. Lindner).

0021-9673/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2007.05.092

increasingly important, in particular in the early stages of
drug development, as a complementary way to biocatalytic and
asymmetric syntheses to obtain the desired bulk quantities of
enantiopure compounds. It has been even adopted for indus-
trial production of single enantiomer drugs using the simulated
moving bed (SMB) technology [5]. Consequently, continued
development of new CSPs and their improvement in terms
of selectivity, stability, and capacity are worthwhile exercises,
both from an industrial but also from an academic point of
view.

Among the large pool of chiral low molecular mass drugs
there are many basic amine compounds. For their chromato-
graphic enantioseparation numerous and different types of CSPs
are commercially available, whereupon polysaccharide based
materials are most prominent due to their very broad spec-
trum of enantioselectivity towards different classes of chiral
compounds [6-8]. But also CSPs that employ, e.g. proteins
[9,10], synthetic polymers [11,12], macrocyclic antibiotics
[13,14], crown ethers [15-17], cyclodextrins [18], neutral syn-
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Fig. 1. Chemical structure of novel chiral strong cation exchanger material CSP
1 being of (1R,2R)-configuration. CSP 2 is of opposite configuration.

thetic ligands [19,20] and chelating compounds [21], etc. as
selectors (SO) are commonly used in complementary fash-
ion. Chiral basic molecules, which act as cationic species
upon protonation, on the other hand, seem to be very well
suited for an enantioselective cation-exchange process. There-
fore, corresponding chiral cation exchangers are supposed to be
similarly successful for chiral bases [22-25] as the earlier devel-
oped and commercialized cinchona-type weak anion-exchange
(WAX) phases for the separation of chiral acidic molecules
[26-29].

To realize this concept for HPLC, we herein present the
development of brush-type strong cation-exchange (SCX) CSPs
for the successful chromatographic enantiomer separation of a
variety of chiral amines by HPLC.

As depicted in Fig. 1, the novel materials CSPs 1 and 2 consist
of low molecular mass de novo designed chiral 3-aminosulfonic
acid SO that are covalently attached to a chromatographic
support. The present -amino acid motif has two centers of chi-
rality with the sulfonate anion as the functionality for prime
ionic interaction with the cationic analyte being attached to
one chiral center. Furthermore, the 3-amino acid is part of
a conformationally restrained cyclohexane, a motif, which is
similar to 1,2-functionalized cycloalkanes commonly used for
chiral building blocks and auxiliaries or ligands in asymmet-
ric synthesis [30-32]. It was conceived that such rigid and
conformationally well defined cyclohexane scaffolds might be
beneficial for enantioselective molecular recognition in liquid
chromatography.

For HPLC evaluation of the novel CSPs under nonaqueous
polar organic mobile phase conditions a comprehensive set of
chiral basic analytes, mainly common drugs, has been studied
(Fig. 2).

2. Experimental
2.1. Materials

The preparation of the achiral compound used as a linker,
namely 4-allyloxy-3,5-dichlorobenzoic acid is described else-
where [22]. Thiol-modified silica gel was prepared from
Daisogel (pore size 120 A, particle size 5 wm, Daiso, Japan),
similar to a previously published procedure [27] yielding a
SH-group grafting level of 940 wmol/g. All chemicals used
for synthesis were of reagent grade quality or higher, pur-
chased from Sigma—Aldrich (Vienna, Austria) and were used
without further purification. Methanol and acetonitrile as sol-

vents for HPLC were of HPLC-grade from Merck (Darmstadt,
Germany). Mobile phase additives like acetic acid (HOAc),
formic acid (FA), trifluoroacetic acid (TFA), racemic 2-amino-
1-butanol (AB), diethylamine (DEA), diisopropylethylamine
(DIEA), and ammonium acetate (NH4OAc) were of analyti-
cal grade (Sigma—Aldrich, Austria). Thin-layer chromatography
was performed on TLC aluminium sheets silica gel 60 F»54 from
Merck. The chiral basic analytes used in this study were either
commercially available or were kind gifts from pharmaceutical
companies.

2.2. Instrumentation

'H and 13C NMR spectra were acquired on a Bruker DRX
400 MHz spectrometer. The chemical shifts are given in parts
per million (8 ppm) using tetramethylsilane as internal stan-
dard. Mass spectrometry was performed on a PESciex API 365
triple quadrupole mass spectrometer (Applied Biosystems/MDS
Sciex, Concord, Canada) equipped with a standard electrospray
source. Specific optical rotation values were measured on a
Polarimeter 341 from Perkin-Elmer (Vienna, Austria). Elemen-
tal analysis was carried out with an EA 1108 CHNS-O from
Carlo Erba. Calculations of pK, values were performed using
ACD/pKa DB 7.0 software from ACDLabs (Advanced Chem-
istry Development, Ontario, Canada). All chemical reactions
were carried out under anhydrous conditions using nitro-
gen atmosphere and oven-dried glassware unless otherwise
stated.

2.3. Synthesis of CSPs

CSPs 1 and 2 were prepared as depicted in Fig. 3. Detailed
experimental procedures are given below.

2.3.1. trans-2-Aminocyclohexanesulfonic acid 3 [33]

To a stirred solution of SO3-DMF complex (1.53 g, 10 mmol)
in acetonitrile (10 ml) on a water bath (20°C) was added tri-
fluoromethanesulfonic acid (880 wl, 10 mmol). To this solution
cyclohexene 1 (1.0ml, 10mmol) was added dropwise over
10 min. The resulting mixture was stirred for 3 h. Then water
(180 w1, 10 mmol) was added dropwise. A fine white precipita-
tion formed and stirring was maintained for 4 h. The precipitate
was collected by filtration and washed with acetonitrile
(3 x 5ml) to afford trans-2-N-acetylaminocyclohexanesulfonic
acid 2 which was dissolved in a 10% aqueous solution of
HCl (10ml) and heated under reflux overnight. The solu-
tion was concentrated in vacuo to yield a solid that was
recrystallized (acetonitrile/water) affording off-white racemic
trans-2-aminocyclohexanesulfonic acid 3 (1.20g, 67%). 'H
NMR [D;0]: §=3.40 (dt, J=4.3, 11.4 Hz, 1H), 2.95 (dt, J=3.8,
11.4Hz, 1H), 2.30-2.15 (m, 2H), 1.85-1.79 (m, 2H), 1.57-1.25
(m, 4H). 13C NMR: §=60.25 (CH), 50.79 (CH), 30.61 (CH,),
26.78 (CHy), 23.95 (CH), 23.87 (CHz). MS (electrospray
ionization, ESI, positive): 180.3 [M+H]*, 197.2 [M + NH4]*,
202.2 [M+Nal*, 359.3 [2M + HJ*, 376.4 [2M + NH4]*, 381.3
[2M +Na]*.



244 C.V. Hoffmann et al. / J. Chromatogr. A 1161 (2007) 242-251

N H oy cl OH " \ﬂf“
o B S Ao

Bunitrolol Bupranolol tBuMetoprolol */

OH 0 N
Celiprolol O tBuPropranolol )

Isopenbutolol

OH H OH ., OH |, ,©
N N
oo . YR Y
HO HO
Pronethalol Isoxsuprine
Clenbutaml Salbutamol
OH
OH H OH H H
o Yo o T
-
N O-N
HO Bamethane (j"s i ? )
Formoterol Sotalol Nifenalol
0
OH | oH H OH
o LA e O
0 .
OH  Orciprenalin Terbutalin 1,2,3 4-Tetrahydro-
1,1-Diphenylprolinal 4-Isoquinolinol
X T OMeOH
|
Ephedrine
N (18,2R)/(1R,2S) OMe  Methoxamine
3 ipivefring
Meﬂoqume S;E:Eﬁ‘aemamwl P
6/\ OMeOH |,
= H N
o o AT D*( o™ X
Ho Y
OMe 0 Pseudoephed .
P | 2-Amino-1-(4-Nitrophenyl)- 13‘3‘2‘ ﬂePRemgne OMe Butoxamine
NZ NZ 1,3-propanediol (s.2sya )
Quinine/Quinidine tBUCQNIBUCAD ©

2) N-Deisopropyl-N-tertbutyl-Metoprolol
b) N-Deisopropyl-N-tertbutyl-Propranolol
) O-tertbutylcarbamoyl-Quinine/Quinide

Fig. 2. Overview of chiral basic analytes used in the presented study.
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Fig. 3. Synthesis of novel CSP 1 and 2. (a) SO3-DMF complex, CH3CN, 20 °C, 3 h; then H,0, 20 °C, 4 h; (b) 10% aqueous HCI, 110°C, 18 h (overall yield 67%).
(c) 4-Allyloxy-3,5-dichlorobenzoic acid, DIEA, EEDQ, DMF, 25 °C, 24 h; (d) preparative enantiomer separation on tBuCQN-CSP, methanol/HOAc (98/2, vol.) with
0.13 M NH4OACc (overall yield 52%, >99% ee). (e) Thiol-modified silica gel (120 A, 5 wm), AIBN, MeOH, 65 °C, 6 h (SO coverage 190-220 pwmol/g).

2.3.2. Ammonium trans-2-(N-4-allyloxy-3,5-
dichlorobenzoyl)-aminocyclohexanesulfo-nate
4

To a solution of aminosulfonic acid 3 (715 mg, 4.0 mmol)
and 4-allyloxy-3,5-dichlorobenzoic acid (900 mg, 3.65 mmol)
in DMF (35 ml) was added DIEA (2.0 ml, 12 mmol) followed by
addition of N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline
(1.0g, 4.05mmol). The resulting suspension was stirred at
25°C overnight while becoming a clear solution. Concen-
tration in vacuo afforded a brown oil that was dissolved
in dichloromethane (30 ml) and extracted once with aqueous
NaOH (10ml, 0.5 M). The aqueous layer was concentrated in
vacuo to afford a pale white solid that was directly submitted to
preparative chromatographic enantiomer separation (see below)
which yielded 4 in both configurations as their ammonium
salts (combined 810 mg, 52%, >99% ee each). [¢]X = —68.8°
(MeOH, 1.0 g/100 ml, first eluted enantiomer), [oz]%)0 = +63.3°
(MeOH, 1.0g/100ml, second eluted enantiomer). I'H NMR
[CD30OD]: §=7.87 (s, 2H), 6.13 (m, J=5.8, 10.4, 17Hz, 1H),
5.41(d,J=1.3, 17Hz, 1H), 5.25 (d, J=1.3, 10,4 Hz, 1H), 4.60
(d, J=1.3, 5.8Hz, 2H), 4.15 (dt, J=4.0, 11.0Hz, 1H), 2.88
(dt, J=3.5, 11.0Hz, 1H), 2.44-2.24 (m, 2H), 1.86-1.74 (m,
2H), 1.64-1.28 (m, 4H). 13C NMR: §=133.20 (CH), 132.93
(©), 129.68 (C), 128,38 (CH), 118.12 (CHz), 74.49 (CHy),
61.43 (CH), 51.69 (CH), 32.79 (CH,), 28.21 (CHy), 25.20
(CH>), 24.85 (CH2). MS (ESI, negative): 406.2 [M — H]~,364.9
[M— Allyl]~.

2.3.3. Preparative enantiomer separation

Chromatographic resolution of racemic 4 was performed
with a Bischoff system (Leonberg, Germany) consisting of a
HPD Pump Multitherm 200 XL pump, a Lamda 1010 UV/Vis
detector, a LC-CaDI 22-14 interface and a manual injection
valve with a 10 ml sample loop. The employed CSP was a fert-
butyl carbamoylated quinine (tBuCQN) modified silica (15 pm
particle size, commercially available as Chiralpak QN-AX, Chi-
ral Technologies Europe, Illkirch, France) that was packed in
house into a stainless steel column (150 mm x 16 mm 1.D.).
As mobile phase methanol/HOAc (98/2, vol.) with 0.13M
NH4OAc was used. The crude racemic sulfonic acid 4 was
dissolved in methanol/HOAc (98/2, vol.), yielding concentra-
tions of approximately 15mg/ml. Sample amounts injected
onto the column reached up to 100 mg. The flow was set to

10 ml/min and the separations were carried out at ambient tem-
perature. The separately collected fractions of the respective
enantiomers were pooled and concentrated in vacuo. Resid-
ual NH4OAc was removed by sublimation at 50°C under
high vacuum. The enantiomeric purity of the collected enan-
tiomers of the SOs was assessed analytically using similar
conditions (Chiralpak QN-AX; 150 mm x 4 mm I.D., 5 pm par-
ticle size; methanol/HOAc 98/2, vol., with 0.13 M NH4OAc).
The first eluted (—)-enantiomer was assigned the (1R,2R)-
configuration and accordingly, the second eluted (+)-enantiomer
the (1S,25)-configuration as was established by single crystal
X-ray diffraction analysis which will be described in detail else-
where [34].

2.3.4. SO immobilization and column packing

The SO enantiomers where separately immobilized accord-
ing to the following procedure: Oven-dried thiol-modified silica
gel (2.20 g, 940 pmol/g SH-grafting level, 5 wm particle size)
was suspended in methanol (10 ml) and SO (380 mg, 0.89 mmol)
dissolved in methanol (S5ml) and o,a-azobisisobutyronitrile
(30mg, 0.18 mmol) were added. The suspension was stirred
under reflux for 6 h. After filtration the silica gel was washed
with methanol (3 x 20 ml), diethylether (2 x 20 ml), and dried
in vacuo at 60 °C to yield the new CSPs 1 and 2. The SO coverage
was calculated from the nitrogen content obtained by elemen-
tal analysis (Wt.% C 8.99, wt.% H 1.70, wt.% N 0.56) which
represents a value of 221 pmol SO per gram CSP for CSP 2
(18,2S). For the enantiomeric CSP 1 (1R,2R) the coverage was
189 pmol/g. CSPs 1 and 2 were slurry packed into stainless
steel columns (150 mm x 4 mm 1.D.) at VDS Optilab (Berlin,
Germany).

2.4. Chromatography

Chromatographic measurements were accomplished on a
1100 Series HPLC system from Agilent Technologies (Wald-
bronn, Germany) consisting of a solvent degasser, a pump,
an autosampler, a column thermostat and an UV—vis detector.
Data aquisition and analysis was carried out with ChemSta-
tion chromatographic data software from Agilent Technologies.
Additionally, a Jasco OR-990 optical rotation detector (Jasco,
Gross-Umstadt, Germany) was used online to assess the elution
order of solute enantiomers. Elution was performed in the iso-
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cratic mode and the mobile phase flow rate was 1 ml/min. If not
otherwise stated, column temperature was 20 °C and detection
was performed by UV at selected wavelengths between 220 and
280 nm. The void volumes of the columns were determined by
injecting acetone with detection at 280 nm. All analytes were
applied as methanolic solutions of 0.5-1.0 mg/ml.

3. Results and discussion
3.1. Preparation of CSPs 1 and 2

Strong cation exchangers CSPs 1 and 2 were prepared as
outlined in Fig. 3, relying on established methodologies. At
first, the achiral precursor cyclohexene 1 was converted into
racemic frans-N-acetylaminosulfonic acid 2 via direct stere-
oselective aminosulfonation [33]. Consecutive acid hydrolysis
yielded zwitterionic aminosulfonic acid 3. Acylation of 3 with 4-
allyloxy-3,5-dichlorobenzoic acid [22] provided the target acid
4. Conceptually, this SO provides as primary interaction site an
anionic sulfonate group for ion pairing with the cationic analyte.
Furthermore, the w-acidic aromatic moiety can take part in T—m
interactions while the amide group can serve as a donor/acceptor
site for H-bonding in the course of the formation of diastere-
omeric complexes of chiral selectands (SAs) and the chiral
SO. The racemic mixture 4 was resolved chromatographically
by employing cinchona-based weak anion exchanger CSPs.
On analytical scale the resolution of racemic 4 using a polar
organic mobile phase provided excellent selectivity («=6.0,
Rs =12.0) and the transfer of these conditions to a preparative
level allowed high sample loading of 100 mg crude racemate
and more per injection while baseline separation was still main-
tained. Thus, the collected fractions were virtually enantiopure
(data not shown). Finally, the SOs were covalently attached
to thiol-functionalized silica gel by means of radical addition
reaction yielding SO loadings of around 200 wmol per gram
CSP.

This synthetic route via racemic intermediates and enan-
tioselective chromatography offers major advantages: the
synthesis is straightforward; the necessary SO purification
before immobilization is integrated in the final enantioselective
chromatographic step; furthermore, chromatography guarantees
for controlled and high enantiomeric purity of the SO which
is essential for a successful and reproducible CSP production;
lastly, both enantiomeric forms of the SO and thus of the CSP
can be obtained meaning that the elution order of the analytes
on the resulting CSP can be selected deliberately.

3.2. Chromatographic evaluation of CSPs

3.2.1. General aspects

The chiral stationary phases CSPs 1 and 2 were evaluated
by HPLC for enantiomer separations of a set of chiral bases
(Fig. 2). Polar organic mode was chosen for these studies. This
nonaqueous operation mode features polar organic bulk solvents
like methanol and acetonitrile together with various acidic and
basic additives as co- and counterions that support and balance,
respectively, via competitive equilibria the otherwise too strong

ionic interactions between charged SO and analyte moieties. The
benefits of this system compared to reversed phase conditions
consist primarily of lowered impairment of enantioselectivity
due to substantial reduction of nonspecific interactions [29].
Secondly, mass transfer of the solute in the intraparticulate pores
is improved which leads to better peak efficiency [29]. In this
study influences of the mobile phase composition concerning
acid-to-base ratio as a substitute for proton activity, protic-to-
aprotic solvent ratio, and co- and counterion variation on the
overall chromatographic performance were investigated in order
to reveal the ion exchange process as the main mechanism for
retention and to map the conditions under which this new mate-
rial can be successfully operated. These aspects will be discussed
in detail in the following sections.

3.2.2. Variation of the counterion concentration

It is a peculiarity of the investigated CSPs that an ion pairing
process is dominating the retention of basic analytes. Slightly
acidic polar organic mobile phase systems (i.e. S0 mM acid
and 25 mM base in acetonitrile-methanol mixtures) have been
applied because under such conditions the basic analytes (calcu-
lated pK, 8.8-10.0, for diluted aqueous solutions) are protonated
while the sulfonic acid as the negatively charged SO site (calcu-
lated pK; 1.78 £ 0.40, for diluted aqueous solutions) is expected
to be dissociated. Therefore, a long-range ionic interaction
between cationic analyte and anionic SO should be the pri-
mary interaction that causes retention of the analyte and the
formation of transient diastereomeric noncovalent complexes,
which are the basis for enantiomer discrimination. If ion pair-
ing of SO and solute takes place, counterions in the solvent
system will competitively interfere with these interactions and
thus control the retention. In order to evaluate the presence of
ion-pairing, the counterion concentration was varied in a range
of 12.5-50 mM (note: the acid-to-base molar ratio was kept
constant). The obtained results are depicted as plots of the log-
arithm of the retention factors (log k1) versus the logarithm of
counterion concentration of the first eluted enantiomer (logc)
(Fig. 4a).

A linear relationship between log k1 and log ¢ was observed
with a decrease in retention upon increasing the counterion con-
centration. This is a clear indication that an ion exchange type
process takes place on the novel CSPs that mainly accounts for
the analytes’ retention according to a stoichiometric displace-
ment model [29,35]. The slopes of the plots are given by the ratio
of effective charges of solute and counterion. Under the given
mobile phase conditions of acid excess it can be expected that
both counterion and analytes are protonated and have compa-
rable net charges close to 1. The chromatographic data support
this as the analytes show very similar slopes of log k; versus
log ¢ plots of 0.93-0.95. Although the selected analytes have
the ethanolamine motif in common they differ, i.e. in steric
demand of the N-alkyl substituents and carry various functional
groups. Different intercepts observed for the analytes due to dif-
ferention exchange equilibrium constants reflect these structural
differences. First and second eluting enantiomers show almost
identical slopes (data not shown) indicating that both enan-
tiomers encounter the same type and quality of ion exchange
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Fig. 4. Influence of the counterion concentration on (a) retention of the first eluting enantiomer, and (b) selectivity. Data of seven representative chiral analytes
are shown. (¢, Butoxamin; [J, clenbuterol; O, mefloquine; M, O-rbutylcarbamoyl-mefloquine; @, nifenalol; ¢, pronethalol; A, salbutamol). CSP 2; T: 20 °C, flow
1.0 ml/min, UV detection at 254 nm, mobile phase: DEA (12.5, 25, 50 mM) and FA (25, 50, 100 mM) in acetonitrile—-methanol (9/1, vol.).

process and that they respond equally to changes in counterion
concentration. Consequently, enantioselectivites do not signif-
icantly change when the counterion concentration is changed
(Fig. 4b). The independence of enantioselectivity on counterion
concentration is a unique feature of these CSPs that relies on ion
exchange processes and allows adjustment of retention times
without affecting selectivity, as has also been previously shown
for the chiral anion exchangers [29,36].

3.2.3. Variation of the acid-to-base ratio

An ion exchange process (that is at work on CSPs 1 and 2 as
verified above) also depends on the proton activity of the mobile
phase [36], regulating the dissociation states of solute and SO.
In order to map suitable operation conditions the dependence
of the overall performance of CSPs 1 and 2 on distinct acid-
to-base ratios as a measure of proton activity under nonaqueous
conditions was investigated. For this purpose four different acid-
to-base (i.e. co-ion-to-counterion) molar ratios of the mobile
phase additive components were selected using FA and AB in an
acetonitrile/methanol solvent system. Besides equimolar condi-
tions basic conditions were represented by aratio of 0.2/1 of acid
to base (2mM FA, 10 mM AB). On contrary, acidic conditions
employed acid excess with ratios of 5/1 and 10/1 (50 mM and
100 mM FA, and 10 mM AB each). Fig. 5 depicts the observa-
tions on retention and efficiency for different acid-to-base ratios
for representative basic analytes.
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It can be seen that for the majority of analytes retention
remains largely unchanged upon various acidic and basic condi-
tions but constant concentration of the basic counterion (Fig. 5a).
The strongly acidic ion exchange sites on CSPs 1 and 2 are retain-
ing their ion exchange capacities as may have been expected for
strong cation exchangers. Furthermore, enantioselectivity and
resolution are affected only to minor extents as well (data not
shown). In contrast, both basic and increasingly acidic condi-
tions improve peak shape compared to equimolar conditions
(Fig. 5b). However, basic mobile phases should be avoided as it
may affect column lifetime. Hence, a mobile phase containing
two equivalents of acidic additive per counterion represents a
good compromise and has been applied for all further experi-
ments. It can be derived from Fig. 5 that strong cation exchangers
like CSPs 1 and 2 have a broad window of operation in terms
of proton activity of the mobile phase for the analysis of basic
compounds.

3.2.4. Variation of the type of basic counterion

Counterions in the mobile phase play a crucial role for the
ion-exchange process. They act as a competitor for the ion-
pairing of solute and SO in the ion-exchange equilibrium. For
this reason and as already shown in a previous section, retention
can be controlled by means of changing counterion concentra-
tion. However, not only the concentration, but also the type
of the counterion can affect the chromatographic behavior. In
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Fig. 5. Effect of the acid-to-base molar ratio on (a) retention and (b) plate numbers of the first eluting enantiomer. Data of five representative chiral analytes are
shown (A, celiprolol; O, clenbuterol; [J, pronethalol; A, tertbutyl-propranolol; 4, salbutamol). CSP 1; T: 20°C, flow 1.0 ml/min, UV detection at 254 nm, mobile
phase: AB (10 mM) and FA (2, 10, 50, 100 mM) in acetonitrile—-methanol (4/1, vol.).
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studies on a weak anion exchanger CSP of the quinine-type
a pronounced influence of various counterion acids on reten-
tion, selectivity and resolution was found and attributed to acid
strength [37].

Consequently, different types of basic counterions were
tested on SCX CSPs 1 and 2 at identical concentrations, namely
2-amino-1-butanol (AB, calc. pK, 9.25) as a primary amine,
diethylamine (DEA, calc. pK,; 10.76) as a secondary, and
diisopropylethylamine (DIEA, calc. pK; 10.98) as a tertiary
amine (note: calculated pK, for diluted aqueous solutions). As
expected, retention displayed a strong dependence on the type
of counterion (Fig. 6). The elution strength increases in the
following order: tertiary, secondary, primary amine.

The elution strengths of the counterions do not simply fol-
low their basicity but structural parameters that influence the
affinity of the counterion to the ion exchange site also seem
to play a role. In any case, a higher affinity of the counterion
to the SO is associated with higher elution strength. Decreased
affinity of the ammonium cation to the SO sulfonate anion due
to steric demand of a second or third alkyl group in the pro-

8.0
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cess of displacing the analyte bound to the SO should also be
considered.

As a result of different elution strengths of various amine
counterions, isoelutropic mobile phase conditions can be
obtained, e.g. with a decreased concentration of the stronger
eluting type of counterion. Furthermore, as a consequence of
the ion exchange process, the retention of the analyte can be
regulated either with changes of the counterion type or its con-
centration. Alongside retention also selectivity and resolution
are affected by the variation of the type of counterion, although
to a smaller extent. Selectivity improves in the following order:
primary, secondary, tertiary amine, i.e. for Clenbuterol with
a=1.23, 1.38, 1.45 (Fig. 6). The highest peak efficiencies and
resolutions were obtained for DEA, which also provides a good
compromise between retention and selectivity. DEA therefore
represents an optimum type of counterion for the selected group
of chiral analytes.

3.2.5. Variation of the type of acidic co-ion

In a further experiment the acidic co-ion component of the
mobile phase was varied in order to test its influence on the
chromatographic performance of CSPs 1 and 2. Formic acid was
replaced by a weaker acid, acetic acid, and by a stronger acid,
trifluoroacetic acid while the acid-to-base ratio was kept at 2/1
(50 mM acid, 25 mM AB). Our observations suggest rather ana-
lyte specific and no marked general effect of acid strength neither
on selectivity, nor resolution or retention (data not shown), cor-
responding to the above discussed influence of proton activity
of the mobile phase. Overall, formic acid yielded the best peak
efficiencies and was hence applied in further investigations.

3.2.6. Influence of protic and aprotic solvent components

Acetonitrile and methanol represent the preferred bulk
solvents in the employed nonaqueous polar organic mode. Ace-
tonitrile is an aprotic solvent that is known to disrupt aromatic
m—m interactions [38]. Methanol, however, is a protic solvent
that can therefore interfere with H-bonds. Hence, it is of great
interest to investigate whether the bulk solvents have an impact
on the chromatographic behavior of CSPs 1 and 2 type strong
cation exchangers.

1.40 100000
b
1.35 (@) 7.0 i
30000
= 130 & 6.0
£ 125 c 50 ., 80000
£ 120 2 40 . E
- b - B4 % s — 4
g “ﬂ\q\ ————— % j \&‘\\. e o8 = 70000
@ 1.15 ~— — @ 20 = = =
o - S 4 e 0000 1
1.10 e —4 o 20
105 —— 10/ T 50000 |
1.00 0.0 40000 - v
0 20 40 60 80 100 0 20 40 B0 80 100 0 20 40 80 B0 100
% MeOH in % MeOH in % MeOH in
Acetonitrile Acetonitrile Acetonitrile

Fig. 7. Impact of the proportion of methanol in the bulk solvent (mixture of acetonitrile and methanol) on (a) selectivity, (b) resolution, and (c) plate numbers of the
second eluting enantiomer. Data of five representative chiral analytes are shown (4, clenbuterol; A, nifenalol; [J, pronethalol; A, ephedrine; B, salbutamol). CSP 2;
T:20°C, flow 1.0 ml/min, UV detection at 254 nm, mobile phase: DEA (25 mM) and FA (50 mM) in methanol-acetonitrile (5:95, 10:90, 20:80, 50:50, 100:0, vol.).
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Table 1

HPLC enantiomer separation of various basic analytes on CSP 2%

Analyt® K| K, o Rs Ni (m™h) N (m™h)
2-Amino-1-(4-nitrophenyl)-1,3-propanediol® 14.24 16.00 1.12 2.66 64533 62000
Bamethane 12.69 13.59 1.07 1.61 69000 68733
Bunitrolol 5.31 5.76 1.09 1.71 63600 63467
Bupranolol 6.12 6.71 1.10 1.93 63933 63733
Butoxamine 5.10 6.28 1.23 421 62200 61000
Celiprolol 6.83 7.37 1.08 1.52 56733 55533
Clenbuterol 9.64 13.85 1.44 8.02 63533 62933
1,1-Diphenylprolinol? 7.50 8.16 1.09 1.88 69000 66533
Dipivefrin 6.15 6.85 1.11 223 59933 61867
Ephedrine 7.77 8.94 1.15 3.30 73400 75000
Formoterol 18.19 20.54 1.13 2.71 59133 59333
Isopentbutolol 7.02 7.75 1.10 2.09 61400 62000
Isoxsuprine 7.14 8.68 1.22 4.18 63267 61400
Mefloquine 12.30 16.25 1.32 5.88 54000 56400
O-tertbutylcarbamoyl-mefloquine 7.16 10.73 1.50 7.71 50533 48533
Methoxamine 11.62 1291 1.11 2.43 67600 67133
Nifenalol 8.15 11.05 1.36 6.69 63467 63733
Orciprenalin 16.74 17.96 1.07 1.61 64467 60133
Pronethalol 9.67 11.86 1.23 4.76 67667 72467
Pseudo-Ephedrine 7.10 7.59 1.07 1.58 76867 74067
Quinine/Quinidine 9.45 10.91 1.15 2.96 55867 53867
Salbutamol 12.53 14.72 1.17 3.78 68467 67800
Sotalol 8.40 9.49 1.13 2.66 62800 62867
tBuCQD/CQN® 2.82 9.34 3.31 19.30 49600 46067
tBuMetoprololf 5.23 5.70 1.09 1.75 60800 61200
tBuPropanolol® 7.66 8.49 1.11 222 63600 62733
Terbutalin 15.55 17.46 1.12 2.58 60800 58133
1,2,3,4-Tetrahydro-4-isoquinolinol 9.45 10.28 1.09 1.93 70067 66267

& Conditions: stationary phase: CSP 2, (1S, 2S)-configuration, 150 x 4 mm L.D.; mobile phase: 50 mM FA and 25 mM DEA in acetonitrile-methanol (9/1; vol.);

flow: 1.0 ml/min; 7: 25 °C; 19 = 1.39 min.
b Elution order (—)—(+) unless otherwise noted.
¢ Elution order (R)—(S).
4 Elution order (+)~(—).
¢ O-tertbutylcarbamoyl-quinidine/quinine, elution order (+)—(—).
f N-deisopropyl-N-tertbutyl-metoprolol.
& N-deisopropyl-N-tertbutyl-propranolol.

For this purpose, the proportions of acetonitrile and methanol
in the mobile phase were varied (100, 50, 20, 10, 5, and 0%
methanol in acetonitrile) under otherwise identical conditions.
Our observations for the case of very high acetonitrile contents
(100%: data not shown because of analyte specific inconsis-
tencies; and 95%: Fig. 7) indicate that such conditions are
not beneficial for CSPs that operate upon an ion-exchange
mechanism like CSPs 1 and 2, because mainly decreased peak
efficiencies are yielded (Fig. 7c).

A protic solvent like methanol seems to be essential for prop-
erly balanced ion-exchange processes and acid—base-equilibria
between SO, analyte, and modifier components. Once there is a
protic solvent present in sufficient amounts (e.g. 10% methanol)
the CSPs work properly. On the other hand, it seems that there is
a dependency on acetonitrile content of opposite trend superim-
posed for CSPs 1 and 2: Steadily increasing acetonitrile content
(from 0% up to 90%) leads to markedly increased selectivity
and resolution until the effects of very high acetonitrile contents
come into play (Fig. 7a and b). This indicates that for the type
of SO present in CSPs 1 and 2 w—r interactions with the solute
are of moderate importance for enantiodiscrimination. Because
increasing methanol content yields lower selectivities it seems

that H-bonding is clearly involved in the differential binding
of the solute enantiomers. Additionally, the elution strength of
acetonitrile and methanol was also assessed (data not shown).
No general trend or dependency can be observed that is valid
for all analytes tested. There are rather three groups of analytes
showing similar behavior: one group shows a steady increase
in retention with increasing amount of methanol, one group
behaves just the opposite, and one group shows similar retention
towards the pure solvents together with increased retention for
solvent mixtures.

To summarize, for the given set of analytes protic solvents
are required when operating chiral SCX CSPs 1 and 2 but polar
aprotic modifiers like acetonitrile generally improve the CSPs’
performance and can be used in portions up to 90% of mobile
phase suggesting that H-bonding rather than aromatic interac-
tions between solute and SO account for enantiodiscriminating
properties of CSPs 1 and 2.

3.2.7. Enantiomer separation of a set of chiral amines and
elution order

In the sections above a systematic investigation of the mobile
phase composition in terms of proton activity, concentration of
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Fig. 8. HPLC chromatograms of four racemic drug analytes on CSP 2: (a) clenbuterol; (b) butoxamine; (c) nifenalol; (d) mefloquine. Mobile phase: 50 mM FA and
25 mM DEA in acetonitrile-methanol (9/1; vol.). Flow rate 1.0 ml/min, 7: 25 °C, UV detection at 254 nm.

counterion, type of co- and counterion, and protic and aprotic
bulk solvent proportions, was presented revealing the chromato-
graphic window of successful operation of the novel CSPs 1
and 2 in great detail. Optimized conditions obtained from these
studies were applied to the separation of a set of more than
20 chiral basic drugs and other chiral amines (Fig. 2) to point
out the scope of applicability of CSPs 1 and 2. Table 1 depicts
the obtained chromatographic data. Although being no essen-
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Fig. 9. Switch in elution order of the analyte enantiomers when changing the
configuration of the SO as shown with (a) CSP 1, and (b) CSP 2, with a non-
racemic sample of clenbuterol as a chiral analyte. Flow rate: 1.0 ml/min, T:
25°C, UV detection at 254 nm, mobile phase: NH4OAc (25 mM) in methanol.

tial prerequisite for a successful separation the amino-alcohol
substructure is favorable for enantioseparation. Fig. 8 shows
four representative chromatograms of enantiomer separations.
All four racemates are base-line separated with high selectivity
and resolution (i.e. mefloquine: « = 1.23, Rg =5.8) and excellent
peak efficiencies (i.e. >60 000 theoretical plates per meter for
butoxamine, clenbuterol and nifenalol).

As outlined in Fig. 3 the synthetic pathway yields the CSPs
in both configurations, CSP 1 in (1R,2R)- and CSP 2 in (15,25)-
configuration. Consequently, the elution order of the solute
enantiomers upon operation of the CSPs can be reversed. This is
of practical relevance, for instance for enantiomeric purity pro-
filing where recoveries, accuracy and correct quantitation benefit
from the fact that the enantiomeric purity can be eluted first by
selection [39]. Fig. 9 exemplarily proves the switch of elution
order of enantiomers of a parent compound when analyzing on
CSPs of opposite configuration, CSPs 1 and 2.

4. Conclusion

Successful brush-type CSPs for the enantiomer separation of
chiral amines in HPLC acting as a cation exchanger in concert
with additional intermolecular interactions have been developed
and described. These CSPs are based on simple low molecu-
lar mass SO of the B-aminocyclohexanesulfonic acid type and
were prepared via non-enantioselective synthesis followed by
preparative enantioseparation yielding CSPs of both configura-
tions. Chromatographic evaluation of the novel CSPs was carried
out in nonaqueous polar organic mobile phase conditions where
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detailed investigations of the operating conditions in terms of
proton activity, type of co- and counterion, concentration of
the counterion, and type of bulk solvent were accomplished.
Thereby, ion pairing and ion exchange was determined as the
dominant process for solute retention and insights into the mech-
anism of enantiodiscrimination of CSPs 1 and 2 were provided.
Furthermore, generally optimized mobile phase conditions were
established and applied for a larger set of drug analytes. The find-
ings presented here are promising and demonstrate the potential
of enantioselective strong cation exchanger type CSPs based
on synthetic low molecular mass SOs. A dedicated program to
further elucidate the future of cation exchanger materials with
improved properties in terms of selectivity and applicability
ranges is in progress.
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1 Introduction

Microscale separation techniques such as capillary LC (CLC)
and CEC are in the focus of modern analytical methods in
particular in the field of bioanalytics and life science. While
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Research Article

Enantioselective silica-based monoliths
modified with a novel aminosulfonic
acid-derived strong cation exchanger for
electrically driven and pressure-driven
capillary chromatography

Silica monoliths modified with trans-(1S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)amino
cyclohexanesulfonic acid were tested for enantioselective separations of various chiral bases
by aqueous and nonaqueous CEC as well as nano-HPLC. The optimization of the immobi-
lization procedure showed that an intermediate selector (SO) coverage, as does result from
a single static immobilization cycle in the capillary at 60°C with an 8% (m/v) SO solution in
methanol, affords maximal EOF and optimal enantioselectivity values, while a second
immobilization cycle does not lead to any improvements. Furthermore, the mobile phase
composition was examined regarding the effectiveness of aqueous phases (ACN/water and
methanol/water) compared to nonaqueous eluents (ACN/methanol) in terms of separation
selectivity and efficiency. Additionally, different acids of varying strengths were tested as
co-ions in the ion-exchange process, including formic acid, acetic acid, methanesulfonic
acid, and TFA (pK, from 4.75 to 0.5). It turned out that the effects regarding EOF and
enantioselectivity were largely negligible. The chromatographic efficiencies of the new
capillary columns were compelling and remarkable for bases. H-u curves established for
mefloquine revealed a C-term contribution (resistance to mass transfer) by a factor of about
six lower in CEC than in nano-HPLC and an A-term (flow maldistribution) about
three times lower in the CEC mode. Theoretical plate heights as low as around 3-5 pm
could be obtained in CEC over a wide flow range (0.5-1.5 mm/s). Run-to-run repeatabilities
like in HPLC and excellent system stability promise the practical usefulness of the novel
monolithic capillary column for enantiomeric composition analysis of pharmaceuticals by
CEC.

Keywords:
Capillary electrochromatography / Capillary liquid chromatography / Chiral sta-
tionary phase / Silica monolith / Sol-gel process DOI 10.1002/elps.200700525

the driving force for miniaturization of the column inner di-
ameter, id, compared to conventional scale HPLC is the
usually limited sample amount, CLC can also benefit from
supplementary advantages such as higher separation effi-
ciencies, decreased solvent consumption and increased mass
sensitivity [1]. CEC as a hybrid method between LC and CE
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Abbreviations: AB, 2-amino-1-butanol; CLC, capillary liquid chro-
matography; CSP, chiral stationary phase; DPDS, di-2-pyridyl di-
sulfide; FA, formic acid; FS, fused-silica; MSA, methanesulfonic
acid; SCX, strong cation exchange; SO, selector
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has received a lot of interest in recent years [2—6]. As a result
of the flat plug-like flow profile of the mobile phase gener-
ated by the EOF and often also due to accelerated mass
transfer, CEC usually features much higher peak efficiencies
than are obtainable in LC which in turn leads to better peak
resolution capacities. In combination with the outstanding
and versatile selectivity of the stationary phase typical for
HPLC, CEC stands for an extraordinary powerful technique,
which has also found numerous use in enantioselective
separations [7-12].
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However, from a viewpoint of practical simplicity and
universality neither CLC nor CEC do yet offer an adequate
alternative to conventional HPLC. In this context, a crucial
point is the choice of the capillary column used with regard
to column stability and longevity as well as ease of fabrica-
tion. Various types of columns have been used for capillary
techniques, viz. open-tubular [13-15], particle-packed [16,
17], and monolithic capillary columns [18-22]. Owing to
several major advantages stationary phases based on mono-
lithic materials received a lot of interest over the last few
years and seem to have become the support of choice for
capillary technologies. Most important for this development
is, on the one side, the ease of preparation by usually well-
reproducible in situ polymerization of monomer solutions
directly within the capillary and, on the other side, the good
column robustness especially in comparison to particle-
packed capillary columns.

Nowadays, the most often used types of monolithic phases
are (i) organic acrylamide-, methacrylate- or styrene-based
polymers as well as materials prepared by ring-opening
metathesis polymerization (ROMP) [23-25], (ii) inorganic
silica-based polymers prepared by the sol-gel process [26-29],
and (iii) particle-fixed materials which comprise silica particle-
sintered monoliths and particle-entrapped or -loaded mono-
liths made from spherical chromatographic materials which
are incorporated into inorganic gels or organic polymer matri-
ces[11, 26]. All three types of supports have also been applied to
enantioselective separations by capillary technologies.

Organic polymer monoliths based on polyacrylamides
and polymethacrylates have been used for enantiosepara-
tions mainly by CEC employing diverse chiral selectors (SOs)
such as CDs [30-32], crown ethers [33], “Pirkle”-phases [34],
macrocyclic antibiotics [35], proteins [36], chiral ion ex-
changers [37-39], and ligand-exchange-type phases [40].

A lot of work in the field of enantioseparations by capil-
lary technologies has also been done with inorganic silica-
monoliths which are prepared by sol-gel process based upon
the in situ polycondensation of alkoxysilanes [41]. The chiral
SOs employed ranged from proteins [14, 42, 43], CDs [44,
45], and cellulose derivatives [46] to ligand-exchange-type
phases [47-50] and chiral cation exchangers [51]. In most
cases, the SOs have been attached onto the silica monolith in
a second step by in-column modification [44-51] or by phys-

- Cl
Si_iica . o .
Monolith :j@\( A
H,/Nq
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ical adsorption [14]. Kato et al. [42, 43] used an in situ encap-
sulation technique for the preparation of chiral protein-
modified silica monoliths. Several groups compared the
enantioseparation performance of their monolithic silica
capillary columns in the pressure-driven (CLC) and the elec-
trically driven mode (CEC) [14, 47, 49].

Recently, enantioselective separations by CEC have also
been performed with particle-loaded and particle-sintered
monolithic phases. As chiral SOs CDs [52, 53], Pirkle-phases
[54], and macrocyclic antibiotics [55] have been used. Wistuba
et al. used monolithic capillaries with sintered [52] or sol-gel-
glued [53] CD-modified particles for CEC as well as for CLC.

In the present paper, we report on the advancement of
previously proposed SO and monolithic column technology
for the preparation of a chiral stationary phase (CSP) which
was utilized for enantioseparations by both CEC and CLC. A
siliceous monolith was prepared by the sol-gel process and
subsequently functionalized with a novel strong cation
exchange (SCX)-type chiral SO derived from trans-(1S,25)-2-
aminocyclohexanesulfonic acid. Thus, the monolithic phase
was first modified with 3-mercaptopropyl trimethoxysilane
in order to generate reactive sulfhydryl groups which were
then used as anchor moieties for the immobilization of the
SO by radical addition reaction. The influence of the SO
coverage of this new CSP (Fig. 1) on retention, enantioselec-
tivity, and resolution in both CEC and nano-HPLC separa-
tions was investigated employing a set of eight chiral bases
(Fig. 2). Furthermore, aqueous and nonaqueous mobile
phases were tested and the effect of the strength of different
acids used as co-ions was examined.

2 Materials and methods
2.1 Instrumentation

All CEC and CE experiments were performed on an Agilent
HP?P CE system (Agilent, Waldbronn, Germany) equipped
with a DAD and an external pressurization system. During
electrochromatographic runs an external pressure of 6 bar
was applied on both inlet and outlet end of the capillary.
Samples were injected electrokinetically for 10 s. Voltages
applied are specified in the figure legends. The monolithic

Figure 1. Structure of the sili-
ceous monolithic enantioselec-
tive stationary phase carrying
the aminosulfonic acid-derived
cation-exchange-type chiral SO.
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Figure 2. Chemical structures of the racemic basic drug analytes
employed in this study.

capillary columns with inner diameter of 100 um had a total
length of 33.5 cm and were filled with the monolithic silica
plug over the entire length. The effective length from injec-
tion to detection was 25 cm (long-end injection) or 8.5 cm
(short-end injection). UV detection was carried out through
the monolithic silica bed. A detection window of about
1.5 mm width was made by removing the polyimide-coating
of the fused-silica (FS) capillaries using a razor blade. The data
were processed with the HP*P CE ChemStation software.

CLC experiments were performed on an UltiMate dual-
gradient nano-LC system (LC Packings/Dionex, Amsterdam,
The Netherlands) coupled to a FAMOS well plate auto-
sampler (LC Packings/Dionex) equipped with a 1.0 pL injec-
tion loop. Injection was carried out by partial loop filling, and
the injection volume was 0.1 pL. Flow rates are specified in
the figure legends. The effective length of the capillaries was
33.5 cm, unless otherwise stated. Data processing was done
by the Chromeleon chromatography management system,
version 6.60 (Dionex, Sunnyvale, CA, USA).

For the rinsing and washing steps in the course of the
chemical modifications of the monolithic capillaries a sy-
ringe pump (model 100, kd Scientific, New Hope, PA, USA)
and a HPLC pump (model 2250, Bischoff Chromatography,
Leonberg, Germany) were employed. The flow of the HPLC
pump was split with a T-connector, the split ratio was
adjusted by the length of a 50 pm id open FS capillary. For
immobilization of the chiral SO by radical addition reaction a
water bath model M12 from Lauda (Lauda-Koenigshofen,
Germany) and an HPLC column thermostat model Jetstream
2 Plus from Alltech (Unterhaching, Germany) were used.

2.2 Materials and chemicals
The chiral SO trans-(15,25)-2-(N-4-allyloxy-3,5-dichloro-

benzoyl)aminocyclohexanesulfonic acid was synthesized as
described elsewhere [56].

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Solvents (toluene, ACN, and methanol) were of analytical
or HPLC gradient grade from Fisher Chemicals (Loughbor-
ough, UK) or Merck (Darmstadt, Germany). 3-Mercaptopro-
pyl trimethoxysilane was from ABCR (Karlsruhe, Germany).
(R,S)-2-Amino-1-butanol (AB), tris(2-carboxyethyl)phosphine
(TCEP), di-2-pyridyl disulfide (DPDS), and formic acid (FA)
were purchased from Sigma—Aldrich (Steinheim, Germany).
o,0-Azoisobutyronitrile (AIBN) and methanesulfonic acid
(MSA) were supplied by Merck-Schuchardt (Hohenbrunn,
Germany).  4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), TFA, and acetic acid were purchased from
Fluka (Buchs, Switzerland). Chiral test substances have either
been synthesized in-house or were gifts from various drug
companies.

2.3 Preparation of the chirally modified monolithic
capillary columns

The silica monoliths were prepared as research samples at
Merck in FS capillaries (from Polymicro Technologies,
Phoenix, AZ, USA) of 100 pm id and about 60 cm length by
sol-gel process following a protocol proposed by Ishizuka et
al. [57]. The bonding of reactive sulfhydryl groups at the
monolith surface by reaction with 3-mercaptopropyl tri-
methoxysilane and the quantitation of the generated thiols
directly within the capillary by spectrophotometric assay
employing DPDS were performed as described in ref. [51].

An about ten-fold molar excess (in relation to the con-
centration of reactive thiols determined at the monolith sur-
face) of the chiral SO, trans-(15,2S)-2-(N-4-allyloxy-3,5-
dichlorobenzoyl)aminocyclohexanesulfonic acid, was dis-
solved in 120 uL methanol. AIBN (10 mol%) related to the
SCX SO was added as radical initiator. The monolithic capil-
laries were rinsed with this solution by means of a Hamilton
syringe and a syringe pump at a flow rate of 75 uL/h for
about 1 h. After sealing both ends with rubber GC-septa the
capillary columns were submerged in a water-bath. The
immobilization was allowed to proceed for 24 h at 65°C.

In a distinct second approach, another monolith was
modified by “flow-through immobilization”. For that pur-
pose, the capillary was rinsed with the SO-AIBN solution
using the syringe pump at a flow rate of 20 uL/h for 4 h, while
the capillary was housed in a HPLC column oven at 75°C.

After the immobilization process, the capillaries were
always carefully washed with methanol by use of a HPLC pump.

3 Results and discussion

3.1 Column parameters

3.1.1 Chemical derivatization of the silica monolith
and influence of the SO coverage

In our previous study on enantioselective phosphonic acid-
derived SCX silica monolith capillaries [51] we did not pay

www.electrophoresis-journal.com
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much attention neither to the silane bonding density nor the
SO coverage. However, both are regarded to be of prime
importance for the chromatographic performance of the
monolithic columns. The first goal in the present study was
therefore the investigation and optimization of the two-step
chemical derivatization of the silica monolith comprising
both the silylation reaction as well as the radical addition
immobilization of the chiral SO.

First, the effectiveness of the silylation reaction of the
monolith surface with 3-mercaptopropyl trimethoxysilane
was examined. For this purpose, the concentration of reac-
tive sulthydryl groups in the capillary generated by the sily-
lation reaction was determined spectrophotometrically by a
disulfide exchange reaction using DPDS as reagent which
yields 2-pyridinethione in equimolar amounts to the sulfhy-
dryls following a protocol as described previously [58]. The
silylation reaction was carried out in the flow-through mode
by rinsing the pure monolithic capillaries that were housed
in an HPLC oven with a 3 vol% solution of 3-mercaptopropyl
trimethoxysilane in toluene for 3 h at enhanced temperature
(60°C). Another capillary was treated with a two-fold and yet
another third capillary with a four-fold increased silane
reagent concentration under otherwise identical experi-
mental conditions. In spite of the higher silane concentra-
tion the subsequent thiol quantitation by the DPDS method
did not indicate significantly altered concentrations for these
capillaries. The original procedure with a single immobili-
zation cycle was therefore maintained.

In the next step, the surface coverage with SO moieties
was optimized. For that purpose, three distinct capillaries
with varying SO coverage were fabricated. In one case, the
capillary was filled with a methanolic solution of the vinyl
group-containing aminosulfonic acid-derived SO (ten-fold
molar excess to thiols) containing 10 mol% AIBN and the
radical addition reaction was carried out in a water bath for
24 h at 65°C. The yield of immobilization could be assessed
by quantitation of sulfhydryl groups by the DPDS method
before and after the reaction. Since a certain fraction of the
remaining nonreacted thiol groups may have been inacti-
vated during the radical addition reaction through the for-
mation of disulfides, a reduction with TCEP was performed
prior to quantitation. About 37% (corresponding to 13 nmol/
cm monolithic bed) of the originally available thiol groups
still reacted with the DPDS reagent after SO immobilization,
indicating that a maximum of 63% (corresponding to
22 nmol/cm) of the sulfhydryls could be derivatized with the
chiral SO. The second capillary was identical to the first
except that it was — after completion of the experimental
studies (see below) — subjected to a second radical immobili-
zation step under identical conditions. According to the
DPDS method the amount of remaining thiols was thus
reduced to about 18% of the originally available sulfhydryls,
i.e., the SO coverage could be enhanced from 63 to 82%
(29 nmol/cm). A third capillary was prepared by an alter-
native flow-through immobilization approach. Thus, a thiol-
modified monolith with similar SH concentration was

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rinsed with the methanolic SO-AIBN solution for 4h at
75°C. By this shortened derivatization process an SO cover-
age of about 12 nmol/cm was determined by the DPDS
method.

These three new monolithic CSPs were then character-
ized by CEC with a set of eight basic test substances. Non-
aqueous mobile phase conditions were employed as pre-
viously optimized for the corresponding aminophosphonic
acid-based silica monolithic CSP [51], i.e., an acidic eluent
made up of a mixture of ACN and methanol (80:20, v/v)
containing 25 mM FA as co-ion and 12.5 mM AB as coun-
terion.

In Fig. 3, the results obtained with the three phases
regarding mobility of the EOF and the analytes, separation
factors (calculated as ratios of the retention times), resolution
and efficiency are compared for three representative ana-
lytes, mefloquine, clenbuterol, and pronethanol. All three
aminosulfonic acid-based CSPs exhibited a strong and stable
cathodic EOF which was only slightly raising with increasing
SO coverage from 1.38 x 10~ cm?V~!s ™! for the lowest cov-
erage obtained by the flow-through immobilization to
1.41x 10" and 1.47x10"*cm?V~'s™! for the monolith
treated once and twice, respectively, by the static immobili-
zation procedure in the water bath (Fig. 3a). Thus, it becomes
evident that the EOF cannot be much accelerated with fur-
ther increase in the SO coverage.

While the effect of surface SO density on EOF was neg-
ligible, the observed mobilities in CEC were, as expected,
significantly lower at elevated SO concentrations owing to
the stronger chromatographic retention (Fig. 3a). Clenbu-
terol and pronethalol migrated before the EOF marker on the
column with the lowest SO density, yet were strongly
retained on the other two columns eluting after the flow
marker. While the elution time in nano-HPLC was further
increased when the SO coverage was elevated from 22 to
29 nmol/cm by performing a second immobilization cycle
(data not shown), under CEC conditions the enhanced EOF
compensated for the stronger adsorption so that even slightly
higher observed mobilities of the analytes were measured on
the monolith with an SO coverage of 29 nmol/cm compared
to the column with 22 nmol/cm (Fig. 3a).

All tested analytes showed optimal separation factors at
an intermediate SO density (Fig. 3b). If the monolith surface
is covered by a larger number of SO molecules, more ion-
exchange sites are available for stereoselective interactions,
while nonstereoselective adsorption at the (thiol-modified)
support becomes less influential which may lead to an
increase in o values. If the SO-moieties are grafted too den-
sely, access of the solute to the regions of the SO where ste-
reodistinction takes place may be blocked by adjacent SO
moieties while ion-exchange sites may still be active. The
outcome may be a retention increase in a nonstereoselective
manner and thus a drop in o values. Figures 3c and d show
that the optimum in terms of resolution and efficiency is also
obtained at an intermediate SO coverage. Plate counts of the
capillary prepared by a single immobilization step ranged

www.electrophoresis-journal.com
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Figure 3. Influence of the SO coverage of the monolithic CSPs
used for CEC separations on (a) the mobility p of the EOF (A) and
the first eluted enantiomers of mefloquine (M), clenbuterol (A)
and pronethalol (x), (b) the selectivity factor o, (c) the resolution
Rs, and (d) the efficiency N (plate counts per meter). Notation on
(d), SO coverage 12 (black bars), 22 (gray bars), and 29 (white
bars) nmol/cm capillary. Experimental conditions: mobile phase,
ACN/MeOH (80:20; v/v) containing 25 mM FA and 12.5 mM AB;
voltage, +7 kV; electrokinetic injection for 10's; UV detection at
216 nm; capillary temperature, 20°C.

between 60000 and 150000 per meter. It can therefore be
concluded that the single static immobilization procedure
represents a good choice and neither the dynamic flow-
through immobilization nor the second immobilization
cycle brings about any improvements.

3.1.2 Column length

The present capillary columns do not feature the dual
architecture of typical CEC columns comprising a packed
and an open segment. On contrary, the monolithic sta-
tionary phase is contained in the capillary over the entire
length. In general, this departure from the dual architecture
and the open segment resulted in more robust CEC meth-
ods. Moreover, either an 8.5 or a 25 cm effective bed length
can flexibly be selected for the analysis without replacing
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Figure 4. Enantioseparation of clenbuterol by CEC with SCX-
modified silica monoliths of (a) 25 and (b) 8.5 cm effective bed
length. Experimental conditions: same as in Fig. 3; SO coverage,
22 nmol/cm capillary.

the capillary cassette depending on what the separation
problem demands leading to either faster separation (on the
8.5 cm side) or higher resolution (on the 25 cm side). In fact,
by using the “short-end” injection the run times could be
lowered by a factor of about three (Table 1 and Fig. 4). Al-
though resolution was lower for all analytes on the short-end
monolith, still five of the eight samples could be baseline-
resolved.

3.2 Mobile phase effects
3.2.1 Aqueous versus nonaqueous mobile phases

In our studies we investigated nonaqueous eluents com-
prised of ACN and methanol in ratios of 80:20 and 20:80
(v/v) in comparison to aqueous mobile phases made up of
ACN/water and methanol/water (80:20, v/v), respectively. All
eluents contained 25 mM FA and 12.5 mM AB as electro-
lytes. Excess of acid should certify that the amine is fully
protonated. Thus, the counterion concentration is compara-
ble in the four mobile phases. In Figs. 5 and 6 the results
regarding mobilities, retention factors (as determined by the
chromatographic formalism k (t; — t,)/t,), separation factors
(as calculated by electrophoretic formalism o =t,/t; and
chromatographic equation o = k,/k;, respectively) and reso-
lution obtained with these four eluents under CEC and CE as
well as nano-HPLC conditions are shown. Two analytes,
mefloquine-t-butylcarbamate and clenbuterol were chosen as
representative examples for the presentation and discussion
of the obtained results. Within the investigated series, the
relative trend of EOF in CEC parallels that observed in CE
with a blank FS tube of the same dimensions and identical
BGE (Figs. 5a and b). This may lead to the conclusion that
upon exchange of BGE solvents the variations of EOF in the
present CEC separations are mainly a consequence of the
alteration of the &/n ratio. Both nonaqueous eluents pro-
vided a stronger EOF than the aqueous mobile phases.
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Table 1. Enantioseparation of chiral bases by CEC on aminosulfonic acid-derived SCX-type monolithic silica of varying effective bed

length?
Analyte Effective bed t,[min] & [min] ™ alt/t) Rs  Ny[m'l  Ny[m']
length [cm] [x10%em®V's™]  [x10° cm?V'sT]
Mefloquine 25 30.30 35.24 5.76 4.95 1.16 6.25 111,500 104,800
8.5 13.06 14.68 5.19 4.62 1.12 1.87 62,100 39,900
Mefloquine-t-butylcarbamate 25 26.18 31.00 1.62 6.43 1.18 5.89 65,900 92,400
8.5 8.56 9.97 7.92 6.80 1.16 450 55,500 56,400
Clenbuterol 25 23.44 28.89 8.51 6.90 1.23 9.99 180,200 128,000
8.5 7.84 9.42 8.65 7.20 1.20 514 144,100 151,300
Pronethalol 25 21.64 24.37 9.21 8.18 1.13 6.42 253,800 149,500
8.5 147 8.32 9.08 8.15 1 280 127,600 129,500
Salbutamol 25 26.81 29.41 7.44 6.78 1.10 340 99,500 78,700
8.5 9.10 9.87 7.45 6.87 1.08 1.95 126,200 97,100
Talinolol 25 42.64 44.99 468 4.43 1.06 1.67 76,300 51,500
8.5 13.60 14.23 4.99 4.76 1.05 0.52 43,500 16,800
Sotalol 25 21.42 22.04 9.31 9.05 1.03 1.70 338,400 162,000
8.5 7.34 7.56 9.24 8.97 1.03 1.03 285600 183,000
Rimiterol 25 34.44 37.33 5.79 5.34 1.08 1.58 26,300 23,200
8.5 11.90 12.78 5.70 5.30 1.07 1.25 63,900 64,100

a) Experimental conditions: SO coverage of the monolith, 22 nmol/cm; mobile phase, ACN-MeOH (80:20; v/v) containing 25 mM formic
acid and 12.5 mM 2-amino-1-butanol; voltage, +7 kV; electrokinetic injection for 10 s; UV detection at 216 nm; capillary temperature,
20°C. pigor (25 cm) = 1.46 x 10 cm?V's™, [igor (8.5 cm) = 1.41 x 10 cm?V's™.

On the other hand, it becomes evident that the observed
mobilities of the solutes in CEC are altered in the same way,
but inversely, as the chromatographic retention (Fig. 5a): For
clenbuterol, both ACN-rich eluents and the nonaqueous
methanol-rich mobile phase (i.e., all eluents with ACN) ex-
hibit similar and low retention factors and thus high mobili-
ties in CEC (Figs. 5a and ¢). With the methanol-rich aqueous
eluent the chromatographic interaction is significantly
stronger and hence mobility in CEC lower. Strengthened
hydrophobic and/or n—n interactions between solute and
sorbent in the latter eluent may largely explain this trend. For
mefloquine-t-butylcarbamate the tendencies are quite simi-
lar, except that a strong increase in retention and a reduction
in mobilities, respectively, is found also for the methanol-
rich nonaqueous conditions. Furthermore, the mobilities in
the ACN-rich hydroorganic mixture is significantly higher
than in the corresponding nonaqueous eluent mainly due to
a lower retention but also owing to a higher electrophoretic
mobility. Obviously, the chromatographic ion-exchange pro-
cess exerts a dominating effect on CEC mobilities, while the
electrophoretic mobility contribution has only modulating
effects (Figs. 5b and c).

Regarding enantioselectivity (Figs. 6a and b) and resolu-
tion (Figs. 6¢ and d) the results for the tested analytes showed
to some extent considerable differences. Thus, selectivity
factor o and resolution for the separation of the mefloquine-
t-butylcarbamate-enantiomers were significantly higher in
the aqueous mobile phases which differs remarkably from
the behavior of the other analytes, including mefloquine, and

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

points towards stereoselective hydrophobic interactions in
the aqueous eluents for this analyte. Hence, it is worthwhile
investigating also aqueous mobile phases in combination
with the present enantioselective SCX CSPs in the course of
method development. In Figure 7, the chromatograms
obtained with the distinct eluents for mefloquine under CLC
conditions are illustrated.

3.2.2 Effect of co-ion type

Our previous studies with SCX-type chiral SOs based on both
organic as well as inorganic silica monolithic stationary
phases indicated that strong counterions are needed in order
to allow the elution of the analytes in the ion-exchange
retention mode with short run times and with satisfactory
efficiencies [39, 51]. Under these premises AB proved to be
well suited although it reduces the EOF and to some extent
also the enantioselectivity compared to less efficient coun-
terions such as the secondary or tertiary amines diethylamine,
triethylamine, and Hiinig base. It was thus used in the fol-
lowing studies at a constant concentration of 12.5 mM. At that
point, another interesting task, previously ignored, was to
examine the effect of the co-ion. It has been used in excess to
the counterion to assure protonation of the basic solutes. Such
acidic conditions turned out to be favorable in the present
SCX system, while retention, enantioselectivity, resolution,
and efficiency were all significantly lowered when excess of
base was used (data not shown).
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Figure 5. Enantioseparation of mefloquine-t-butylcarbamate
(gray bars) and clenbuterol (shaded bars) by CEC, CE, and CLC
using different nonaqueous and aqueous mobile phases. (a)
Mobilities of the EOF (#) and the first-eluted enantiomers under
CEC conditions. (b) Electroosmotic (#) and effective electropho-
retic mobilities as measured in an open FS tube of identical
dimensions. (c) Retention factors k (=(tz — to)/to) of the first-eluted
enantiomers as measured by CLC. Experimental conditions:
electrolytes, 256 mM FA and 12.5 mM AB; UV detection at 216 nm;
capillary temperature, 20°C. (a, b) Applied voltages, +7 kV for all
eluents except for MeOH-H,0 (+13 kV); electrokinetic injection
for 10s. (c) Flow rate, 0.35pL/min; injection volume, 0.1 pL.
(Note: negative electrophoretic % mobilities in (b) for the MeOH/
ACN (80:20 v/v) eluent probably arise due to overlapped adsorp-
tion phenomena of the cationic solutes on the negatively charged
silanol wall).
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In our studies, we examined four distinct organic acids
with varying acidity as co-ion: acetic acid (pK, 4.75), FA
(pK, 3.75), MSA (pK, 1.75), and TFA (pK, 0.53) (pK, values
correspond to aqueous solutions). As we were interested in a
comparison of electrically and pressure-driven chromatogra-
phy we used methanol/water (80:20, v/v) based eluents due
to the better enantioselectivity and resolution under nano-
HPLC conditions (vide supra). All mobile phases contained
25 mM of the acid and AB as counterion at an acid-to-base
ratio of 2:1. In order to minimize the elution times under
CEC conditions we employed short-end injection, i.e., effec-
tive bed length was 8.5 cm. Figure 8 depicts the results
regarding retention, enantioselectivity, and resolution as
obtained for the separation of mefloquine under CEC and
CLC conditions. For all other tested analytes, largely the
same trends were observed. For the purpose of straightfor-
ward comparison the retention factors are shown in Fig. 8a
instead of electrochromatographic mobilities, and accord-
ingly separation factors were calculated by the ratio of the k
values of the enantiomers.

Overall, it is seen that the co-ion influence is relatively
negligible, both in CEC (Fig. 8a) and CLC (Fig. 8b). Only
minute effects are observed. It is noticeable, because it is
somewhat counterintuitive, that upon exchange of the
weaker acetic acid and FA co-ions by the stronger MSA and
TFA co-ions the EOF remains essentially the same.
Obviously, due to the constant counterion concentration the
C-potential of the sulfonic acid surface remains nearly con-
stant. More important is the co-ion effect on retention fac-
tors: In CLC, they are increasing in the order kysy<krpa<
kpcon<<kea. This trend roughly follows the ion-pairing ten-
dencies of the co-ions. It might thus be explained by ion-
pairing between co-ion and solute cation in the mobile
phase which may be established as a competitive equilibri-
um to ion-pairing of the solute with the fixed ion-exchange
sites of the sorbent weakening its adsorption. It is well
known that TFA and MSA have good ion-pairing capacities,
while FA exhibits no significant ion-pairing properties. In
CEC the calculated retention factors are smaller than in
CLC in any case, which originates from the superimposed
codirectional electrophoretic migration contribution. As a
consequence, the o values calculated by chromatographic
formalism are slightly higher in CEC than in CLC. Other-
wise, the same relative trends with regards to co-ion varia-
tion seem to be obeyed in CEC as in CLC except that the
retention factors with MSA as co-ion are larger than those
with TFA and the o value with TFA is significantly
enhanced in comparison to those obtained with the other
co-ions. These two effects are not well understood. With
regards to resolution, the co-ion effect is also not very strik-
ing, although it may be significant because of its influence
on peak shapes. In conclusion, the co-ion effects are rather
negligible as opposed to the counterion effects [51], and not
much can be gained by exchange of the common FA or
acetic acid co-ion by other stronger acids such as TFA and
MSA.
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Figure 7. Enantioseparation of mefloquine by nano-HPLC with
the SCX-modified silica monolith using nonaqueous and aque-
ous mobile phases. Eluents: (a) ACN-MeOH, (b) ACN-H,0, (c)
MeOH-ACN, and (d) MeOH-H,O, always 80:20 (v/v). Other
experimental conditions as in Fig. 5.

3.3 Kinetic behavior under electrically and pressure-
driven capillary chromatography conditions

The most appealing driving force to use CEC instead of

HPLC is, by theory, its amazing efficiency gain. This may
indeed be extremely valuable for chiral separations where

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

AcOH FA  MSA  TFA

Figure 8. Enantioseparation of mefloquine using diverse acids as
co-ions by (a) CEC and (b) nano-HPLC. Influence on the EOF
(1eor x 1075 ¢cm?V~'s™1, A), the retention factors k; (gray bars) and
k, (white bars) and the resolution (A) (all left ordinate) and the
selectivity factor (o = ky/k;, B, right ordinate). Experimental con-
ditions: mobile phase, MeOH-H,0 (80:20; v/v) containing 25 mM
acid and 12.5 mM AB; UV detection at 216 nm; capillary temper-
ature, 20°C. CEC: effective length, 8.5cm; applied voltages:
+10 kV (AcOH, pK, 4.75 and FA, pK, 3.75) and +7 kV (MSA, pK,
1.75 and TFA, pK, 0.53); electrokinetic injection for 10 s. nano-
HPLC: effective length, 33. cm; flow rate, 0.35 uL/min; injection
volume, 0.1 pL.
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not seldom poor peak performance is observed by HPLC.
However, in practice the announced high plate numbers
could often not be realized in many CEC separations report-
ed in the literature. Here we wish to demonstrate the kinetic
performance and the capability of the present sulfonic acid-
based chiral cation exchanger to achieve high plate counts
which may make CEC of real help for some specific enan-
tiomer separation problems.

In order to facilitate the comparison of efficiencies
obtained under electrically driven and pressure-driven con-
ditions, CLC experiments were also performed in the elec-
trophoresis instrument utilizing the available external pres-
surization system implemented with a nitrogen gas bottle.
This system enables the application of pressures up to 12 bar
which led to linear flow rates very similar to those obtained
in CEC (in the range of ~0.2-1.2 mm/s). By performing the
CLC experiments in a similar instrumental environment as
the CEC separations extracolumn band broadening pro-
cesses, as are usually not completely eliminated in a con-
ventional nano-HPLC system, are excluded. Hence, the
direct comparison of the obtained plate heights can be
assumed to be valid, as they solely reflect peak broadening
contributions arising in the column in both techniques.

In Fig. 9, the Van Deemter plots (H—u curves) obtained
for the separation of the mefloquine enantiomers under CEC
and CLC conditions are shown. As a result of the improved
mass transfer and the plug-like flow profile of the electro-
osmotically driven mobile phase much lower theoretical
plate heights H were obtained under CEC conditions, i.e., the
number of plates per unit length was significantly higher
compared to capillary HPLC conditions, as claimed by the-
ory. Thus, in CEC theoretical plate heights of about 3.5-
9.5 um were obtained corresponding to plate counts in the
range of 295000 and 105 000 per meter, while H values were
significantly higher under pressure-driven conditions (be-
tween 11.5 and 16.5 pm, corresponding to plate counts of
60000-90 000/m). While the graphs for the CLC separations
have the common shape showing a minimum at a very slow
linear flow velocity of 0.4-0.5 mm/s (4-6 bar), the H—u plots
for the CEC separations display a plateau for the plate
heights at linear flow velocities above ~0.5 mm/s (corre-
sponding to an applied voltage of ~10 kV). The estimated
coefficients A and C for the fitted Van Deemter curves
H=A + B/u + Cxudepicted in Fig. 9 differed significantly
for the two graphs. The A-term contribution (flow mal-
distribution by Eddy diffusion) to band broadening was by a
factor of about three lower in CEC compared to CLC. An even
more pronounced improvement resulted for mass transfer
resistance (C-term contribution), which was by a factor of
about six lower in the electrically driven mode. Due to this
insignificant C-term contributions and the low A-term con-
tribution plate heights as low as ~3.5 um were afforded over
a wide flow rate range (at least between 0.5 and 1.5 mm/s)
under CEC conditions. This is in particular remarkable for
an enantioselective separation system which is based on
multiple simultaneous interactions, involving besides oth-
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Figure 9. Van Deemter plots for the first (closed symbols) and
second (open symbols) eluted enantiomer of mefloquine under
CEC (squares) and CLC (rhombi) conditions. Experimental con-
ditions: mobile phase, ACN/MeOH (80:20; v/v) containing 25 mM
FA and 12.5 mM AB; electrokinetic injection at 10 kV for 10s;
capillary temperature, 20°C; UV detection at 216 nm. CEC: applied
voltages: +4to +24 kV. CLC: applied pressures: 2-12 bar.

ers, ionic interactions which are commonly known to be
associated with slow adsorption/desorption kinetics espe-
cially if occurring together with other interactions.

According to the generally higher efficiencies found for
the CEC separations also enantioresolutions were better in
the electrically driven mode, even when short-end injection
was used. In Figure 10, some exemplary electro-
chromatograms are compared with the CLC-chromatograms
received under identical experimental conditions with the
nano-HPLC system.

In sharp contrast to the irreproducible separations of
basic compounds on SCX-columns in CEC mode in the early
days of this technique [59], the CEC separations with the
present monolithic capillary column, once optimized, were
highly repeatable (Table 2). For example, RSD for t,, t; ,, and
also o of about 0.1% (1 = 10) could be afforded. This is well in
the order of common RP-HPLC separations. Even resolution
showed an RSD value <1%. Such excellent system stability
and repeatabilities promise practical applicability for solving
challenging real-life problems.

4 Concluding remarks

In the present paper, we described the behavior and perfor-
mance of a new enantioselective silica-based monolithic sta-
tionary phase with novel surface chemistry for enantiomer
separations by CEC and high-performance CLC. The mono-
lith was prepared by the sol-gel process and subsequently
functionalized with a novel SCX-type chiral SO. The chemi-
cal modification involved the derivatization of the pure silica
monolith surface by silylation reaction with 3-mercaptopro-
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Figure 10. Enantioseparation of (a, b) pronethalol, (c, d) salbutamol, and (e, f) mefloquine-t-butylcarbamate by CEC (a, c, ) and nano-HPLC
(b, d, f). Experimental conditions as in Fig. 9. CEC: effective length, 8.5 cm; applied voltage +7 kV, electrokinetic injection for 10 s. nano-
HPLC: effective length, 33.5 cm; flow rate, 0.35 uL/min; injection volume, 0.1 pL.

Table 2. Run-to-run repeatability of the separation of mefloquine
enantiomers on the chirally modified monolithic silica
stationary phase under CEC conditions?

Mean® % RSD
to [min] 4.79 0.1
t; [min] 7.28 0.10
t, [min] 8.01 0.07
o (/t) 1.29 0.14
Rs 2.81 0.70

a) Experimental conditions: mobile phase, ACN-MeOH (80:20,
v/v) containing 25 mM formic acid and 12.5 mM 2-amino-1-
butanol; voltage, +20 kV; electrokinetic injection for 5 s; tem-
perature, 20°C; UV detection at 216 nm.

b) n=10.

pyl trimethoxysilane creating a reactive thiol surface followed
by immobilization of the trans-(1S,2S)-2-(N-4-allyloxy-3,5-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dichlorobenzoyl)aminocyclohexanesulfonic acid SO by radi-
cal addition reaction. Both the silylation and the radical
addition reactions were thoroughly studied and the effect of
the SO coverage on the separation of a number of basic test
substances was examined in both electrically- and pressure-
driven mode. As expected, by an increase in the concentra-
tion of SO moieties at the monolithic stationary phase enan-
tioselectivity and resolution could be first enhanced, but they
diminished again probably due to inaccessibility of the bind-
ing sites when chromatographic ligands are too close to each
other. In the course of the study of the mobile phase compo-
sition nonaqueous eluents were compared to aqueous
mobile phases and the performance was studied again for
CEC as well as CLC. Overall, the performance turned out to
be solute-dependent, as expected. For some analytes (those
which apparently involve hydrophobic interactions) highest
selectivity factors and resolutions were observed under
aqueous conditions in both CEC and nano-HPLC. Further-
more, by investigating the influence of the co-ion which was

www.electrophoresis-journal.com



1636 B. Preinerstorfer et al.

always applied in excess, FA proved to be the co-ion of choice
with regards to enantioselectivity and resolution for both
separation techniques, although with stronger acids, e.g.,
TFA, separations were faster.

Overall, it can be concluded that the present new silica-
based monolithic CSP is well suited for the separation of a
number of chiral bases including a variety of pharmaceu-
ticals such as B-blockers and B-sympathomimetics. Under
repeated injections the monolithic phase showed excellent
system robustness and run-to-run repeatability with RSDs
far below 1% for elution times, o values and resolutions as
well. Due to its rigidity, incompressibility and overall good
column robustness the developed enantioselective SCX-type
monolithic capillary column can be readily utilized not only
in CEC, but also in pressure-driven CLC.
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1 Introduction

Although CEC [1] has evolved into a powerful high-per-
formance analytical separation technique over the past
decade, it is far from being on a par with capillary LC
(CLC) or CE. Amongst the major impediments to further
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Deconvolution of electrokinetic and
chromatographic contributions to solute migration
in stereoselective ion-exchange capillary
electrochromatography on monolithic silica
capillary columns

A monolithic silica stationary phase functionalized with an enantioselective strong
cation exchanger based on an aminosulfonic acid derivative was used for chiral sep-
arations of basic test solutes by nonaqueous CEC and capillary LC. The effects of the
applied electric field as well as the ionic strength in the eluent on electrokinetic
and chromatographic contributions to the overall separation performance in the
electrically driven mode were investigated. Hence, under the utilized experimental
conditions, i.e., at an electric field strength in the range of ~120-720 V/cm (applied
voltages 4-24 kV) and an ionic strength of the counterion between 5 and 25 mM (at
constant acid-to-base, i.e., co- to counterion ratio of 2:1), no deviations from the
expected linearity of the EOF were observed. This led to the conclusion that an
occurrence of the so-called electrokinetic effects of the second kind resulting from
electric double layer overlap inside the mesopores of the monolithic stationary
phase and concentration polarization phenomena were largely negligible. Addi-
tional support to this conclusion was inferred from the observed independence of
CEC retention factors on the electric field strength across the investigated ionic
strength range of the BGE. As a consequence, a simple framework allowing for cal-
culation of the CEC mobilities from the individual separation contributions, viz.
electroosmotic and electrophoretic mobilities as well as retention factors, could be
applied to model CEC migration. There was a reasonable agreement between calcu-
lated and experimental CEC mobility data with deviations typically below 5%. The
deconvolution of the individual contributions to CEC migration and separation is
of particular value for the understanding of the separation processes in which elec-
trophoretic migration of ionic sample constituents plays a significant role like in
ion-exchange CEC and may aid the optimization procedure of the BGE and other
experimental conditions such as the optimization of the surface chemistry of the
stationary phase. In combination with the remarkable column performance evident
from the low theoretical plate heights observed under CEC conditions for all test
solutes (3.5-7.5um in the flow rate range of 0.4-1.2 mm/s, corresponding to
(130000-300000 plates per meter), the presented framework provides an attractive
tool as the basis for the assessment of chromatographic selectivities in a miniatur-
ized CEC screening of new selectors and chiral stationary phases (CSPs), respectively,
from experimental CEC data and known CE mobilities.
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expand the scope of CEC applications are still deficits in
column technologies and a continuous lack of theoreti-
cal understanding of the interplay of electrokinetic and
chromatographic processes which exist despite a remark-
able and increasing number of studies published over
the last years reporting on fundamental aspects of this
highly promising technique. For instance, several papers
dealt with the modeling of solute migration in CEC or
pressure-assisted CEC [2—-22]. For stereoselective separa-
tion systems such attempts are unfortunately missing
almost completely [23, 24].

Thus, it is the aim of the present paper, in which we
report on extensive studies of the behavior of a silica-
based monolithic capillary column in both electrically
driven as well as pressure-driven enantioselective ion-
exchange chromatography, to deconvolute the individ-
ual contributions to solute migration in CEC, viz. electro-
osmotic and electrophoretic mobility as well as chroma-
tographic retention. The monolithic chiral stationary
phase (CSP) was prepared by the sol-gel process and
functionalized with a cation exchange type chiral selec-
tor (SO) based on the aminosulfonic acid derivative trans-
(1S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)aminocyclo-
hexanesulfonic acid (Fig. 1). It was evaluated for the enan-
tioselective separation of three test solutes, mefloquine,
mefloquine-O-tert-butylcarbamate, and pronethalol (Fig.
2), by CEC and CLC. Electrophoretic mobilities were
determined by means of CE using identical BGEs. The
contributions of the individual separation processes in
CEC were derived in dependence of the applied electric
field strength and the ionic strength of the eluent,
respectively, in order to assess whether nonlinear elec-
trokinetic effects resulting from concentration polariza-
tion (CP) phenomena occur under the herein utilized
experimental conditions [25-29]. The knowledge of the
individual migration contributions in CEC should give
better insight into the separation mechanism of charged
solutes in stereoselective ion-exchange CEC [30-34] and
may provide a fundamental basis for the optimization of
enantiomer separations especially if complex mixtures
are to be separated where besides adequate stereoselec-
tivity a sufficient chemoselectivity is required as well
(e.g., when chiral drugs and their metabolites need to be
analyzed simultaneously).

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structure of the mono-
lithic silica-supported enantiose-
lective stationary phase carrying
the aminosulfonic acid-derived
cation-exchange type chiral SO.

~Ny,

2 Theoretical background

The migration velocity of ionic analytes in CEC and pres-
sure-assisted CEC (vcrc) can, as a first approximation, be
simply defined as a linear combination of all migration
contributions (v weighted by a chromatographic retar-
dation term as given by [21]

1
VCEC = Vtot (m)

1
- (Veo + Vepeff + Vpress - 3 (l)
P P 1+ kaic

wherein veo, Vep.er, ad Vpress are the linear velocities of the
bulk EOF, the effective electrophoretic migration of the
ionic sample and the pressurized flow, respectively, and
kaicis the chromatographic retention factor under given
experimental conditions.

In the absence of pressurized flow vy, EQ. (1) can be
expressed as

1
Vere = HepcE' = (V:o + Vep'eff) ( 1+ keic )

_ (“Zo + “ep,eff)E* (2)

1+ ke

wherein E is the electric field strength and pcgc, feo, and
Hepefr aTe the observed mobility of the ionic solute in CEC,
the electroosmotic mobility in CEC, and the effective
electrophoretic mobility of the ionic solute, respectively.

Eq. (2) is employed herein as a framework to deconvo-
lute individual migration/separation contributions in
stereoselective ion-exchange CEC arising from electroos-
mosis, electrophoresis, and chromatographic retention.

Thereby, the * indicates that actual interstitial veloc-
ities and mobilities, respectively, as well as the actual
field strength in the packing, considering the tortuosity
of the flow channels, are used for the calculations (note,
effective electrophoretic mobilities, as determined in the
conventional way in an open tube, represent actual inter-
stitial velocities and do not require for correction) [35].
The actual interstitial electroosmotic mobilities p}  were
determined as suggested by [35]
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L
3
LV (3)

* f—
Heo =

where L, defines the length of the actual flow path of
the tracer through the pores of the stationary phase. It
can be calculated from the currents flowing in an open
tube i,pen, and a fully packed column of the same dimen-
S10M ipackea OF the length L, and identical BGE upon appli-
cation of a voltage V as follows

1'open
Lact = Ltot -V (4)
lpacked

The Ly«/Li ratio and thus the square root of the iqpen/
ipackea Tatio is also known as the tortuosity t of the pack-
ing. In analogy to Eq. (3), the actual interstitial mobility
of an ionic sample component under CEC conditions
Wege can be expressed by

2
bz =% (5)

Further, it is assumed that k¢, as determined by HPLC
and calculated by common chromatographic formalism,
k = (tr — to)/to, is not altered by the influence of the exter-
nal electric field.

As the occurrence of an EOF results from the formation
of an electric double layer (EDL) near charged surfaces,
the mobility of the EOF depends according to the von
Smoluchowski relationship amongst others on the prop-
erties of this EDL, which is characterized by the zeta
potential { [36]

608

(= (6)

€€

In this expression, o, is the charge density at the sur-
face and 6 is the thickness of the EDL. § is defined as the
distance from the surface at which the potential drops to
1/e (~0.37) of its value at the surface and can be calcu-
lated by [16]

€0€eRT 1
5=/ =— 7
2IF2 K 7)

where I is the ionic strength of the electrolytes and « is
the Debye - Hiickel parameter. Combining Eqgs. (6) and (7)
with the well-known von Smoluchowski equation yields
Eq. (8) which describes the electroosmotic mobility M,
inter alia as the function of the ionic strength

s go&rRT 1 (8)
Heo =00\ ™o

Typical values for & are much smaller than the average
dimensions of the interparticulate spaces in CEC col-
umns packed with commonly used chromatographic
silica particles. Also for monolithic stationary phase sup-
ports, the mean macropore radius is generally orders of
magnitude larger than the thickness of the occurring
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EDL. However, the intraparticle pore size of today most
commonly used porous packing materials as well as the
mean mesopore radius of bimodally structured mono-
lithic stationary phases may already lie within the com-
mon EDL scale. As a consequence, inside these smaller
pores EDL overlap may occur, which has already been
reported for the first time in 1965 by Rice and Whitehead
[37] and which was the object of several studies in recent
years [3, 25-28, 38 —44]. Significant effects of EDL overlap
emerge when the ratio of pore channel radius to double
layer thickness is close to unity or smaller. Besides the
pore diameter and surface charge density, especially the
ionic strength of the mobile phase decides whether sig-
nificant EDL overlap takes place, as the thickness of the
EDL depends inversely proportional on the square root of
the ionic strength (Eq. 7). As a consequence of overlapped
EDLs in the mesopores of the silica skeleton, they become
charge-selective in both particulate and monolithic sta-
tionary phases and thus develop ion-permselectivity
which means that they exclude coions and enrich coun-
terions [25]. Upon application of high voltages typically
used in CEC the phenomenon of CP arises, resulting in
the formation of concentration gradients in the neigh-
boring electrolyte solution of the ion-permselective mes-
opores, leading to nonlinear electrokinetic effects, the
so-called effects of the second kind as described in detail
by Tallarek and coworkers [25-29] in a series of papers.
EDL overlap and CP affect the EOF which not only shows
nonlinear electric field dependency, but also the reten-
tion factors of charged solutes in the CEC process which
are not constant anymore but change with the field
strength. Moreover, EOF of the second kind has been
demonstrated to reduce plate heights and thus improve
efficiencies. In such cases when CP is significant, Egs. (1)
and (2), respectively, are no longer applicable.

Effective electrophoretic mobilities ey under given
conditions as determined by CE are, in case of a weak
electrolyte, related to the actual mobilities of the fully
charged ion .. by the degree of dissociation a. Accord-
ing to theory of ion conductance piep e should, like actual
ionic mobilities, drop with the square root of the ionic
strength [45]

8.204 x 10° 4.275
\[

(8T)3/2 Hoi 17(8T)1/2 (9)

Macti = Hoi —

where T is the absolute temperature and p,; is the ion
mobility at infinite dilution.

On the other hand, ion-exchange processes of small
ions are commonly described by a stoichiometric dis-
placement model [2, 46].

k=K, [C]7% or logk = logK, — %log[C] (10)

wherein C is the counterion concentration, K; a constant
depending amongst others on parameters of the station-
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ary phase and the ion-exchange equilibrium constant
under given conditions, and x and y are the charge num-
bers of solute ion (x) and counterion (y), respectively.
Although this is an empirical relationship which has
been critically assessed [46, 47|, it is assumed to be accu-
rate enough for the present purpose.

3 Materials and methods
3.1 Instrumentation

All CEC and CE experiments were performed on an Agi-
lent HP®® CE system (Agilent, Waldbronn, Germany)
equipped with a diode array detector and an external
pressurization system. The data were processed with the
HP®® CE Chemstation software. Samples were injected
electrokinetically for 10 s. Voltages applied are specified
in the figure legends. The capillary cassette was thermo-
stated at 20°C throughout the experiments.

The monolithic capillary columns with inner diameter
(id) of 100 um had a total length of 33.5 cm and were
filled with the monolithic silica plug over the entire
length. The effective length from injection to detection
was 25 cm. UV detection was carried out through the
monolithic silica bed for which purpose a detection win-
dow of about 1.5 mm width was made by removing the
polyimide-coating of the fused-silica (FS) capillaries using
a razor blade. CE experiments were carried out in a
100 pm id bare FS capillary of the same dimensions (i.e.,
Lot =33.5 cm, Ler=25 cm) and effective electrophoretic
mobilities were obtained from apparent mobilities after
subtraction of the respective electroosmotic mobility.

Capillary LC experiments were also performed on the
Agilent electrophoresis system utilizing the external
pressurization system implemented with a nitrogen gas
bottle which enables applying pressures of up to 12 bar.
The same monolithic silica capillary column as utilized
for the CEC experiments was used for the pressure-driven
chromatographic runs, and samples were injected elec-
trokinetically in analogy to the CEC and CE experiments.

3.2 Materials and chemicals

The preparation of the enantioselective silica monolithic
capillary columns (100 pm id) based on the chiral SO
trans-(1S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)aminocy-

clohexanesulfonic acid [48] (applied as quarternary tetra-
butylammonia salt, ¢f. Fig. 1) was described previously
[34]. The optimized monolithic column used throughout
the study had, before SO bonding, a reactive sulfthydryl-
loading of 56 umol SH/25 cm, while after SO immobiliza-
tion ~40% of the reactive sulfhydryls remained unmodi-
fied. In addition, a nonoptimized prototype column was
prepared by a “flow-through immobilization” procedure
leading to a thiol-monolith with a reactive sulfhydryl-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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loading of only 30 pmol SH/25 cm of which about 50%
were still unmodified after SO immobilization (for more
details see ref. [34]). Solvents (ACN and methanol) were of
HPLC gradient grade from Merck (Darmstadt, Germany).
(R,S)-2-Amino-1-butanol (AB) and formic acid (FA) were of
analytical grade and purchased from Sigma-Aldrich
(Steinheim, Germany). The chiral test substances meflo-
quine (erythro-o-2-piperidinyl-2,8-bis(trifluoromethyl)-4-
quinolinemethanol), mefloquine-O-tert-butylcarbamate,
and pronethalol have either been synthesized in-house
or were gifts from various drug companies. Acetone has
been used as an EOF-marker.

4 Results and discussion

4.1 Performance of sulfonic acid-based
monolithic SCX (strong cation exchanger)
capillary columns

Recently, we reported on the development of a siliceous
monolithic stationary phase modified with a novel ami-
nosulfonic acid-derived chiral SO (Fig. 1) [34]. The good
performance in electrically driven stereoselective cation-
exchange chromatography has prompted us to investi-
gate more extensively the behavior of the silica-based
monolithic capillary column under CEC but also under
CLC conditions. In order to preclude in these CEC versus
CLC comparisons bias originating from extra-column
effects, the pressure-driven separations of the three test-
analytes mefloquine, mefloquine-O-tert-butylcarbamate,
and pronethalol (Fig. 2) were performed in the Agilent
electrophoresis system, too. Throughout the following
studies mobile phases composed of a mixture of ACN/
methanol (80:20 v/v) containing FA and AB as electrolytes
were used. The FA/AB ratio was always 2:1, which should
ensure the complete protonation of the amine that acts
as the counterion. Utilizing the available external pres-
surization assembly equipped with a nitrogen gas bottle,
the application of pressures of up to 12 bar is possible
resulting for the presently employed highly permeable
monolithic capillary column in linear flow rates similar
to those received by the application of electric fields (up
to ~1.2 mm]s).

. OH 4
HO N N “\r
< O
N"cF,
CF,
Mefloquine Mefloquine-O Pronethalol

t-butylcarbamate

Figure 2. Structures of the basic test-solutes mefloquine,
mefloquine- O-tert-butylcarbamate, and pronethalol.
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Figure 3. Dependence of the peak
efficiencies, N/m, of the first eluted
enantiomers of mefloquine (black
bars), mefloquine-O-tert-butylcar-
bamate (gray bars), and pronetha-
lol (white bars) in (a) enantioselec-
tive CEC on the applied electric
field strength, and in (b) enantiose-
lective CLC on the applied pres-
sure as well as corresponding Van
Deemter plots of mefloquine (e),
mefloquine-O-tert-butylcarbamate

(A), and pronethalol (m) in (c) CEC
and (d) CLC. Experimental condi-
tions: mobile phase, ACN/MeOH
(80:20 v/v) containing FA and AB
at an acid-to-base ratio of 2:1 with
25 mM FA and 12.5 mM AB. Elec-
trokinetic injection at 10kV for
10 s, capillary temperature, 20°C,
UV detection at 216 nm.
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The results of the comparative performance evalua-
tion in CEC and CLC are illustrated in Fig. 3. The plate
numbers for the three test compounds, but also other sol-
utes, ranged from 100000 to 300000 m ! in CEC (Fig. 3a)
and 50000 to 85000 m ™' in CLC (Fig. 3b). This is remark-
able for chiral separations and much better than with
previously reported analogous SCX-type silica monolith
capillary columns carrying a corresponding aminophos-
phonic acid SO moiety [33]. The analysis of the perform-
ance in terms of kinetic plots (van Deemter plots) (Figs.
3c and d) provides more information since it can be seen
that in the investigated flow range the efficiency gain in
CEC is mainly due to a greatly reduced A-term contribu-
tion to peak dispersion (about factor of 3). Since the cov-
ered flow range is not wide enough, it is not possible to
derive any safe conclusions regarding the C-term contri-
butions. It appears, however, that both in CEC and CLC a
comparably efficient mass-transfer characteristics is pro-
prietary to the present enantioselective SCX capillary col-
umn. From the initial slope of the C-term branch it
becomes evident that in CEC also the C-term is slightly
smaller, in particular for mefloquine, which is quite typi-
cal for CEC separations.

Representative chromatograms of CEC and CLC separa-
tions of the three test solutes monitored at the same lin-
ear bulk mobile phase flow velocities are given in Fig. 4.
The improvement in terms of efficiencies of the CEC sep-
arations as compared to CLC conditions is striking. It is
also quite eye-catching that the CEC separations are
faster despite identical linear flow velocities. Not surpris-
ingly this may be simply ascribed to the superimposed
codirectional electrophoretic migration contribution. At
first glance, it seems that this electrophoretic mobility
increment is more significant for pronethalol than for
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the other two test solutes. To get an idea about the indi-
vidual contributions of the various processes to be con-
sidered in CEC to the overall separation on a quantitative
basis, we work out in the following the individual incre-
ments of electrokinetic and chromatographic processes.

4.2 Effect of electric field strength

The present monolithic silica exhibits a bimodal pore
structure with a macropore diameter of ~2 pm and an
average mesopore diameter of ~16 nm (which will be
slightly reduced after surface modification) [33]. Hence,
the occurrence of electrokinetic effects of the second
kind caused by EDL overlap inside the mesopores is con-
ceivable at low electrolyte concentrations [28]. This effect
may be of significance at electrolyte concentrations sig-
nificantly lower than 10 mM. For example, at an ionic
strength of 25 mmol/L in an electrolyte system with a
dielectric constant of about 35 which is similar to that of
the BGE used herein, the Debye length x~' is around
1 nm and the value k.., which denotes intense double
layer overlaps if it approximates values around 1, is ~8,
i.e., double layer overlap is therefore largely absent. In
comparison, for the BGE with 5 mM ionic strength the
Debye length x~! is around 3 nm and the value Ktpore
adopts a value of less than 3, which means that EDL over-
lap may become an issue. At this point it is noted that the
cited work by Tallarek and coworkers [28] has employed
aqueous eluents for which at the same ionic strength a
slightly larger double layer thickness is obtained due to a
higher dielectric constant (e.g., around 2 and 4 nm at 25
and 5 mM). A more intense double layer overlap may
result under such conditions.
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Figure 4. (Electro)chromatograms of the enantioselective
separations of (a) mefloquine, (b) mefloquine-O-tert-butyl-
carbamate, and (c) pronethalol by CEC (upper traces) and
CLC (lower traces). Experimental conditions: mobile phase,
ACN/MeOH (80:20 v/v) containing 256 mM FA and 12.56 mM
AB. Electrokinetic injection at 10 kV for 10 s, capillary tem-
perature, 20°C, UV detection at 216 nm. Linear flow rates:
CEC, 1.00 mm/s (580 V/cm, 20 kV) and CLC, 0.94 mm/s
(12 bar).

In order to examine whether electrokinetic phenom-
ena of the second kind are really of relevance under the
conditions that we employ for stereoselective ion-
exchange CEC experiments, the behavior of the EOF has
been investigated in dependence of the applied electric
field strength at three different concentrations of the
electrolytes. IfEDL overlap and CP are of any significance,
a nonlinear increase in v., with electric field strength
would be expected due to additionally induced EOF of
second kind as outlined by Nischang and Tallarek [25]. As
can be seen from Fig. 5, however, this is not the case
because the EOF velocity changed linearly upon variation
of the electric field strength from ~120 to 720 V/cm (4-
24 kV applied voltage) even when counterionic strength
was decreased from 25 mM over 12.5 to 5 mM AB.

It was reported by Nischang et al. [49] that in ion-
exchange CEC on particulate stationary phase with nar-
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Figure 5. Influence of the applied electric field strength on
the velocity of the EOF, ve,, at varying eluent ionic strength.
Experimental conditions: mobile phase, ACN/MeOH (80:20
v/v) containing FA and AB at an acid-to-base ratio of 2:1 with
5mM (x), 12.5 mM (+), and 25 mM (o) AB. Electrokinetic
injection at 10 kV for 10 s, capillary temperature, 20°C, UV
detection at 216 nm.

row 8 nm-sized mesopores and a very high surface
charge density (probably much higher than in the
present work) ion-permselectivity could be discerned
even with 40 mM ionic strength. As a consequence, reten-
tion factors of counterionic solutes strongly depended
on the applied electric field strength under conditions at
which CP was significant. The gradients in bulk electro-
lyte concentrations around a charge-selective particle
that are formed due to EDL overlap and electric field-
induced CP are a function of the applied electric field
strength. Thus, when the field strength was increased,
the counterionic solutes were more strongly retained, i.e.
k-values increased with ¢. In Fig. 6, the results regarding
retention factors obtained in the present study for the
enantioseparation of the three solutes by CEC in depend-
ence on the applied electric field strength are depicted. It
is striking that the observed electrochromatographic
retention factors kcc were widely constant over the
tested voltage range (Fig. 6a) even at a counterion concen-
tration as low as 5 mmol/L AB (Fig. 6b). These trends con-
firm the absence of CP effects under the presently investi-
gated ionic strength conditions.

It can therefore be concluded that no significant non-
linear electrokinetic effects occur under the herein uti-
lized experimental conditions and that EDL overlap
within intraskeletal pores which would cause ion-perm-
selectivity resulting in CP and charge gradients is largely
negligible.

4.3 Deconvolution of electrokinetic and
chromatographic contributions

Since it was confirmed that at the presently employed
high ionic strength conditions (e.g., electrolyte systems
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Figure 6. Dependence of the retention factors in CEC, kcec,
(calculated by the chromatographic formalism, k = (s — f)/t)
on the applied electric field strength at (a) constant and (b)
varying ionic strength of the counterion. Markers: mefloquine
(#), mefloquine-O-tert-butylcarbamate (A), and pronethalol
(m). Closed symbols in (a) represent the first eluted enan-
tiomer, open symbols the second eluted enantiomer. Experi-
mental conditions: mobile phase, ACN/MeOH (80:20 v/v)
containing FA and AB at an acid-to-base ratio of 2:1 with (a)
12.5mM AB and (b) 5 mM (white triangles), 12.5 mM (black
triangles), and 25 mM AB (gray triangles). Other conditions:
same as in Fig. 3.

composed of 12.5 mM AB and 25 mM FA) CP and electro-
kinetic phenomena of the second kind were largely
absent, Egs. (1) and (2) should largely be obeyed and be
applicable as a rough approximation to model migration
in the present cation-exchange CEC system. In that case
there should be a reasonable agreement between CEC
mobilities calculated from the individual contributions
Ueo» Hep.ets and kerc with experimentally determined ones.
The data for the three test solutes obtained with one BGE
at distinct electrical field strengths are summarized in
Table 1.

Mefloquine and mefloquine-O-tert-butylcarbamate have
under given conditions a comparably low effective elec-
trophoretic mobility of about 7.6 and 7.2 x 10 cm?-
V.51, respectively. In contrast, the mobility of prone-
thalol is indeed higher (by a factor of about 3) (22.4 x 10~°
cm?+ V™' - s ") asalready argued from the electrochroma-
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togram of Fig. 4c. While the EOF contribution is of course
the same for all three test solutes (u}, =26.7x107
cm? - V™1 s71), the retention factors of the three solutes
differ significantly. The retention factor in CLC for the
firsteluted enantiomer of mefloquine (kcic; = 2.5) is signif
icantly higher than that of its O-tert-butylcarbamate
(kcici=1.5). On contrary, kcci of pronethalol is lying in-
between (kcici = 1.9). These values readily explain the rela-
tive migration times and mobilities, respectively,
observed in CEC. For example, lcc; as calculated from the
individual contributions by Eq. (2) are 9.9, 13.8, and
17.2x107° cm? - V™! - 57! for mefloquine, its t-butylcarba-
mate, and pronethalol, respectively. The corresponding
mobilities for the second eluted enantiomers are calcu-
latedtobe 8.5,11.8,and 15.5 x 10°cm? - V! - s7! for meflo-
quine, its tert-butylcarbamate, and pronethalol, respec-
tively. This means, for example, that the CEC mobilities of
mefloquine are, despite a slightly higher electrophoretic
mobility, much lower than that of its corresponding O-
tert-butylcarbamate due to higher retention factors. On
the other hand, the faster separation of pronethalol com-
pared to mefloquine-O-tert-butylcarbamate can be easily
explained by enhanced effective electrophoretic mobili-
ties. Most importantly, the calculated values (Legcy 5 carc)
agree reasonably well with the experimentally measured
mobility values (u¢pc ,) (see Table 1).In any case, the devia-
tion between calculated and experimental values was
always less than 2.9%. Such an agreement is good enough
for a rough approximation of chromatographic and elec-
trokinetic increments and its use for rationalizing their
contribution to the overall CEC separation, and is again a
strong indication for the absence of significant nonlinear
electrokinetic effects under given experimental condi-
tions. However, care must be taken upon transmission of
the model to other conditions in particular eluents with
low ionic strength and stationary phases with higher sur-
face charge density as well as smaller pore sizes.

To elucidate under which conditions, i.e., for which
ionic strength range the framework of Eq. (2) is valid and
practically applicable, the same model has been used to
model migration in CEC as a function of the ionic
strength. Thus, the concentration of the AB counterion
was varied from 10 to 25 mM at a constant acid-to-base
ratio of 2:1 and the p,, Heperr, and keicr2 as well as pigey 5
were determined.

The results for p, teper and ke as functions of the
ionic strength are summarized in Table 2 along with the
corresponding calculated and experimental CEC mobi-
lity data. Again there is a reasonable agreement between
calculated and experimental pig-. values within the
experimental error in the ionic strength range of about
10 mM and higher. The typical average error is 5% or less
(note: corresponding calculations with apparent p., and
Ucec not considering the tortuosity of the flow channels
gave always much larger errors, typically 10-30%). The
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Table 1. Deconvolution of electrokinetic and chromatographic contributions to the separation of three test solutes by enantiose-
lective cation-exchange CEC on a monolithic silica CSP in dependence on the applied electric field strength®

Analyte Field Hep.ert™ peo™ keier®? keiea®? Hepe: ™ Mercrcae™ " Hene™? Hercz carc™
strength
(V/cm) (x10°cm?-s™ -V} (x10°cm?*:s -V}
Mefloquine 120-720° 7.55+0.08 26.7+0.9 246 £0.03 3.02+0.04 9.65+037 9.88+0.25 8.22+0.28 8.51+0.22
Mefloquine-O-tert-butyl- 120-720" 7.22:045 266=1.0 1.45+0.02 1.89:x0.02 14.2=+0.71 13.8+0.24 11.8+0.15 11.6+0.57
carbamate
Pronethalol 120-720 22.4:0.55 269:0.7 196+0.02 228+002 176+039 172:044 158+0.30 15.5=x0.28

a)

)
)

e)

h)

Experimental conditions: mobile phase, ACN/MeOH (80:20 v/v) containing 25 mM FA and 12.5 mM AB; electrokinetic injec-
tion at 10 kV/[10 s; capillary temperature, 20°C; UV detection at 216 nm. Subscripts 1 and 2 indicate first and second eluted
enantiomer.

Experiments carried out at six different field strengths between 120 and 720 V/cm. Given mobilities correspond to the stat-
istical mean of these six experiments =+ SD.

Effective electrophoretic mobilities of the solutes in achiral CE under identical experimental conditions.

Actual mobility of the EOF under CEC conditions, calculated by Eq. (3).

Retention factors (mean = SD, n=3) obtained in CLC under identical experimental conditions at a pressure of 12 bar
(Upress= 0.94 mm]s).

k= (tR - to)/to

Experimental actual mobilities of the enantiomers under CEC conditions calculated according to Eq. (5).

Theoretical actual mobilities calculated from p,, pep.esr» and keic according to Eq. (2).

Table 2. Deconvolution of electrokinetic and chromatographic contributions to the separation of three test solutes by enantiose-
lective cation-exchange CEC on a monolithic silica CSP in dependence on the ionic strength?

Analyte AB counter- iep.en” Hoo? kac? kac? Heper ""Z’ECI.(‘alcﬂ Heper” uEECZ.(‘alcn
ion concen-
tration (mM) (x 10 °cm? s~ - V™) (x10°cm?-s7 -V
Mefloquine 10 7.5 26.6 3.29 4.07 8.2 8.0 6.9 6.7
15 5.9 243 1.85 2.27 10.7 10.6 9.3 9.2
20 5.1 22.5 1.28 1.55 12.0 121 10.7 10.8
25 4.3 20.4 0.93 1.09 12.5 12.8 11.4 11.8
Mefloquine-O-tert-butyl- 10 7.2 26.9 1.87 2.43 12.7 11.9 10.5 9.9
carbamate 15 6.3 24.3 113 1.48 14.5 14.3 12.3 12.3
20 5.8 22.6 0.82 1.06 15.8 15.6 13.6 13.8
25 5.3 21.0 0.61 0.77 16.4 16.3 14.4 14.8
Pronethalol 10 20.5 26.7 241 2.80 15.7 13.8 14.0 12.4
15 18.3 23.9 1.45 1.68 18.5 17.2 17.0 15.7
20 16.9 21.4 1.04 1.19 20.5 18.8 18.6 17.5
25 154 19.9 0.78 0.89 20.6 19.9 19.9 18.7

Experimental conditions: mobile phase, ACN/MeOH (80:20 v/v) containing FA and AB in variable concentrations at a fixed
molar ratio of 2:1; applied voltage, 8 kV; electrokinetic injection at 10 kV/10 s; capillary temperature, 20°C; UV detection at
216 nm. Subscript 1 and 2 indicate first and second eluted enantiomer.

Effective electrophoretic mobilities of the solutes in achiral CE under identical experimental conditions.

Actual mobilities of the EOF under CEC conditions, calculated by Eq. (3).

Retention factors obtained in CLC under identical experimental conditions at a pressure of 12 bar (Hpress= 0.94 mmy/s);
k= (tr — to)[to.

Experimental actual mobilities of the enantiomers under CEC conditions calculated according to Eq. (5).

Theoretical actual mobilities calculated from p, pep.esr» and keic according to Eq. (2).

deviations in dependence on the electrical field strength
at conditions as specified in Table 1 (data from Table 1)
and in dependence on the ionic strength (data from
Table 2) are depicted graphically in Figs. 7a and b, respec-
tively. Figure 7a demonstrates the satisfactory agreement
between modeled and experimental CEC mobility values
(at an ionic strength >10 mM) for all three solutes over

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the entire investigated electrical field range. From Fig. 7b
it can be seen that at ionic concentrations lower than
10 mM there is, in general, a tendency for a systematic
deviation which could be due to increasing importance
of CP and a gain of the relative contributions of nonlin-
ear electrokinetic effects. Hence, under such conditions
the present model should not be applied.
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Figure 7. Comparison of experimental electrochromato-
graphic mobilities pgyc ., obtained in stereoselective CEC
with theoretical values ug . ... of the first eluted enantiomers
of mefloquine (e), mefloquine-O-tert-butylcarbamate (A), and
pronethalol (o) in dependence on (a) the applied electric field
strength and (b) the counterion concentration. Calculated by
Egs. (2) and (5), respectively, on the basis of actual mobili-
ties. Experimental conditions: same as in Tables 1 (a) and 2
(b), respectively.

4.4 Practical implications

Knowledge of the individual contributions to CEC separa-
tions would certainly further the understanding of CEC
separation processes. In view of this, it is worthwhile to
deconvolute the increments as described above. Thereby,
it may be sufficient, to perform solely the CE runs under
identical conditions in addition to the CEC experiments,
which minimizes the experimental workload and gives
access to chromatographic retention factors even if for
any reason no suitable CLC equipment is available. The
chromatographic retention factors can then be straight-
forwardly obtained from the CEC and CE runs by rewrit-
ing Eq. (2) as follows

M:o + uep,eff

-1 (11)
[Ue:le

keic =

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrodriven Separation 3073

The knowledge of the individual migration contribu-
tions may also be valuable for the design of an adequate
pressure-assisted CEC separation [50].

4.4.1 Advancement of the understanding of the
separation mechanism in the course of
mobile phase optimization

CEC separations are typically optimized by univariate
strategies, varying one parameter while keeping the
others constant and making phenomenological interpre-
tations how to arrive at optimal conditions. The problem
in CEC is that the complexity of the separation is not
deconvoluted and the separation behavior in depend-
ence on experimental variables thus becomes hardly pre-
dictable. Application of the above methodology in the
course of optimization of enantiomer separations on cur-
rent stereoselective ion-exchange CEC system, in con-
trast, would help to make optimization procedures in
CEC more rational.

Herein, we adopted the methodology to have a closer
look into the origin of nonlinearities of plots of log k ver-
sus log counterion concentration in CEC for some of the
tested compounds (e.g., pronethalol) while others
adhered to linearity as predicted by the stoichiometric
displacement model (Eq. 10) for ion-exchange chroma-
tography systems (e.g., mefloquine and its tert-butylcarba-
mate) (Fig. 8a).

The ionic strength of the BGE is a key parameter in ion-
exchange CEC as it exerts strong influence on all individ-
ual separation processes, i.e., EOF, electrophoretic migra-
tion of the solutes and ion-exchange processes as well.
Figure 8b illustrates how the migration contributions
develop as a function of the counterion concentration.
According to the von Smoluchowsky equation, ve,
depends proportionally on the {-potential which in anal-
ogy to the Debye-Hiickel theory [51] is a function of the
EDL thickness § and thus depends inversely proportional
on the square root of the electrolyte concentration (Eq.
7). Indeed, the mobility and thus the linear velocity of
the EOF v in CEC decreased linearly with the square
root of the ionic strength as theory predicts (Eq. 8) (Fig.
8b). While the flow in CEC is reduced with increase in
electrolyte concentrations, this is of course not the case
in CLC where the linear flow w,.s Temains constant
because the influential factors, i.e., applied pressure
(here 4 bar), column permeability and length, and viscos-
ity of the eluent do not change significantly with ionic
strength (Fig. 8b). Figure 8b also shows that already an
applied pressure of 4 bar allows to achieve a linear flow
velocity comparable to the EOF that can be afforded at a
high ionic strength (25 mM). Hence overall, with pres-
sure driven flow a much faster separation may be accom-
plished even when the CE instrument with the external
pressurization system is used as an HPLC system.
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Figure 8. Effect of counterion concentration (AB concentra-
tion) on (a) CEC retention factors kcec, (b) EOF velocity in
CEC, ve, (0pen squares), linear flow velocities in CLC, vyress
(open circles) (both left ordinate) as well as CE migration
velocities vep e Of mefloquine (), its +-butylcarbamate (A) and
pronethalol (w) (right ordinate), and (c) on chromatographic
retention factors kg c. Closed symbols in (a) and (c) stand for
the first eluted enantiomer, open symbols for the second
eluted enantiomer. Experimental conditions: mobile phase,
ACN/MeOH (80:20 v/v) containing FA and AB at an acid-to-
base ratio of 2:1. Electrokinetic injection at 10 kV for 10 s,
capillary temperature, 20°C, UV detection at 216 nm. Applied
electric field strength (CEC and CE), 240 V/cm (8 kV) and
applied pressure (CLC), 4 bar.

Effective electrophoretic mobilities, on the other hand,
are strongly affected by the ionic strength as well and, in
accordance with the theory of ion conductance in solu-
tion based on the Debye-Hiickel -Onsager limiting law
[45], dropped linearly with the square root of the ionic
strength of the eluent (Fig. 8b). Mefloquine-O-tert-butylcar-
bamate, which has a lower mobility at infinite dilution
and at low ionic strength conditions than the congeneric
mefloquine, is less susceptible to the ionic strength effect
as can be seen from a smaller Onsager slope. As a result, at
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Figure 9. Retention factors k vs. counterion concentration.
Experimental k values of CEC runs (kcecexp) indicated by
markers, kcec values as calculated by the individual incre-
ments marked by dotted lines (kceccac), and experimental
chromatographic k values (kc.c) denoted by solid line. Exper-
imental conditions: see Fig. 8.

high electrolyte concentrations it reaches higher electro-
phoretic mobilities than mefloquine.

The dependence of the chromatographic retention fac-
tors on mobile phase ionic strength is depicted in Fig. 8c.
Typical behavior for ion-exchange systems is observed for
all tested solutes with a linear drop of log k with log
counterion concentration. The overall consequence is
that the CEC separation process becomes faster at higher
ionic strength conditions despite reduced EOF velocities
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(c)

Figure 10. CEC separations of (a)

mefloquine, (b) mefloquine-O-tert-

butylcarbamate, and (c) pronetha-
lol on a nonoptimized prototype of
the SCX-type monolith column of

Fig. 1. Experimental conditions

(identical to those of Fig. 4):

mobile phase, ACN/MeOH (80:20

v/v) containing 25 mM FA and

12.5 mM AB. Applied voltage:

j 20 kV (filed strength 580 V/cm).
Electrokinetic injection at 10 kV
for 10 s, capillary temperature,
20°C, UV detection at 216 nm.

EOF

and decelerated electrophoretic solute migration
because the ion-exchange process is dominating and its
reduced actual ion-exchange capacity at elevated ion con-
centrations more than compensates for the weakened
mobility contributions.

Figure 9 illustrates the dependence of experimental k
values from CEC runs (kcgc exp), Of kcrc values as calculated
from individual increments (kcgccac), and experimental
chromatographic k values (kcic) on counterion concentra-
tion. From this representation of the data, the relative
importance of electrophoretic migration to the CEC sep-
aration of the three model compounds, which appears to
be different for the three test solutes, becomes readily
visible. In case of mefloquine, the relative influence of
electrophoretic migration is comparably low with an
almost constant contribution over the investigated elec-
trolyte concentration range which slightly reduces the
kcec values as compared to ke c. Hence, due to dominance
of the ion-exchange process, it is no surprise that the
ionic strength dependence in CEC resembles that of CLC.
The relative importance of electrophoretic migration is
only marginally larger for mefloquine-O-tert-butylcarba-
mate, mainly because this derivative shows a reduced
retention factor as compared to the parent mefloquine.
A slight gain of the relative influence of the electropho-
retic migration contribution at elevated ionic strength
conditions is noticed, again because of the greatly
reduced retention factors at such conditions. For prone-
thalol the situation changes; the electrophoretic mobi-
lity makes a significant contribution to kcgc values and at
high ionic strength conditions it becomes more dominat-
ing. In other words, the separation process turns to a
more electrophoretically driven separation rather than a
chromatographically driven one which is also reflected
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by the nonlinearities of the log kcgc versus log counterion
concentration plots.

In any case, the kcrc values could be correctly predicted
from the individual increments (kcic, B3, Heperr) s evident
in Fig. 9 from overlap of the experimental kcic values
(denoted by markers) with the calculated ones which are
indicated by the dotted lines. In conclusion, the nonli-
nearities for pronethalol can be readily explained on the
basis of the individual migration contributions and are
not a result of secondary effects such as altered retention
factors or EOF of the second kind originating from the
influence of electric field.

4.4.2 Column development

The deciphering of the individual separation increments
was also very valuable in the course of the development
of the given SCX monolith columns and the optimiza-
tion of the surface chemistry, in particular of the SO cov-
erage. The separations of the test solutes (Fig. 2) obtained
by a prototype SCX monolith that was prepared by a non-
optimized synthetic protocol are shown in Fig. 10. It is
clearly evident that this first column fabrication attempt
did not afford the optimal column both in terms of
enantioselectivities and efficiencies. Comparing these
separations with the ones on the optimized column of
Fig. 4, it is eye-catching that the retentions are much
lower. At the beginning of the study, with only the CEC
runs in hand, it was, however, uncertain whether the
low retention times in CEC were a result of low chroma-
tographic retention factors or high electrophoretic mobi-
lities. The determination of the individual increments
has rapidly shed light on this issue.

The EOF (actual electroosmotic mobility p7 ) was rela-
tively weak reaching a value of about 8.91 x 10°cm?*

www.jss-journal.com
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Table 3. Determination of chromatographic enantioselectivity values from CEC and CE experiments®

Analyte Field strength kg9 Kerc cate™ @ ke Kerca,cat™ @ acrc®? UELC‘Calcb’ &8
(Vlcm)

Mefloquine 120- 720" 2.46 +0.03 2.55+0.05 3.02 £ 0.04 3.10+0.08 1.23 £0.00 1.22+£0.01

Mefloquine-O-tert-butyl- 120- 720" 1.45+0.02 1.39+0.08 1.89 +0.02 1.81+0.13 1.31+£0.01 1.32+£0.02

carbamate

Pronethalol 120- 720" 1.96 = 0.02 1.89 £ 0.05 2.28 +0.02 2.22 +0.01 1.16 £ 0.00 1.17+£0.01

a)

Experimental conditions: mobile phase, ACN/MeOH (80:20 v/v) containing 25 mM FA and 12.5 mM AB; electrokinetic injec-
tion at 10 kV/[10 s; capillary temperature, 20°C; UV detection at 216 nm. Subscripts 1 and 2 indicate first and second eluted

enantiomer.

Theoretical kqc and ocic values are given as statistical mean (+SD) of six values derived from CE and CEC experiments which

were carried out at six different field strengths between 120 and 720 V/cm.
9 Retention factors (mean = SD, n=3) obtained in CLC under identical experimental conditions at a pressure of 12 bar

(Vpress= 0.94 mm/s).

9o =kyfky.

0 As calculated from experimental kcic values (mean + SD, n = 3).

8 As calculated from theoretical kcic cac Values.

V'-s! only. Since the BGE and other conditions were
identical as in Table 1, the effective electrophoretic mobi-
lities were the same as specified in Table 1 (7.55, 7.22,
and 22.4x10°cm?-V~'-s! for mefloquine, its tert-
butylcarbamate and pronethalol, respectively). The chro-
matographic retention factors as calculated by Eq. (11)
were thus 1.05 and 1.27 (for mefloquine), 0.60 and 0.75
(for mefloquine-O-tert-butylcarbamate), and 0.80 and 0.90
(for pronethalol) for first and second eluted enantiomers,
respectively. Comparison of these retention factors to
those obtained on the optimized column (see Table 1)
shows that they are about 50% lower than the k¢ c values
on the optimized column.

Hence, it became obvious that the main culprit for the
worse separations with the nonoptimized prototype col-
umn was a low SO coverage. The low EOF strength lends
additional support to this conclusion. The lower enantio-
selectivities may be the result of excessive nonenantiose-
lective adsorption sites that were not covered with SO
and negatively contributed to the overall separation that
originates from the enantioselective sites at the SCX SO.
The conclusion of these findings have paved the way for
a dedicated optimization of the SO coverage [34] which
finally yielded the optimal column described above with
its remarkable enantioselectivities and efficiencies.

4.4.3 Screening of new CSPs

In our laboratory, we employ CEC as a miniaturized sep-
aration technology to test and evaluate new SOs and
CSPs to be finally used for conventional HPLC enan-
tiomer separation. Thereby, we used the above-described
methodology for the determination of chromatographic
retention factors and enantioselectivities from CEC
experiments making use of Eq. (11). The basis for the val-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Theoretical values calculated by Eq. (11) from corresponding actual mobilities u} , u¢pc, and peperr, as given in Table 1.

idity and thus applicability of this procedure is that sec-
ondary effects which may alter chromatographic enan-
tiorecognition are absent in the CEC runs (which was
proven to be the case for the above specified range of
experimental conditions). Moreover, it would not make
much sense if there is not an agreement between o values
calculated from the k values by means of Eq. (11) and
experimentally determined chromatographic o values.
This agreement is demonstrated in Table 3.

By calculation of the retention factors kcic caic from CEC
and CE runs using P, Wége» and peperr given in Table 1
according to Eq. (11), corresponding chromatographic
enantioselectivities ag; . 0f 1.22, 1.32, and 1.17 could
be determined for mefloquine, mefloquine-O-tert-butyl-
carbamate, and pronethalol, respectively. The corre-
sponding experimental a values from independent CLC
experiments under comparable conditions of 1.23, 1.31,
and 1.16 were a close match to the predictions from the
individual increments, confirming the validity of the
approach. The methodology is even applicable if the sol-
utes elute before the EOF marker. Due to the reasonable
agreement of dciccacderived from CEC experiments (with
known electrophoretic mobility under the same BGE
conditions) and experimental o, this methodology pro-
vides the basis for the estimation of chromatographic
enantioselectivities in an extended microscale screening
of'novel chiral SOs by CEC.

5 Concluding remarks

In the present paper, we studied the behavior of a mono-
lithic silica-based CSP functionalized with a SCX, trans-
(18S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)aminocyclo-

hexanesulfonic acid, under electrically driven CEC and

www.jss-journal.com
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pressure-driven CLC conditions for the enantioselective
separation of basic test solutes. Upon variation of the
applied electric field strength (in the range of 120-
720 V/cm) and the pressure (2-12 bar), respectively, as
well as the ionic strength in the mobile phase (concentra-
tion of the amine counterion between 5 and 25 mM,
always at two-fold acid coion concentration), the contri-
butions of electrokinetic and chromatographic processes
were investigated. As under the herein tested experimen-
tal conditions the observed EOF changed straight propor-
tionally with the electric field strength and retention fac-
tors of the counterionic solutes were independent of the
electric field strength it could be concluded that nonlin-
ear electrokinetic effects are negligible. The latter would
arise in case of significant EDL overlap inside the meso-
pores of the monolithic material which leads to CP phe-
nomena when a high voltage drop is applied to the capil-
lary column due to the formation of charge-selective, i.e.,
ion-permselective regions in the stationary phase. Such
an electrokinetic phenomenon would affect not only the
EOF but to a certain extent also the CEC retention factors
of charged solutes. This opened up the possibility to
model CEC migrations by a straightforward framework
which is based on the simple combination of individual
migration contributions (kgc, Wi, Heper). Reasonable
agreement between CEC mobilities calculated from the
individual increments and experimentally determined
ones could be found with typical deviations of less than
5%. The deconvolution of the CEC separation contribu-
tions and determination of individual CEC migration/
retention increments, respectively, has the power to
shed light onto the complex dependencies in the course
of the optimization of CEC separations. Moreover, it pro-
vides a framework building the basis for the promising
approach of using CEC as a microscale tool in the screen-
ing of novel chromatographic chiral SOs and CSPs ena-
bling a first assessment of their chromatographic
enantioselectivities with only little material require-
ments.
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Abstract

A recently reported chiral strong cation exchanger (cSCX) type stationary phase was
investigated for the LC separation of a series of Cinchona alkaloids and synthetic
derivatives thereof to test its usefulness as alternative methodology for the separation of
those important pharmaceuticals. The cSCX column packing material was qualitatively
compared on the one hand against a commercially available nonenantioselective SCX-
material, PolySULFOETHYL-A, and on the other hand against a modern C18 reversed-
phase stationary phase which is commonly employed for Cinchona alkaloid analysis. Both
SCX columns showed no pronounced peak tailing phenomena which typically hamper

their RP analysis and require specific optimization. Thus, the cSCX-based assay provided



new feasibilities for the separation of the Cinchona alkaloids in polar organic mode as
opposed to conventional reversed-phase methodologies. In particular, a method for the
simultaneous determination of eight Cinchona alkaloids (quinine, quinidine, cinchonine,
cinchonidine, and their corresponding dihydro analogs) using the cSCX column in HPLC
has been developed and exemplarily applied to impurity profiling of a commercial alkaloid
sample. Furthermore, both SCX materials allowed successful separation of C9-epi and
10,11-didehydro derivatives from their respective educts in an application in synthetic

Cinchona alkaloid chemistry.

Keywords

Column liquid chromatography, Cinchona alkaloid, Reversed-phase, cation exchanger,

packing materials, quinine, quinidine, cinchonine, cinchonidine, epiquinine, epiquinidine.

1 Introduction

Cinchona alkaloid bases and their derivatives play a variety of important roles ranging
from use as pharmaceuticals like quinine and quinidine to serving as functional molecules
in chemical technology as co-catalysts,™ organocatalysts,’>* and selectors (SOs) of chiral
stationary phases (CSPs).™ ® Hence, robust and simple chromatographic methodology for
the purpose of their quantitative analysis, identification, purity control, and reaction
monitoring of the preparations of latter Cinchona alkaloid derivatives as well as their
preparative chromatographic purification is crucial. The use of reversed-phase (RP) liquid
chromatographic assays for the determination of quinine and quinidine are not only
recommended by pharmaceutical guidelines but are also generally reported as the prime

technique for Cinchona alkaloid analysis in the literature,™® also for synthetic
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derivatives.' RP analysis of these strongly basic compounds potentially bears, however,
the risk for severe peak tailing and excessive band broadening due to secondary cation
exchange (CX)-type interactions with residual acidic silanol groups of unmodified patches
on the silica-support surface which always remain as isles between the patches of lipid
layer originating from derivatized silanols with alkyl strands. These interactions are
superimposed upon the primarily intended hydrophobic interaction-related partitioning
processes in RP analysis. Significant efforts have been made to reduce this phenomenon
for basic species in general, both by mobile phase strategies *** employing analysis at
alkaline pH, the use of ion-pairing systems or amine-type additives, and by optimizing the
surface chemistry to minimize the number of residual silanol groups, i.e. by end-capping
concepts. Alternative interaction/separation principles like mixed-mode stationary phases
as well as non-silica based solid supports have also been applied."™” In the attempt to
overcome this severe limitation of RP-materials, we elucidated the potential of a chiral
SCX stationary phase fort the analysis of Cinchona alkaloid mixtures as alternative column
packing material.

The sulfonic acid-based SCX-type CSP (cSCX) (Figure 1) was developed as a favourable
representative of a series of CSPs based on low molecular mass chiral carboxylate-,
phosphonate-, and sulfonate-containing SOs for the enantiomer separation of chiral basic
compounds mainly driven by a cation-exchange process.'® These packing materials were
typically operated in mild, often MS-compatible polar organic eluents using isocratic
elution and turned out to be very useful also for challenging non-enantioselective analytical
separation problems of basic compounds. The investigated analyte set comprises the four
major natural Cinchona alkaloids (quinine, quinidine, cinchonine, cinchonidine) as well as
their dihydro derivatives, and in addition, four synthetic derivatives viz. C9-epi and 10,11-
didehydro derivatives that are typically prepared directly from the natural congeners 924

(Scheme 1). These relevant natural and synthetic Cinchona species show only minor



structural or stereochemical differences and thus require stationary phases that not only
provide appropriate peak performance but also high selectivity. Quinine and quindine as
well as their corresponding derivatives are diastereomers (identical configurations in
position 1,3,4 but opposite configurations at carbon 8 and 9). The same is valid for the
cinchonine and cinchonidine series which lack the methoxy substituent of the quinoline
ring. Thus, they can be separated by RP-HPLC. However, we believe that a chiral
stationary phase such as the cSCX might be an interesting alternative for this application.
To document this the performance of the cSCX column was compared with commercially
available RP- and SCX packing materials. The latter was a PolySulfoethyl A which is
based on poly(2-sulfoethylaspartamide) and has, in sharp contrast to the cSCX, non-
enantioselective character owing to the racemic nature of the ligand. Furthermore, the
applicability of the cSCX stationary phase was assessed for the separation of natural and
synthetic alkaloid mixtures and for determination of low abundant impurities in

commercial alkaloid samples.

<Figure 1: chemical structure of the cSCX stationary phase>

<Scheme 1: overview of the Cinchona alkaloids and derivatives>

2 Experimental

2.1 Materials
All stationary phases investigated herein were based on silica of 5 um particle size. A

Zorbax Eclipse XDB-C18 column was purchased from Agilent Technologies (Waldbronn,
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Germany), was of 150 x 4.6 mm 1.D. dimensions and based on silica with pore size of 80
A. Racemic strong cation exchanger PolySulfoethyl-A (PSE-A) was obtained from PolyLC
Inc. (Columbia, MD, USA), was of 150 x 4.6 mm |.D. dimensions and based on silica with
pore size of 300 A. The ¢cSCX column (Figure 1) was prepared in house according to a
published procedure®® and had a loading of 229 pmol SO per gram CSP as was calculated
from the nitrogen content of the modified silica (120 A pore size) obtained by elemental
analysis. It was slurry-packed into a stainless-steel column of the dimension 150 x 4 mm
I.D. at VDS Optilab (Berlin, Germany). MeOH and acetonitrile (ACN) as organic solvents
for HPLC were of HPLC-grade from Merck (Darmstadt, Germany) while water was
purified by double distillation. Mobile phase additives acetic acid (HOAc), formic acid
(FA), triflouroacetic acid (TFA), diethylamine (DEA), diemethylamine (DMA),
triethylamine (TEA), tris(2-hydroxyethyl)amine, 2-amino-1-butanol, and ammonium
acetate (NH;OAc) were of analytical grade (Sigma-Aldrich). Commercially available
Cinchona alkaloids quinine, quinidine, and 10,11-Dihydroquinine were from Buchler
(Braunschweig, Germany) while 10,11-Dihydroquinidine, Cinchonine, and Cinchonidine
were from Sigma-Aldrich (Vienna, Austria). 10,11-Dihydro analogues of Cinchonine and
Cinchonidine were specified impurities of some of the before listed commercial alkaloids.
10,11-Didehydroquinine and —quinidine as well as C9-Epiquinine and C9-Epiquinidine

were synthesized according to literature procedures.™® 2!

2.2 HPLC Instrumentation and Chromatography.

Chromatographic measurements were performed on a 1100 Series HPLC system from
Agilent Technologies (Waldbronn, Germany) consisting of a solvent degasser, a pump, an
autosampler, a column thermostat and a multi-wavelength UV-Vis detector for detection at

selected wavelengths between 230 and 280 nm. Data acquisition and analysis was carried

5



out with ChemStation chromatographic data software from Agilent Technologies. For the
data presented herein, all separations were performed in isocratic mode at a mobile phase
flow rate of 1.0 ml/min. The RP column was operated using an ACN-water mixture
containing 0.1% (v/v) FA. For the ion exchanger stationary phases PSE-A and cSCX, polar
organic mobile phases consisting of MeOH and/or ACN and acidic and basic additives
were applied.® 2 The void volumes of the columns were determined by injecting a
solution of acetone in MeOH with detection at 280 nm for the SCX columns and an
aqueous solution of uracil for the RP column. Column temperature was 25° C. Sample
concentrations were typically of 0.5 to 1.0 mg/ml with injection volumes between 1-10 pl

if not otherwise stated.

3 Results and Discussion

3.1 Role of the packing material

Separation and analysis of Cinchona alkaloids has significant importance.l”? Like in
various pharmacopeias, RP-HPLC is commonly employed for this purpose. Unfortunately,
not seldom peaks tend to tail what is seen for other strong bases as well. Such strong peak
tailing may have different origin. First, RP phases like any other bonded silica adsorbent
has a heterogeneous surface with at least two distinct adsorption sites: hydrophobic
interaction sites of the alkyl-ligands characterized by a fast adsorption-desorption Kinetics
and cation exchange sites stemming from residual silanols with usually slow kinetics. The
resultant heterogeneous mass transfer kinetics for basic compounds may be source for
significant peak tailing even under linear conditions i.e. with low sample masses under
non-overload conditions.”®) This problem is hard to be overcome since virtually all

common type-B RP-phases possess residual silanols (usually in relatively low density) and
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therefore are principally susceptible for this effect. Mobile phase conditions that reduce
silanol activity (e.g. addition of 0.1% TFA or FA for suppression of silanol dissociation) or
adequate balance of the cation exchange process (through addition of bases to the eluent)
may, at least partly, help to improve peak shape.

Peak tailing may also result from heterogeneous thermodynamics with overloading of one
type of sites, i.e. the low density sites which are here the residual silanols and cation-
exchange sites, respectively.*”! Such effects were also thoroughly studied experimentally
by McCalley for a set of various bases on several RP-phases.’”® 2! |t was found that peak
shape (plate numbers and symmetry) deteriorated dramatically when the injected sample
mass was increased above 0.5 pg (for a 250 x 0.46 mm ID column). Hence, one must take
care not to overload the column. However, this is usually impossible if low quantities of
impurities (e.g. < 0.1%) must be analyzed in pharmaceuticals such as Cinchona alkaloids
(vide infra). Last but not least, most complex is the situation in which the two sources for
peak tailing combine.!*!

In this paper, we test an alternative separation material namely an ¢cSCX phase for its
potential to overcome the problem of peak tailing. The cSCX itself retains basic solutes by
virtue of a primary ion-exchange mechanism and has surface heterogeneity as well.
However, the SCX sites are present in reasonable quantities (~ 0.76 pmol/m?) and are
supposed to be well accessible on the surface ending up in a reasonably high actual surface
density. Since ion-exchange has exceptional loading capacity, overloading phenomena are
observed only at much larger mass loads as compared to overloading of secondary cation-
exchange sites of RP-materials. Moreover, hydrophobic interactions are effectively
disrupted by the nonaqueous polar organic mobile phase conditions (i.e. with methanolic
eluents) presumably leading eventually to more homogeneous mass transfer.

Furthermore, the cSCX may overcome another limitation. RP phases often reveal a lower

diastereoselectivity (i.e. selectivity between diastereomers which are made up of identical



molecular lipophilicity increments) than chiral stationary phases (note the diastereomeric
relationship of the congeners in left and right hand columns of Scheme 1). The hopefully
enhanced diastereoselectivity of the cSCX could help in the analysis of complex samples
and in purity determinations (which are under quest of overload conditions) as well. To
illustrate the effect we compared the separations of six alkaloids Dh-QN, Dh-QD, QN, QD,
Di-QN, and Di-QD, which differ in stereochemistry, basicity, and hydrophobicity, on
cSCX with a typical RP separation employing a Zorbax Eclipse XDB-C18 column and a
typical eluent (0.1% FA in ACN-water mixture) as well as the non-enantioselective SCX

PSE-A (Fig. 2). The chromatographic parameters are summarized in Table 1.

<Figure 2: chromatographic comparison RP, PSE-A, cSCX>

<Table 1: data of chromatographic comparison RP, PSE-A, cSCX>

Similar elution orders were observed on all three columns regarding the degree of
saturation of the group in 3-position according to the principal lipophilicity (increase from
alkyne over alkene to alkane) and/or basicity of quinuclidine amine of the analytes (pKp
values of 9.9 for the dihydro-, 9.3 for vinyl, and 8.4 for the didehydro species were
calculated using ACD/pKa DB 7.0 software from ACDLabs, Advanced Chemistry
Development, Ontario, Canada). For example, in RP mode the more hydrophobic dihydro
compounds eluted after the alkaloids with the vinyl group i.e. a double bond, thereby
confirming the elution order typically reported for RP separations and the high separation
power of RP for the degree of saturation.l”? Similarly, the stronger basic dihydro species
were retained longer in CX mode. However, a switch in elution order among the pairs of
diastereomers is noticed in the cation-exchange mode as compared to the RP mode (where

the Quinidines eluted before the Quinines which obviously adopt an overall conformation
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with a larger accessible hydrophobic surface area as compared to the diastereomeric
Quinidines).

As speculated, the highest diastereoselectivities of all phases were indeed found for the
cSCX CSP (see Table 1). This effect is certainly related to specific molecular recognition
phenomena and the adequate binding site geometry and functionality of the cSCX for the
Cinchona alkaloids rather than a simple non-specific cation-exchange process because the
non-enantioselective SCX of the PSE-A vyielded the lowest diastereoselectivities of all
tested phases.

The separations obtained with the RP material suffered from pronounced peak tailing
under the given elution conditions in accordance to the theory and reports presented above.
In sharp contrast, both of the tested strong cation exchangers with sulfonic acid ion-
exchange site did not at all experience such strong peak tailing phenomena. Overall best
peak efficiencies were available on cSCX. Most remarkable is, however, that on both SCX
phases peak symmetry is close to perfect of a Gaussian peak shape, at least in comparison
to the RP separation. Obviously, heterogeneous mass transfer kinetics could be
successfully dampened on the SCX phases. Hence, it may be concluded that both cation
exchangers — and in particular the c¢cSCX phase — conceptually represent useful
complementary and alternative separation materials to the conventional RP approach in the

analysis of basic compounds like Cinchona alkaloids.

3.2 Applications

3.2.1 Reaction monitoring of synthetic Cinchona alkaloid derivatives

TLC and flash chromatography using bare silica are typically used for purity control and
purification purposes of synthetic Cinchona derivatives. Appropriate HPLC analysis

methodologies, however, could allow detailed reaction monitoring including



quantification, ideally in conjunction with MS-detection. Already the above presented
column comparison included such an exemplary case with the 10,11-Didehydro derivatives
being important building blocks that are accessible via direct conversion of either QN or
QD.1% 2% | another example for synthetic modifications of Cinchona alkaloids that lead to
minor structural changes only, both SCX packing materials were applied for the analysis of
the C9-epimerization of QN and QD, one more common synthetic modification in
Cinchona alkaloid chemistry that leads to eQN and eQD, respectively.*!!

Again, both cation exchangers provided enough selectivity for baseline separation of the
diastereomers (in the present case of epimers), an important aspect when it comes to purity
determination and identification (Figure 3). Other than before with Di-QN and Di-QD, no
consistent elution behavior between PSE-A and cSCX columns for the epimerization
species were observed although both packing materials are strong cation exchangers with
similar sites for the ion exchange process, i.e. B-amidosulfonic acid scaffolds, and almost
identical mobile phases (12.5 and 25mM NH4OAc in MeOH) have been applied.
Obviously, the strength of interaction between stationary phases and analytes and thus,
retention, seems not only to depend on analyte basicity. Besides the prevailing ion pairing
particular additional specific interactions — H-bonding, n-r-interactions etc. — are likely to

take place that are expected to be different between PSE-A and cSCX stationary phases

due to their overall distinct chemical ligand structures.

<Figure 3: HPLC analysis of epi-derivatives on cSCX and PSE-A>

3.2.2 Quality control of natural Cinchona alkaloids

3.2.2.1 Method development

Despite their extensive use as functional entities in different fields of chemistry the main
applications of Cinchona alkaloids still are for pharmaceutical purposes, supplied by their
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isolation from its natural source, Cinchona bark. Therefore, also the main chromatographic
challenge in this context remains the analysis of the naturally found Cinchona alkaloids.
There are about 35 bases ascribed to this class of natural products but typically the focus is
on the four principal alkaloids (CN, CD, QN, QD) and their dihydro derivatives.[”’ Since
raw products may be accompanied by a variety of other alkaloids (esp. QN/QD by their
corresponding 6’-demethoxy and 10,11-dihydro congeners), assay specificity is usually the
critical factor. Thus, the HPLC method must provide sufficient selectivity to separate the
main alkaloids and the dihydro-derivatives simultaneously in reasonable run time at low
instrument costs. MS is typically not an available tool in routine analysis labs and hence
UV or fluorescence detection are the detection schemes of first choice. Unfortunately, they
impose higher demands on selectivity requirements for the chromatographic separations.
Most published reports in the literature cannot separate simultaneously all four main
alkaloids besides their dihydro-derivatives and in addition run times with common 5 pm-
packed columns are typically excessive in the order of 30-60 min.l”! There was only one
HPLC-UV and HPLC-fluorescence method, respectively, which enabled the separation of
7 of the 8 components mentioned above.!®! However, also this assay required a cycle time
of about 50 min which is too long for nowadays demands of high throughput analyses in
quality control laboratories.

Hence, we optimized the separation of a mixture of the eight major Cinchona alkaloids
using standard conditions (25 °C, 1.0 ml/min) for a 150 x 4 mm size column and isocratic
elution (which would eventually allow recycling and therefore economical use of the
eluent) on the cSCX stationary phase. Mobile phase variables such as type and
concentration of counter-ions (ammonium, dimethylammonium, diethylammonium,
triethylammonium, tris(2-hydroxyethyl)ammonium and 1-hydroxy-2-butylammonium),
type of co-ion (FA, AcOH, TFA), acid-base ratio, type and percentage of polar organic

solvent (methanol, acetonitrile and mixtures thereof) have been thoroughly studied.
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Finally, this chromatographic method development yielded elution conditions (25mM
HOAc and 25 mM DEA in ACN-MeOH 1:1 v/v) that allowed the separation of all eight
major Cinchona alkaloids within reasonable analysis time of 15 min using the cSCX
column. The optimized separation in terms of critical resolution (i.e. maximal resolution
for the critical peak pair) is shown in Figure 4. As can be seen CD and QN constitute the
critical peak pair under the given conditions (Rs it = 1.7). However, if a better resolution is
required for this peak pair, a slight adjustment in the elution conditions may readily furnish
this result (e.g. exchange of diethylammonium by ammonium as counter-ion and
replacement of the MeOH-ACN mixture by methanol), at expense of the resolution for

other peak pairs (usually either Dh-CN and/or Dh-CD with respective neighbouring peaks).

<Figure 4: HPLC separation of eight major alkaloids>

It is also quite clear that, if a mass spectrometer is available as detector, less selectivity
demands are imposed on the chromatographic method because the detection selectivity
compensates for the lack of chemoselectivity of the cSCX and/or of limited peak capacity
under isocratic elution conditions. The herein propagated chromatographic methodology
with the cSCX column has the advantage of optimal MS compatibility regarding elution
conditions as exemplified by Figure 5. The employed polar organic eluent with ammonium
acetate as counter- and co-ion additives is fully volatile and should offer due to its low
surface tension enhanced ionization efficiency for the ESI-interface as compared to highly
aqueous eluents adopted for RP-separation of Cinchona alkaloids.”” The slightly altered
elution conditions compared to the optimized separation in Figure 4 do not significantly
influence the peak performance. The appealing peak shape persists under these conditions.

In contrast, eluents optimized with regards to peak shape in RP-HPLC (employing acid or

12



base additives or triethylammonium phosphate buffer) are less favourable in terms of ESI-

MS sensitivity or are completely incompatible.!

<Figure 5: LC-MS>

3.2.2.2 Validation

In order to assess the applicability of the above HPLC-UV method with the cSCX column
for the simultaneous analysis of the eight component mixture, a preliminary validation was
performed according to the ICH guidelines for pharmaceutical assays comprising
parameters such as assay specificity, linearity, LOQ, LOD as well as intra-assay precision
and accuracy. The results for the calibration, linearity and sensitivity are given in Table 2
and for precision and accuracy in Table 3.

Assay specificity as a prerequisite for obtaining an accurate and reliable method has
already been extensively discussed above. All realistic isomers and structural analogs are
resolved from each other. For the calibration a series of standard solutions of different
concentrations of the respective alkaloids in the mixture were applied to analysis using the
same optimized elution conditions as specified in Figure 4. Linear relationships between
UV absorbance and sample concentration were observed in the ranges given in Table 2, i.e.
about 0.2 pg/mL — 1 mg/mL (CD, QN, QD) and 1 pg/mL — 1 mg/mL (CN, Dh-QN, Dh-
QD). Since no individual standards were available from Dh-CD and Dh-CN, it was not
possible to validate the full linearity range for these two side alkaloids of CD and CN,
respectively. It may, however, be assumed that the linear range is about the same as for the
latter. LOD and LOQ were assessed at a signal-to-noise ratio of S/N = 3:1 and 10:1,
respectively, and the corresponding values can be found in Table 2. LOQs ranged between

0.2 to 1 pg/mL for the distinct alkaloids at an injection volume of 10 pL.
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Intra-assay precision and accuracy were assessed at three distinct levels from quadruplicate
injections of separately prepared quality control standards of alkaloid mixtures. As can be
seen from Table 3, intra-assay precision is excellent in the middle and high concentration
range (< 1% RSD), and still acceptable in the low concentration range (typically < 15% at
LOQ). Also accuracy was found to be adequate at all measured concentration levels
(within £5% from the true value).

Overall it may be concluded that the given assay for simultaneous analysis of Cinchona
alkaloids in pharmaceutical drug substances could be reliably implemented in quality

control protocols.

<Table 2>

<Table 3>

3.2.2.3 Application to Impurity Profiling

A chromatographic method for the simultaneous determination of all major Cinchona
alkaloids represents the basis for analysis and quantification of these compounds in e.g.
plant extracts, pharmaceutical and cosmetics formulations, and commercial bulk
chemicals. In order to test the applicability of the cSCX column and the above described
analytical procedure determination and quantification of the Cinchona alkaloid
composition of a commercially available major Cinchona alkaloid were exemplarily
exercised.

A commercial sample of ~85 % CN was dissolved in methanol at a concentration of 4.9
mg/mL and an aliquot of 10 puL was injected onto the cSCX column employing the
optimized conditions (see Figure 6). It is seen in Figure 6 that the nice peak performance is

maintained even when higher masses of the base are injected in order to be able to detect
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minor amounts of impurities. This is a crucial requirement for impurity profiling when
impurity peaks elute after the main component. It seems that a cation-exchange separation
system such as the present cSCX has some advantages in terms of loading capacity without
loss of peak performance and resolution over RP separation systems.?®]

As specified by the supplier, the sample was found to contain several impurities in the
range of 0.08% to 13.5% (w/w). Besides the expected Dh-CN (13.5%) also minor amounts

of QN (0.08%), QD (0.8%) and Dh-QD (0.2%) were detected in this commercial sample.

<Figure 6: Impurity analysis of CN>

4 Conclusions

A SCX type CSP, initially designed for the enantiomer separation of chiral basic
compounds, has exemplarily been applied to the chromatographic separation of strongly
basic natural Cinchona alkaloids and synthetic derivatives thereof. The chiral SCX packing
material conceptually circumvents the intrinsic drawback of analysis of strongly basic
compounds in RP mode, that is peak tailing and band broadening due to interactions of the
basic analytes with residual acidic silanol groups of the stationary phase, and thus provided
excellent peak efficiencies. In combination with enhanced diastereoselectivities for the
corresponding Cinchona alkaloid diastereomers as opposed to RP-HPLC, this facilitates
the simultaneous determination of eight major Cinchona alkaloids in complex mixtures as
well as in impurity profiling. A good mass loading capacity of the chiral SCX phase
appears to be further helpful together with the better peak symmetries when impurities of

les than 0.1% must be analysed besides a major component and the impurities are eluted
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after the main peak. It was also demonstrated that the method is compatible with ESI-MS
detection thereby reducing the demands on the selectivity of the chromatographic method.
After preliminary validation, the applicability of the method was demonstrated for the
impurity determination of a commercial CN sample.

Supported also by a qualitative comparison with commercially available RP and SCX
packing materials, the chiral SCX stationary phase turned out as a successful alternative to
conventional RP analysis, with complementary separation properties for the HPLC
analysis of basic compounds, and could potentially serve as a material especially for a

secondary independent analytical method.
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Chemical structures of the Cinchona alkaloids and derivatives thereof tested
(Note: compunds in the left and in the right columns are diastereomeric to
each other).
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Figure 1.

Chemical structure of the self-made cSCX stationary phase.
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Figure 2.

Chromatograms of HPLC separations of Quinines and Quinidines
on different stationary phases: a) RP, b) cSCX, c¢) PSE-A. Di-QD
(1), DI-QN (2), QD (3), QN (4), Dh-QD (5), Dh-QN (6). Eluents: 5%
ACN in water, 0.1% FA (RP), 37.5 mM NH,OAc in MeOH (cSCX),
12.5 mM NH,OAc in MeOH (PSE-A). UV detection at 254 nm.



Peak k Symm. N [column-i] Peak Rg a

RP cSCX PSE-A| RP ¢cSCX PSE-A| RP c¢cSCX PSE-A RP cSCX PSE-A |RP ¢cSCX PSE-A
1 |1.15 1.37 0.80 |0.33 0.99 0.53 | 5456 7173 2851
2 135 1.03 0.64 |0.27 0.98 0.62 | 3895 7319 2989 | 1-2 15 33 1.2 |1.17 1.34 1.24
3 |2.82 6.74 3.75 |0.24 0.84 0.80 | 3608 6883 3527
4 |3.71 484 325|029 085 0.76 | 5821 6891 2937 | 3-4 | 35 58 16 |[1.31 1.39 1.15
5 14.65 10.2 552 |0.22 0.80 0.62 | 3199 7133 3640
6 |5.99 7.43 4.96 |0.26 0.82 0.64 | 4236 6976 3570 | 5-6 32 59 14 |1.29 1.37 111
Table 1.

Chromatographic data of HPLC separations of Quinines and Quinidines on
RP, cSCX, and PSE-A type stationary phases. Peak numbering and other
conditions as in Fig. 2.
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Figure 3.

HPLC chromatograms of QN and QD and their C9-epimers on a), b)
cSCX and c) PSE-A. Additional peaks correspond to respective
Dihydro derivatives. Eluents: HOAc & DEA (25 mM each) in
ACN/MeOH 1:1 (v/v) (cSCX), 12.5 mM NH,OAc in MeOH (PSE-A). UV
detection at 254 nm.
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Figure 4.

Chromatogram of the HPLC separation of major Cinchona alkaloids on the
cSCX column. CD (1), QN (2), CN (3), QD (4), Dh-CD (5), Dh-QN (6), Dh-CN
(7), Dh-QD (8). Eluent: HOAc & DEA (25 mM each) in ACN/MeOH 1:1 (v/v).
UV detection at 254 nm.
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Figure 5.

Extracted ion-count LC-MS spectra of the separation of eight Cinchona
alkaloids on the cSCX column. a) m/z 325-236 for QN and QD, b) m/z
295-296 for CD and CN, c¢) m/z 327-328 for DH-QN and DH-QD, and d)
m/z 297-298 for DH-CD and DH-CN. Eluent: 30mM NH,OAc in
ACN/MeOH 25:75 (v/v)
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Figure 6.

HPLC impurity profiing and quantification of a commercially
available sample of CN on the ¢cSCX column. QN (1) 0.08 %, CN
(2) 85.43 %, QD (3) 0.82 %, Dh-CN (4) 13.47 %, Dh-QD (5) 0.2 %
(w/w). Eluent: HOAc & DEA (25 mM each) in ACN/MeOH 1:1 (v/v).
UV detection at 240 nm. Sample conc.: 4.9 mg/mL, inj.vol. 10 uL.



Table 2: Calibration data, linearity and sensitivity

Sample UV-Det.® Conc. Range® Slope Intercept r2 LOD® LOQY
CD 254 0,00019-0,96 5469,4 26,2 0,9988 0,00001 0,00019
QN 254 0,00019-0,94 6669,7 36,0 0,9986 0,00001 0,00019
CN 254 0,00087-0,87 44347 17,8 0,9987 0,00017 0,00087
QD 254 0,00020-0,99 6411,7 37,0 0,9987 0,00001 0,00020

Dh-CD 240 0,00080-0,04 6371,7 -0,8 0,9976  0,00040 0,00080

Dh-QN 254 0,00100-1,01 4775,1 28,0 0,9986 0,00020 0,00100

Dh-CN 240 0,00150-0,15 5640,8 3,8 0,9988 0,00030 0,00150

Dh-QD 254 0,00100-1,00 5419,8 29,0 0,9986 0,00020 0,00100

a) [nm]
b) [g/L]

c¢) according to S:N 3:1

d) according to S:N 10:1



Table 3: Precision and accuracy

Prescision (n=4)

Accuracy

Sample RSD (%) RSD (%) RSD (%) (%)
1:50009) 1:709) 1:509
CD? 10,9499 0,3873 0,1142 99,22
QNa  4,3030 0,3895 0,2463 99,06
CNa  8,0000 0,8392 0,1806 99,19
QDa  7,1908 0,8075 0,1526 98,30
DH-CDP < LOQ 4,5660 2,7029 99,50
DH-QN® 14,4088  0,8072 0,2060 99,26
DH-CNP)  <LOQ 5,5566 0,2904 99,32
DH-QD® 18,1818 1,9470 0,3048 104,66

a) UV detection at 254 nm
b) UV detection at 240 nm

c) dilutions from a 1.0 g/L stock solution
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Synergistic Effects on Enantioselectivity of
Zwitterionic Chiral Stationary Phases for
Separations of Chiral Acids, Bases, and Amino

Acids by HPLC

Christian V. Hoffmann, Reinhard Pell, Michael Lammerhofer, and Wolfgang Lindner*

Christian Doppler Laboratory for Molecular Recognition Materials, Department of Analytical Chemistry & Food
Chemistry, University of Vienna, Wéhringer Strasse 38, A-1090 Vienna, Austria

In an attempt to overcome the limited applicability scope
of earlier proposed Cinchona alkaloid-based chiral weak
anion exchangers (WAX) and recently reported amino-
sulfonic acid-based chiral strong cation exchangers (SCX),
which are conceptionally restricted to oppositely charged
solutes, their individual chiral selector (SO) subunits have
been fused in a combinatorial synthesis approach into
single, now zwitterionic, chiral SO motifs. The corre-
sponding zwitterionic ion-exchange-type chiral stationary
phases (CSPs) in fact combined the applicability spectra
of the parent chiral ion exchangers allowing for enanti-
oseparations of chiral acids and amine-type solutes in
liquid chromatography using polar organic mode with
largely rivaling separation factors as compared to the
parent WAX and SCX CSPs. Furthermore, the application
spectrum could be remarkably expanded to various zwit-
terionic analytes such as o- and f-amino acids and
peptides. A set of structurally related yet different CSPs
consisting of either a quinine or quinidine alkaloid moiety
as anion-exchange subunit and various chiral or achiral
amino acids as cation-exchange subunits enabled us to
derive structure—enantioselectivity relationships, which
clearly provided strong unequivocal evidence for syner-
gistic effects of the two oppositely charged ion-exchange
subunits being involved in molecular recognition of zwit-
terionic analytes by zwitterionic SOs driven by double
ionic coordination.

The basis of enantioselective chromatography is the transient
formation of noncovalent diastereomeric complexes between chiral
solute and chiral stationary phase (CSP). Typically, these binding
events are caused and mediated by various electrostatic and
hydrophobic intermolecular interactions, among which long-range
ion-pairing forces are ideally suited for bringing an ionizable chiral
analyte in close contact with the CSP’s oppositely charged chiral
binding site. An ion-pairing-type enantioselective molecular rec-
ognition process could principally occur on every CSP that
contains ionizable groups within its chiral selector (SO) moieties,
regardless of whether they are part of separation materials based
on small SO molecules or glycopeptide-type selectors or protein-

* To whom correspondence should be addressed. E-mail: Wolfgang.Lindner@
univie.ac.at. Tel.: ++43-1-4277-52300. Fax: ++43-1-4277-9523.

10.1021/ac801384f CCC: $40.75 © XXXX American Chemical Society

type selectors.!~® CSPs that are based on immobilized derivatives
of Cinchona alkaloid bases as low molecular mass chiral SOs
specifically employ the ion-pairing process as the primary interac-
tion between SOs and acidic analytes. Figure 1 shows the SO
structure of a quinine-type representative of this thoroughly
investigated class of chiral weak anion exchangers (AX; WAX)
CSPs providing excellent enantioseparation capabilities for a broad
range of chiral acids.5”

Complementary to AX-type CSPs, also separation materials
based on fully synthetic low molecular mass weak and strong
cation exchanger (CX; WCX and SCX) SOs (Figure 1) have been
developed by our group for chiral basic analytes.®~1* Along this
line only very recently, a more complex boronic acid-based chiral
CX SO derived from the macrodiolide boromycin was also
reported’® indicating the potential of ion exchangers in enanti-
oselective chromatography.

However, chiral cation and anion exchangers encounter the
limitation of only addressing analytes that carry a charge of
opposite sign. Furthermore, the large group of chiral amphoteric
compounds typically cannot be readily analyzed with CSPs of pure
AX or CX character although these analytes seem very well

(1) Maier, N. M.; Franco, P.; Lindner, W. J. Chromatogr., A 2001, 906, 3-33.
(2) llisz, I; Berkecz, R; Peter, A. J. Sep. Sci. 2006, 29, 1305-1321.
(3) Haginaka, J. J. Chromatogr., A 2001, 906, 253-273.
(4) Franco, E. ]J.; Hofstetter, H.; Hofstetter, O. J. Sep. Sci. 2006, 29, 1458—
1469.
(5) Armstrong, D. W.; Tang, Y.; Chen, S.; Zhou, Y.; Bagwill, C.; Chen, J.-R.
Anal. Chem. 1994, 66, 1473-1484.
(6) Lammerhofer, M., Lindner, W. In Advances in Chromatography; Grushka,
E., Grinberg, N., Eds.; CRC Ress, Taylor & Francis Group: Boca Raton,
FL, 2008; Vol. 46, pp 1-109.
(7) Lammerhofer, M.; Lindner, W. J. Chromatogr., A 1996, 741, 33-48.
(8) Constantin, S.; Bicker, W.; Zarbl, E.; Lammerhofer, M.; Lindner, W.
Electrophoresis 2003, 24, 1668-1679.
(9) Hebenstreit, D.; Bicker, W.; Lammerhofer, M.; Lindner, W. Electrophoresis
2004, 25, 277-289.
(10) Zarbl, E.; Limmerhofer, M.; Woschek, A.; Hammerschmidt, F.; Parenti,
C.; Cannazza, G.; Lindner, W. J. Sep. Sci. 2002, 25, 1269-1283.
(11) Tobler, E.; Limmerhofer, M.; Wuggenig, F.; Hammerschmidt, F.; Lindner,
'W. Electrophoresis 2002, 23, 462-476.
(12) Preinerstorfer, B.; Lubda, D.; Lindner, W.; Lammerhofer, M. J. Chromatogr.,
A 2006, 1106, 94-105.
(13) Preinerstorfer, B.; Lindner, W.; Lammerhofer, M. Electrophoresis 2005,
26, 2005-2018.
(14) Hoffmann, C. V.; Lammerhofer, M.; Lindner, W. J. Chromatogr., A 2007,
1161, 242-251.
(15) Wang, C. L.; Armstrong, D. W.; Risley, D. S. Anal. Chem. 2007, 79, 8125—
8135.
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Figure 1. Chemical structures of (a) previously reported weak anion exchanger QN-AX (WAX) and strong cation exchanger (SCX) CSPs that

represent lead structures for (b) newly prepared zwitterionic CSPs 1—5.

susceptible to the concept of ion exchangers due to their ionic
nature. This current status quo on ion-exchanger-based CSPs
prompted us to develop in a combinatorial approach novel low
molecular mass chiral SOs that incorporate both CX and AX
entities derived from SCX and WAX SOs (Figure 1) to yield well-
defined zwitterionic SO structures that address the enantiomer
separation not only of chiral acids and chiral bases but also of
chiral amphoteric compounds, altogether with one single CSP.

Direct amino acid enantioseparations have already been
reported for glycopeptide-,'*~% crown ether-,*~%® protein->* these
small-molecule-, and ligand-exchange-type CSPs,>**° (mostly
driven by molecular interaction principles other than classical ion
exchange, such as multiple hydrogen bonding and metal chela-
tion). Few enantiomer separations of amino acids have also been
described for a chiral anion exchanger.>** Nevertheless, chro-
matographic enantiomer separations of chiral amino acids still
remains a challenging task where the zwitterionic SO approach
could provide a novel and promising perspective.
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Principally, stationary phases containing complementary charged
groups have already been described in the literature®~3” and were
applied mainly for the separation of inorganic cations and anions.
Systems employing chiral zwitterionic moieties have also been
reported previously®>® 42 but were not systematically envisioned
for enantiomer separations.

Hence, we report herein de novo design and synthesis of novel
zwitterionic SOs and their corresponding brush-type CSPs 1-5
(Figure 1) as well as their successful evaluation in HPLC for
enantioseparation capabilities not only toward chiral acids and
chiral amines but also for chiral zwitterionic analytes like amino
acids and dipeptides using polar organic mobile-phase conditions.
In particular, zwitterionic CSPs 3 and 4 (Figure 1, see also
Supporting Information) illustrate the concept of merging cation-
and anion-exchanger moieties in one single SO by incorporating
key chiral motifs of the well-known WAX and SCX congeners with
the alkaloid base and the trans-2-aminocyclohexanesulfonic acid.
Comprehensive investigations on Cinchona-type receptors in
enantioseparation techniques suggested the C9-position of the
alkaloid scaffold (see Figure 1) for introducing the aminosulfonic
acid via carbamate linkage if enantioselective properties toward
acid analytes should remain largely unaltered. For more detailed
examinations of the enantioselective ionic interaction processes,
achiral carboxylic and sulfonic acids with amino groups in
p-position were incorporated in CSPs 1, 2, and 5. In CSP 5, the
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alkaloid base quinine was, in addition, replaced by its pseudoe-
nantiomer quinidine, which was expected to affect elution order
upon enantioseparation and thereby could to shed more light on
the underlying molecular recognition process. Extensive chro-
matographic data obtained from both a large and a diverse set of
chiral analytes and also the group of CSPs with systematically
varied SO structures provided insights into the working principles
of novel zwitterionic CSPs and the establishment of a new
enantioseparation concept for chiral zwitterionic analytes that
relies on simultaneous double ion pairing.

EXPERIMENTAL SECTION

General Information and Materials. The preparation of the
chiral SCX CSP (Figure 1) was reported previously.'* The WAX-
type CSP of Figure 1 is commercially available from Chiral
Technologies (Illkirch, France). All aspects concerning the
preparation of CSPs 1-5 (Figure 1) are described in detail in
the Supporting Information (see also Figure S-1). The basis of
the assignments of CSP 3 (1”5,2”S) and CSP 4 (1”R,2”R) are
preliminary X-ray crystallographic data on the SO of CSP 3 (data
not shown). The SO loadings of CSPs 1—5 ranged between 196
and 229 umol/g CSP as was calculated from the nitrogen content
of the modified silica obtained by elemental analysis. Due to these
relatively uniform SO loadings of CSPs 15, the influences of
SO coverage on the chromatographic behavior can be neglected
and the observed differences in their chromatographic behaviors
can be largely ascribed to the SO structure variations. All CSPs
were packed into stainless steel columns of dimensions 150 x 4
mm i.d.

MeOH and acetonitrile (ACN) as solvents for HPLC were of
HPLC-grade from Merck (Darmstadt, Germany). Mobile-phase
additives acetic acid (HOAc), formic acid (FA), diethylamine
(DEA), and ammonium acetate were of analytical grade (Sigma-
Aldrich). The chiral basic and zwitterionic analytes used in this
study were either commercially available or were kind gifts from
research partners. N-Blocked amino acids as acidic analytes were
either commercially available or synthesized according to litera-
ture procedures.*®

HPLC Instrumentation and Chromatography. Chromato-
graphic measurements were performed on a 1100 Series HPLC
system from Agilent Technologies (Waldbronn, Germany) con-
sisting of a solvent degasser, a pump, an autosampler, a column
thermostat, and a multiwavelength UV—vis detector for detection
of analytes containing a chromophore sufficient for UV detection.
For analytes with weak UV absorbance properties, a Corona
charged aerosol detector (CAD) from ESA Biosciences, Inc. was
used instead as specifically stated in the figure captions and tables.
Data acquisition and analysis was carried out with ChemStation
chromatographic data software from Agilent Technologies. Elution
orders of selected solute enantiomers were assessed by injection
of either single enantiomers of known absolute configuration or
specifically enantioenriched samples or by using an online OR-
990 optical rotation detector from Jasco (Gross-Umstadt, Ger-
many). Polar organic mobile phases consisting of MeOH and ACN
with acidic and basic additives that act as co- and counterions
and modulate the ionic interactions between charged SOs and

(43) Czerwenka, C.; Lammerhofer, M.; Lindner, W. J. Sep. Sci. 2003, 26, 1499-
1508.

solutes were applied in these investigations since they have been
successfully and extensively used for the parent, purely anionic
or cationic ion-exchanger CSPs.!*** Elution was performed in
isocratic mode at a mobile-phase flow rate of 1.0 mL/min. If not
otherwise stated, column temperature was 25 °C. UV detection
was accomplished at selected wavelengths between 230 and 280
nm. The void volumes of the columns were determined by
injecting a solution of acetone in MeOH with detection at 280 nm.
All analytes were applied as methanolic solutions of 0.5—1.0 mg/
mL.

RESULTS AND DISCUSSION

Due to the large set of data stemming from 64 chiral analytes
and five zwitterionic CSPs that have been evaluated, the results
are broken down and discussed in separate sections related to
different ion-exchange modes, i.e. anion, cation, and zwitterion
exchange and no mobile-phase optimizations of key variables for
enantioselectivity”**>44 such as pH in aqueous or proton activity
in nonaqueous eluent systems, character of the bulk solvents, and
the acidic and basic additives, and were carried out for the herein
presented studies on zwitterionic CSPs.

Enantioseparation of Chiral Acids. In a series of experi-
ments, CSPs 1—-5 were tested regarding enantioseparations of
different chiral acids in order to assess whether the main property
of the Cinchonatype WAX CSPs—namely, enantiorecognition
ability for chiral acidic analytes—could principally be conserved
in the novel zwitterionic CSPs. For this purpose, a small but
representative set of eight chiral acidic analytes was selected
comprising various N-derivatized amino acids, which were among
typical model analytes that have been previously employed in a
series of investigations of Cinchona alkaloid-type WAX CSPs, in
particular toward describing their molecular recognition principles
and for characterization of novel CSP derivatives thereof.®74345~47
Both structures of the analytes as well as chromatographic results
are listed in Table 1.

Clearly, enantiorecognition properties that allow for enantiomer
separation of acidic analytes are still present in all five zwitterionic
CSPs (see also Figure 2a). With only a few exceptions, all analytes
were baseline separated on all CSPs. The o-values measured on
the zwitterionic CSPs are subject to only slight variances in
comparison to the parent chiral WAX CSP. The effect of the type
of protecting group on chiral recognition and enantioselectivity
on Cinchona-type CSPs has previously been described in detail***®
and can be confirmed also with CSPs 1—5: the 3,5-dinitrobenzoyl
(DNB) amides truly yield excellent enantioseparations (o-values
up to 15 with resolutions >20), the Fmoc, DNP, and acetyl groups
give good separations followed by the Z-group; the DNP group
leads to a reversal of the elution order compared to the other
N-protection groups.

SOs of CSP 1 and CSP 2 are structural homologues, which
differ only in the type of their acid function, carboxylic versus

(44) Gyimesi-Forras, K.; Akasaka, K.; Limmerhofer, M.; Maier, N. M.; Fujita,
T.; Watanabe, M.; Harada, N.; Lindner, W. Chirality 2005, 17, S134—S142.

(45) Krawinkler, K. H.; Maier, N. M.; Sajovic, E.; Lindner, W. J. Chromatogr., A
2004, 1053, 119-131.

(46) Maier, N. M.; Schefzick, S.; Lombardo, G. M.; Feliz, M.; Rissanen, K
Lindner, W.; Lipkowitz, K. B. J. Am. Chem. Soc. 2002, 124, 8611-8629.

(47) Tobler, E.; Lammerhofer, M.; Lindner, W. J. Chromatogr., A 2000, 875,
341-352.

(48) Mandl, A.; Nicoletti, L.; Limmerhofer, M.; Lindner, W. J. Chromatogr., A
1999, 858, 1-11.
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Table 1. HPLC Enantiomer Separation of Various Chiral Acidic Analytes on CSP 1-57

Analyte k; o Rs EO| |Analyte k; o Rs EO
Ac-Phe CSP1 104 143 375 D | |Ac-Tp CSP1 172 183 724 D
\,r“ CooOH  CSP2 (29 150 1.80 D \[r“ COOH  CSP2 (77 193 424 D
° T\© CSP3 024 162 229 D ° “\u OSP3 080 3.01 1074 D
CSP4 941 140 188 D CSP4 100 154 425 D

CSPS 014 155 1.02 L CSPS5S 036 195 346 L

Z-Phe CSP1 192 1.19 215 D | |DNP-Phe CSP1 628 142 347 L
©V°TH coon CSP2 063 117 078 D J{SPN coon CSP2 213 153 294 L
o (© CSP3 055 124 1.63 D | |on \Q© CSP3 206 148 463 L

CSP4 095 113 112 D CSP4 348 177 777 L

CSP5 033 1.19 065 L CSPS 149 130 246 D

Fmoc-Phe CSP1 795 137 4.05 D | |Fmoc-Leu CSP1 134 133 3.10 nd.
@) i’ CSP2 103 135 180 D ) ) CSP2 047 127 112 nd.
O‘ °w°r"j:‘5* CSP3 094 152 335 D O‘ °wor"(°(°°“ CSP3 043 143 235 nd
CSP4 151 127 230 D CSP4 067 132 225 nd.

CSPS 059 130 126 L CSP5 028 118 0.52 nd.

DNB-ng CSP1 318 638 2193 D DNB—%: CSP1 653 396 16.37 n.d.
QW" CSP2 101 722 1092 D @Y“ CSP2 154 440 891 nd.
N ON% CSP3 097 15.03 2243 D | |oN °N(TOOH CSP3 |48 58 1771 nd.
CSP4 043 500 1755 D doon €SP4 216 3.08 13.14 nd.

CSPS 065 5.00 13.08 L CSPS 080 3.36 9.25 nd.

¢ Conditions: stationary phase, column dimension 150 x 4 mm i.d.; mobile phase, 50 mM formic acid and 25 mM diethylamine in MeOH; flow
1.0 mL/min; T 25 °C; ty = 1.49 min. EO, elution order (conuration of the first eluted enantiomer); n.d., not determined.

a0 o b) . )

| i +)
0 5 10 15 20 25 30mi

L

Ub) i

b} —ii)

i)
0o 2 4 6 8 m 0 2 4 6 8 1 mi

Figure 2. HPLC enantiomer separations on CSP 3 of (a) acidic
analytes (i) Ac-Phe, (i) Ac-Trp, and (iii) DNB-Asp (see Table 1) and
(b) basic analytes (i) butoxamine, (ii) celiprolol, and (iii) isoxsuprine
(see Table 2). Mobile phase: 50 mM FA and 25 mM DEA in MeOH
(acidic analytes) and ACN/MeOH (9/1 v/v; basic analytes).

sulfonic acid. Since both of the CSPs have almost identical SO
loadings, the marked difference in retention between CSP 1 and
CSP 2 can therefore be readily explained with acid strength: The
stronger sulfonic acid in CSP 2 is a more dominant intramolecular
counterion compared to the weaker carboxylic acid in CSP 1 and,
consequently, leads to shorter retention times at similar acid

D Analytical Chemistry, Vol. xxx, No. xx, Month XX, XXXX

concentrations in the mobile phase. Hence, retention factors on
carboxylic acid-based CSP 1 are up to 4-fold higher (e.g., for
diacidic DNB-Glu) than on sulfonic acid-based CSP 2. At this point
it should be noted that the effect of an intrinsic or intramolecular
counterion on ion-exchanger-based enantioselective chromatog-
raphy will be the topic of another detailed study that is currently
in preparation. The partly significant differences in enantioselec-
tivity and retention between sulfonic acid type CSPs 3 and 4 at
similar SO loadings reflect the diastereomeric relationship of these
SOs relative to each other leading possibly to altered molecular
recognition processes of the analytes.

Elution orders of analyte enantiomers may become a critical
factor in practical applications and the ability to switch elution
orders can be an instrumental tool, for instance, when it comes
to impurity profiling and preparative enantioseparation.*’ In
general, synthetic low molecular weight SOs and corresponding
CSPs can offer the advantage that they allow a switch in the
elution order by a change to the CSP of opposite configuration.
For both parent CSPs of the herein presented zwitterionic CSPs

(49) Bicker, W.; Hebenstreit, D.; Limmerhofer, M.; Lindner, W. Electrophoresis
2003, 24, 2532-2542.
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Table 2. HPLC Enantiomer Separation of Various Chiral Basic Analytes on CSP 1-57

Analyte ” k'; o Rs  go Analyte k' o Rs go
L1-Diphenylprolinol ~ CSP1 124 1.00 0.00 Flecainid CSP1 0.65 1.00 0.00
on H CSP2 291 1.00 0.00 o , CSP2 203 1.00 0.0
. CSP3 289 118 277 - ||, gﬁ@ﬁknx&” CSP3 221 115 206 +
O CSP4 320 1.08 126 + Y CSP4 193 116 222 -
CSP5 1388 1.00 0.00 Fee CSP5 116 1.00 0.00
Bamethan CSP1 221 1.00 0.00 Isoxsuprine CSP1 151 1.00 0.00
CSP2 620 1.00 0.00 CSP2 349 1.03 020 +
) Ty CSP3 651 117 293 - . x_ CSP3 368 118 281 -
HOQ)V 1_csp4 560 1.00 0.0 Ho/©)\( OSP4 343 125 374 +
CSPS 314 1.00 0.00 CSP5 187 1.00 0.00
Butoxamine CSP1 0383 1.13 0.6 O-rBhu-catbamoyl- CSP1 083 1.00 0.00
OMe OH |, CSP2 194 112 157 CSP2 204 1.09 1.08 +
3 N CSP3 159 117 234 - CSP3 227 116 211 -
CSP4 169 115 224 + CSP4 200 255 12.88 +
OMe CSP5 118 112 110 - CSP5 119 1.00 0.00
Mefloquine " ¢ CSP1 106 1.86 149 + CSP1 083 1.00 0.00
CSP2 197 131 328 + CSP2 737 1.04 054 +R)
) Koy CSP3 117 1517 1197 + o on, CSP3 221 120 287 +R)
p o, OSP4 139 163 380 + oM TCSP e 210 105 0.7 +R)
Fs CSP5 091 1.84 377 - CSP5 141 1.00 0.00
Pseudo-Ephedrine  CSP1 102 1.00 0.00 Bunitrolol CSP1 0.87 1.00 0.00
on CSP2 314 1.00 0.00 N N CSP2 216 1.06 058 +
s @)\(n\ CSP3 283 116 238 - || @O&nx CSP3 185 118 251 +
CSP4 240 1.00 0.00 CSP4 1.79 1.04 056 +
CSPS 190 1.00 0.00 CSP5 134 1.00 0.00
Lorazepam © CSP1 044 1.00 0.00 Celiprolol CSP1 099 1.00 0.00
W o CSP2 051 1.00 0.00 CSP2 271 1.05 0.56
P N wm  CSP3 046 132 2.09 nd. " \YES,OJLN CSP3 213 1.21 2.81
CSP4 038 110 059 n.d. My CSP4 203 1.04 0.6
al CSP5 038 1.13 059 nd. CSPS5S 142 1.00 0.00

2 Conditions: column dimension 150 x 4 mm i.d.; mobile phase, 50 mM formic acid and 25 mM diethylamine in acetonitrile/MeOH (9/1, v/v);
flow 1.0 mL/min; T 25 °C; ty = 1.49 min. UV detection at 254 nm. n.d., not determined. EO, elution order (first eluted enantiomer). ® Analyte
description: name, entry number, structural forumula. ¢ Mobile phase: 50 mM formic acid and 25 mM diethylamine in MeOH. ¢ Mefloquine:

erythro-a-2-piperidinyl-2,8-bis (trifluoromethyl)-4-quinolinemethanol.

(see Figure 1), this kind of elution order reversal has been
shown previously,'**348 e g, for the quinine-based weak anion-
exchanger CSP and its pseudoenantiomeric quinidine-based
CSP. CSPs 1-5 show similar behavior (Table 1). The elution
order of chiral acidic analytes upon enantioseparation is always
the same on zwitterionic CSPs 1—4, which are all quinine-
based, and matches that reported in the literature for the parent,
pure anion-exchanger-type quinine-based (WAX) CSP. By
contrast, CSP 5, which employs pseudoenantiomeric quinidine
as WAX part of the zwitterionic SO, leads to a reversal of the

elution order compared to CSPs 1—4. These findings strongly
suggest that the novel zwitterionic CSPs exhibit a Cinchona
base dominated chiral recognition mechanism toward acidic
analytes, which is very similar to the conventional quinine- and
quinidine-type CSPs. Consequently, the acidic groups that have
been introduced at the C9-position of the alkaloid moiety do
not fundamentally alter this molecular recognition scenario, but
mostly act as intramolecular counterions leading to reduced
run times as compared to parent anion exchangers (see Figure
3a).
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Figure 3. HPLC enantiomer separations of (a) DNB-Phe (see Table
1) on (i) @QN-AX and (ii) CSP 4 and (b) Mefloquine (see Table 2) on
(i) SCX and (ii) CSP 4. Mobile phase: 50 mM HOAc and 25 mM
NH3 in MeOH.

Enantioseparation of Chiral Amines. After confirmation of
enantioselectivity toward chiral acidic analytes due to their
Cinchona base motif, the zwitterionic CSPs were investigated
regarding their separation potential toward chiral amine enanti-
omers on the basis of their cation-exchanger site. It was particu-
larly interesting to assess whether enantioselectivity could be
transferred by incorporation of the trans-2-aminocyclohexane-
sulfonic acid moiety from the SCX CSP into the novel zwitterionic
SOs or whether even an achiral acidic side chain in conjunction
with the alkaloid structure could provide enantioselectivity for
chiral amine solutes. For that purpose, a set of 12 chiral bases
was studied that contained mainly amino alcohol-type pharma-
ceuticals such as -blockers, -sympathomimetics, and other drugs
(see Table 2) as these analytes were typically well recognized by
the parent pure SCX CSPs' and, thus, should support the
characterization of novel zwitterionic CSPs in view of the parent
SCX materials. The results are summarized in Table 2.

Overall, there are two distinct observations that correlate with
the chirality of the acidic SO subunit. Both zwitterionic CSPs 3
and 4—that have chiral acidic moieties—show enantioselectivity
toward the selected analytes similar to the parent SCX CSP in
the range of oo = 1.05—2.00 (see also Figure 2b) but with reduced
retention due to the intramolecular counterion activity of the
Cinchona moiety (see Figure 3b). Thereby, CSP 3 clearly provides
a broad application range by baseline separating all of the 12
analytes. The diastereomeric CSP 4, however, shows less
pronounced enantioselectivity by separating only one analyte
better than CSP 3 (entry 8 in Table 2) and five solutes in total.
In contrast, CSPs 1, 2, and 5—each with acidic but achiral side
chains—show negligible enantioselectivity toward the chosen set
of analytes, with the exception of the antimalarial drug mefloquine
(entry 4), which can be baseline separated with any of the five
zwitterionic CSPs. This leads to the conclusion that the chiral
trans-2-aminocyclohexanesulfonic acid moiety in CSP 3 and 4 is
truly beneficial but not essential for the observed enantioselective
properties of the discussed zwitterionic CSPs toward chiral amines.

The measured elution orders do not show a general trend.
When operating CSPs 3 and 4, which rely on diastereomeric
chiral SOs but with opposite configuration of only their acid
subunits, reversal of elution order was found for five solutes
(entries 1, 3, 7, 8, and 9) while for four other analytes, elution
order remained unchanged (entries 4, 10, 11, and 12), which is a
clear indication that the chiral subunits of the fused zwitterionic
entity do not act entirely independently from each other. Further-
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more, comparison of elution orders on pseudoenantiomeric CSPs
2 and 5, which are reversed upon exchange of quinine by
pseudoenantiomeric quinidine (entries 3 and 4), points toward a
directing influence of the alkaloid motif. Obviously, it seems as if
besides the crucial role of the chiral f-aminocyclohexanesulfonic
acid moieties the “chiral environment” of the alkaloid substructure
is also to some extent involved in an overall chiral recognition
process toward the herein selected amine analytes. For instance,
the very high enantioselectivity for mefloquine (o > 15 on CSP
3) suggests that in this specific case the quinine motif is crucial
and, in combination with the chiral acid subunit, enables an almost
“ideal fit” of the wellObound mefloquine enantiomer.

The above-mentioned results on enantioseparations of chiral
acids and chiral amines truly state that the “combinatorial concept”
of combining both anion and cation exchangers in one SO motif
has succeeded. Especially with CSPs 3 and 4, the chiral acidic
and basic subunits that have been selected from the parent SCX
and WAX CSPs (see Figure 1) maintain their individual enanti-
omer distinction capabilities when fused together in one single
SO. Consequently, novel zwitterionic materials like CSPs 3 and
4 now allow enantiomer separations of chiral acids and chiral
bases with one single but zwitterionic ion-exchanger-type CSP.

Enantioseparation of Chiral Zwitterionic Analytes. Direct
chromatographic enantiomer separation of zwitterionic analytes
like unprotected amino acids using mild elution conditions and
without problematic mobile-phase additives still remains a chal-
lenging task in the field of chiral separations. CSPs based on
zwitterionic SOs could in this regard open up new applications
for present enantioselective ion exchangers. First, it was of interest
whether this can be accomplished and if so whether this
phenomenon could be of broad scope. Second, the experiments
were also designed to gain insights into such peculiar interaction
mechanisms of chiral zwitterionic ion exchangers. For these
purposes, a rather large, diverse set of zwitterionic analytes was
compiled (Table 3), which included cyclic and acyclic, natural and
nonnatural a- and -amino acids with one and two chiral centers,
with primary and secondary amino groups, with carboxylic and
sulfonic acids, and with aliphatic, aromatic, and functional group-
containing side chains as well as several dipeptides.

Chromatographic conditions that have been applied for enan-
tioseparations of chiral acids and chiral amines on zwitterionic
CSPs, according to conditions established for SCX and WAX CSPs
(see sections above), proved to be directly applicable also for
enantioseparation of zwitterionic analytes on zwitterionic CSPs
1-5.

Chromatographic results and solute structures are both sum-
marized in Table 3. Prior to discussing these data in detail, some
additional information should be provided: In a control experiment,
both parent types of CSPs (see Figure 1) were tested for their
enantiomer separation capabilities for nontarget solutes—quinine-
based WAX toward basic and zwitterionic solutes and 2-aminocy-
clohexanesulfonic acid-based SCX toward acidic and zwitterionic
analytes (see Tables 1—3). Basic analytes injected onto the WAX-
type CSP eluted just before the void volume of the column and
were not enantioseparated. Acidic solutes injected onto the SCX-
type CSP showed similar behavior. These findings can be
explained by the fact that, if SO and solute both carry a charge of
the same sign, dominantly an electrostatic repulsion occurs and
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Table 3. HPLC Enantiomer Separation of Various Chiral Zwitterionic Analytes on CSP 1-57

Analyte” k' o Rs EO | |Analyte k') o Rs EO
Leucine CSP1 032 1.00 0.00 - o-Methyl-Leucine CSP1 024 1.00 0.00 -

N COOH ¢ 38 1.00 0.00 - CSP2 0.41 1.11 0.54 n.d.
2
CSP3 0.94 1.25 1.47 L 2N CO0o CSP3 0.52 1.00 0.00 -

CSP4 054 1.00 0.00 - CSP4 (033 147 1.67 nd.

e

CSP5S 037 100 0.00 - CSPS5 026 100 0.00 -
Isoleucine CSP1 03] 1.00 0.00 - N-Methyl-Leucine CSP1 026 1.00 0.00 -
HoN__COOH CS}’ 2 05 100 000 - H oo CSP2 045 100 0.00 -
) ‘/\( CSP3 089 128 194 nd. 1 - CSP3 053 1.12 0.60 nd.
CSP4 056 114 0.62 nd. CSP4 043 100 0.00 -
CSP5 035 1.00 0.00 - CSP5 028 1.00 0.00 -
Norleucine CSP1 032 1.00 0.00 . tBu-Glycine CSP1 028 1.00 0.00 .
HyN.__COOH §§P 2 057 100 000 - HaN_COOH C§P 2 053 1.00 000 -
3 \EI\ CSP3 090 128 194 nd. . CSP3 080 148 338 L
CSP4 061 1.05 035 nd. CSP4 054 108 050 L
CSP5 036 1.00 0.00 - CSP5 036 1.00 0.00 -
Neopentylglycine ~ CSP1 037 1.00 0.00 - B-Neopentylglycine CSP1 033  1.00 0.00 -
HoN_COOH CSP2 060 1.08 0.42 nd. cooH CSP2 086 110 0.67 nd.
. j%< CSP3 108 141 321 nd.| |, J%< CSP3 204 132 341 nd.
CSP4 067 114 080 n.d. HoN CSP4 057 1.00 000 -
CSP5 042 100 0.00 - CSP5 063 115 075 nd.
Phenylglycine CSP1 052 1.00 0.00 - Phenylalanine CSP1 051 1.00 0.00 -
HN_ _cooH CSPZ 088 1.00 0.00 - HN__coon CSP2 077 1.06 045 D
5 é CSP3 147 1.03 037 L 3 CSP3 116 117 150 L
CSP4 073 117 122 D CSP4 073 100 0.00 -
CSPS5S 051 113 0.58 CSP5 046 1.00 0.00 -
B-Phenylalanine CSP1 063 1.00 0.00 - a-Methyl- CSP1 039 129 0.75

D
coon CSP2 147 100 000 - CSP2 065 128 199 D
CSP3 392 111 145 S » HN——COOH CSP3 075 1.17 138 D

t j D

6 HZNL© CSP4 105 116 141 S CSP4 060 144 272
CSP5 094 112 0.64 CSP5 038 125 138
Threonine CSP1 043 1.00 0.00 - Glutamate CSP1 153 1.00 0.00 -
CSP2 074 100 000 - CSP2 121 1.00 000 -
, H2NJ:COOH CSP3 121 126 194 L s HN._COOH  cSP3 217 1.06 056 L
oH CSP4 068 1.00 000 - COOH CSP4 123 100 0.00 -
CSP5 046 1.00 000 - CSP5 063 1.00 000 -
Eflornithine CSP1 090 1.00 0.00 - Cysteic acid CSP 1
F CSP2 414 126 059 nd. CSP2 123 100 0.00 -
g F‘SC?SE CSP3 965 128 1.09 nd. 16 C/[SO3H CSP3 393 115 124 D
HN CSP4 253 136 110 nd. Hooc SN, CSP4 184 107 053 nd.
NH2 'CSPST 196 1.20 0.67 nd. CSP5 076 1.00 0.00 -
threo-Ritalinic acid CSP 1 erythro-Ritalinic CSP1
CSP2 N CSP2
. CSP3 321 1.80 745 nd. ’s G@ CSP3 182 145 494 nd
coon CSP4 coon CSP4
NH CSP 5 NH CSP5s
Tyrosine CSP1 064 1.08 019 D o-Methyl-Tyrosine CSP1 046 135 0.87

wN__cood  CSP21.06 107 038 n.d. CSP2 061 137 2.63
8 CSP3 165 110 0.79 n.d. 2 HNT—COOH  CSP3 097 121 176 D
CSP4 097 1.00 0.00 - CSP4 074 144 289 D
OH OH

CSPS 053 1.04 026 nd. CSP5 051 128 118 L

meta-Tyrosine CSP1 083 1.00 0.00 - a-Methyl-meta-Tyr  CSP1 053 143 124 n.d.
HoN._COOH CSP2 118 1.07 048 CSP2 08 134 1.72

19 on CSP3 186 100 000 - | | HoN——COOH oy CSP3 100 148 390 nad.

CSP4 124 1.00 0.00 - CSP4 087 150 358 n.d.

CSPS 076 1.00 000 - CSP5 055 140 192 nd
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Table 3. Continued

Analyte k', o Rg EO Analyte k', o Ry EO
DOPA CSP1 125 1.00 0.00 - o-Methyl-DOPA  CSP1 074 146 044 D
HzN._COOH CSP2 140 1.09 0.29 CSP2 115 149 3.57
HoN COOH
20 CSP3 226 1.07 0.51 28 CSP3 135 151 38 D
oy CSP4 126 112 0.68 CSP4 106 154 348 D
on  CSP5 081 1.00 000 - L, O CSPS 068 138 181 L
Acetidine carboxylic CSP1 047 1.00 0.00 - Proline CSP1 042 1.00 0.00 -
CSP2 083 1.00 0.00 - CSP2 070 113 066 L
COOH GOOH
) I:( CSP3 135 135 293 nd. 20 CSP3 100 164 430 L
NH CSP4 107 1.00 0.00 - NH CSP4 064 121 087 L
CSP5 048 119 0.76 nd. CSP5 046 126 1.00 D
3,4-Dehydroproline CSP1 043 1.00 0.00 - o-Mcthyl-Proline  CSP1 033 1.00 0.00 -
CooH CSP2 065 118 0.83 nd. CSP2 055 111 065 -
” CSP3 094 195 5.18 n.d. 10 COOH  CSP3 061 179 4.65 -
NH CSP4 067 129 130 nd. NH CSP4 048 114 062 -
\
CSPS 042 123 0.63 nd. CSP5 037 120 066 -
Pipecolinic acid CSP1 033 1.00 0.00 - a-Benzyl-Proline CSP1 044 138 0.84 n.d.
coon CSP2 064 1.00 000 - CSP2 070 1.44 274 nd.
CSP3 078 1.13 087 L CSP3 056 181 4.16 nd.
23 NH COOH
CSP4 057 1.00 0.00 - H CSP4 064 193 418 nd.

31
CSP5 042 112 050 D CSP5 050 1.53 217 nd.
Nipccotic acid CSP1 055 1.00 0.00 - Tic* CSP1 052 1.00 0.00 -

COOH CSP2 152 112 0.73 COOH CSP2 084 1.10 078 S

R
24 CSP3 221 195 712 R 3 NH CSP3 121 133 307 S
NH CSP4 142 125 171 R CSP4 084 115 111 S
CSP5 S CSP5 R

091 120 1.14 0.60 1.11 0.57

CHSA® CSP1 163 1.00 0.00 - 1,2-Dimethyl CSP1 023 1.00 0.00 -
CSP2 076 1.00 0.00 - CSP2 045 1.00 0.00 -
3 SOH “csp3 334 108 090 - 9 IS%H CSP3 (075 182 6.02 nd.
“Nn, OSP4 090 1.00 000 - NH, CSP4 044 114 067 nd.
CSP5 051 1.00 000 - CSP5 026 1.00 0.00 -
2- CSP1 036 1.00 0.00 - 2-Amino-3,3- CSP1 027 1.00 0.00 -
SOsH CSP2 073 114 112 R SO4H CSP2 045 169 341 D
34 é CSP3 221 122 259 R " CSP3 129 260 1070 D
NH CSP4 077 120 149 R NH, CSP4 053 110 058 D
CSP5 049 1.09 051 nd. CSP5 032 160 199 L
Tryptophane CSP1 079 149 1.02 o-Methyl-Trp CSP1 073 234 373 nd.
coon CSP2 150 1.61 513 D HOOG CSP2 140 266 11.41 n.d.
., @[@ANHZ CSP3 248 166 612 D | | ©jg\;2 CSP3 170 369 1538 n.d.
D CSP4 148 152 411 D N CSP4 139 261 1028 nd.
N CSP5 093 141 242 L N CSP5 (.88 233 6.77 nd.
erythro-p-Methyl-  CSP1 083 185 203 - 1-Methyl-Trp CSP1 085 129 0.64
cooH CSP2 123 215 926 - COOH CSP2 144 133 202 D
36 NH, CSP3 287 225 998 - ” NH, CSP3 229 138 3.66 D
b CSP4 154 193 726 - ) CSP4 134 159 411 D
N CSP5 1.02 190 429 - N\ CSP5 095 119 118 L
Gly-Phe CSP1 078 139 0.82 nd.| |Ala-Phe(D,D)/(L,.L) CSP1 058 1.90 197 nd.

CSP2 196 134 3.09 nd. CSP2 156 159 589 nd.
37 o f@ CSP3 269 1.00 0.0 - 3 o £© CSP3 157 133 285 nd.
NI Aoy CSP4 142 129 2,60 nd. HZN\HKN coon OSP4 119 1.68 544 nd.

" CSP5 088 175 375 nd. : CSP5 070 248 597 nd.

Leu-Leu (D,D)AL,L) CSP1 027 2.00 1.63 n.d.| [Pro-Phe(D,D)/(L,L) CSP1 093 158 143 DD

CSP2 095 155 3.67 nd. CSP2 192 191 642 DD
o 0 CSP3 115 145 256 nd. o CSP3 164 144 292 DD
38 ™ N COooH 44
N CSP4 069 132 111 nd. C/LN coonCSP4 194 196 458 DD
H
NH

OOH
CSP5 041 199 333 nd. CSP5 094 256 635 LL

“ Conditions: column dimension 150 x 4 mm i.d.; mobile phase, 50 mM formic acid and 25 mM diethylamine in MeOH; flow 1.0 mL/min; 7 25
°C; tp = 1.50 min. EO, elution order (conuration of the first eluted enantiomer). n.d., not determined. ® Analyte description: name, entry number,
structural formula. ¢ Tic: 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid. ¢ CHSA: #trans-2-aminocyclohexanesulfonic acid (15,2S)/(1R,2R).

H Analytical Chemistry, Vol. xxx, No. xx, Month XX, XXXX



ohio2/yac-yac/yac-yaclyac99907/yac4397d07z | xppws | 23:ver.3 | 9/26/08 | 7:49 | Msc: ac-2008-01384f | TEID: Ixg00 | BATID: ac11b30|

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

the solutes are excluded rather than retained by the CSP. For
zwitterionic analytes under the given, weakly acidic mobile-phase
conditions, only very weak retentions and no enantioseparations
were observed on both SCX and WAX CSPs (corresponding data
not shown). In sharp contrast, zwitterionic analytes (viz. chiral
amino acids) could be readily resolved into enantiomers on the
novel zwitterionic CSPs 1—5. Moreover, f-amino acid enanti-
omers were typically stronger retained and partly better enanti-
oseparated than related o-amino acids (i.e., see entries 23 and 24
in Table 3). These findings lead to the conclusion that both
charged sites of the zwitterionic solute, the protonated amine and
the dissociated acid, are recognized more or less simultaneously
by the likewise doubly ionized zwitterionic SOs of CSPs 1-5
and that this double ionic interaction is fundamental for the
observed enantioseparation of zwitterionic analytes on zwitterionic
CSPs 1-5.

For all compounds shown in Table 3, baseline separation or
at least partial separation could be achieved with one of the five
zwitterionic CSPs. Since the set of analytes is quite diverse, a broad
scope of applicability regarding enantiomer separations of chiral
zwitterionic analytes could be attributed for the novel zwitterionic
CSPs. Of course, column performance is not equally distributed
among the different CSPs and toward each of the analytes.
Regarding the trends among the analyte structures, for instance,
the group of tryptophan and its derivatives could be very well
separated while for other amino acids that contain aromatic groups
like the phenylalanines and the tyrosines enantioselectivities were
lower and a full baseline separation was not always possible with
the given nonoptimized eluent. Moreover, cyclic amino acids
having a secondary amine group were slightly better separated
than acyclic aliphatic amino acids of the leucine and glycine type,
which might be due to their more rigid structure. On the other
hand, it is surprising that no separation was accomplished for the
trans-2-aminocyclohexanesulfonic acid (entry 33), a moiety that
is an essential part of the SOs of CSP 3 and 4, while for 1,2-
dimethyltaurine (entry 39), the acyclic counterpart, decent enan-
tioselectivity could be obtained. A more general observation was
that for a-alkyl-substituted a-amino acids’ enantioselectivity was
clearly increased compared to the nonsubstituted compounds as
can be seen, for example, for phenylalanine (entries 13 and 14)
or tyrosine (entries 18 and 26). Exemplary chromatograms of
enantiomer separations of cyclic as well as acyclic o- and S-amino
acids using CSP 3 are shown in Figure 4 to also illustrate the
typically observed appealing separation efficiencies and peak
symmetries in the zwitterion exchange mode.

However, for some particular solutes, separation suffered from
peak tailing so that no full baseline separations could be obtained
under given conditions despite reasonable enantioselectivities,
such as for eflornithine and other amino acids that carry additional
functional groups. Such phenomena, which may originate from a
slow desorption kinetics or heterogeneous mass-transfer charac-
teristics, point toward improper counterion strength or type.
Optimal adjustment of the mobile phase and its pH or proton
activity is expected to reduce such phenomena but was not further
investigated in this study.

Besides the expected solute-specific structure—enantioselec-
tivity relationships that can be derived from the data shown in

D

100
mV
200

e

01234567 8mi

Figure 4. HPLC enantiomer separations of amino acids (i) bL-proline,
(ii) dI-3-neopentylglycine, and (jii) bL-tryptophan on zwitterionic CSP
3 (see also Table 3). Mobile phase: 50 mM FA and 25 mM DEA in
MeOH. Detection: CAD or UV at 254 nm.

Table 3, SO structure variations also exert profound consequences
on the enantioseparation abilities of the zwitterionic CSPs.

As mentioned above, CSPs 1 and 2, which are structural
homologues that differ only in the type of their acidic function,
have been designed and synthesized for the purpose of comparing
the carboxylic and sulfonic acid function within a zwitterionic SO.
Despite close structural similarity, results from Table 3 indicate
marked differences on their separation performances for amino
acids. Retention factors for amphoteric solutes are always lower
on the carboxylic acid-based CSP 1 than on the sulfonic acid-
based CSP 2. In contrast to acidic solutes, a stronger acid moiety
in the SO leads to a stronger ionic interaction with basic groups
of the zwitterionic analytes at the active cation-exchange site under
the given mobile-phase conditions. Furthermore, CSP 2 provides
better peak efficiency yielding noticeably improved resolution even
if enantioselectivity is similar (see entry 28 of Table 3). Dedicated
mobile-phase optimizations might possibly level out this effect.
However, it appears that the sulfonic acid function is better suited
for making an easy-to-use zwitterionic CSP.

CSPs 3 and 4 hoth rely on quinine- and trans-2-aminocyclo-
hexanesulfonic acid-based SOs and are diastereomeric to each
other due to opposite configurations within the amino acid part,
i.e., the cation-exchange subunit, only. Despite entirely identical
structural increments, differences in their enantioselectivity pro-
files toward zwitterionic analytes may be expected due to their
diastereomeric relationship. This is indeed corroborated by the
fact that CSP 3 shows larger retention factors for all but one
analyte from Table 3 (entry 31). Apparently, the configurational
ensemble of CSP 3 is associated with a conformational arrange-
ment being more favorable in terms of spatial orientations of the
primary cation—anion-exchange sites for simultaneous solute—
selector contacts through double ionic interactions with the
zwitterionic analytes. Hence, an overall tighter binding of amino
acids and peptides is observed as compared to CSP 4. In principle,
though, stronger binding does not necessarily mean higher
enantioselectivity. However, roughly 75% of all analytes are also
better separated on CSP 3 than on CSP 4.

In summary, CSP 3 provides both a broader scope of
applicability and higher separation factors among all zwitterionic
CSPs presented in this study. It clearly illustrates the inherent
potential of the combinatorial concept of synthetic low molecular
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mass chiral selectors, which is readily capable for dedicated
synthetic SO structure optimizations. As a beneficial side effect
of this approach, valuable information on molecular recognition
events is provided and ideas how to rationally design new, even
more potent CSPs are given.

Elution order is a piece of information that must not be left
out of consideration in the course of elucidations of chiral
recognition mechanisms. In the present cases, elution orders
should help to attribute enantioselective interactions to the
different acidic and basic active subunits of the SOs in the series
of CSPs 1-5. Therefore, the elution orders of several analytes
from Table 3 were determined, when individual enantiomers were
available.

At first, the influence of the acid subunit is to be regarded
since the acidic moieties (i.e., the cation-exchange subunits) of
zwitterionic CSPs 3 and 4 are of opposite configuration and could
potentially influence elution order. In other words, the elution
order should be reversed if this substructure alone is the
dominating and exclusively directing center of chiral recognition.
Still, no change in elution order for amphoteric amino acid analytes
is observed between the two diastereomeric cyclohexanesulfonic
acid-based materials, indicating that the chiral acidic moieties are
important but not exclusively dominant in the enantiodistinction
process of zwitterionic solutes. Furthermore, also CSPs 1 and
2, which contain achiral acidic moieties, show elution orders
identical to CSPs 3 and 4. In other words, all four CSPs that
employ the quinine motif provide the same elution order. Only
with CSP 5, which is based on quinidine and is pseudoenantio-
meric to CSP 2, elution orders of zwitterionic solutes are inverted.
Altogether, these findings are strong empirical evidence that the
alkaloid moiety is of central importance in the chiral recognition
process and plays with its particular configurational arrangement
a directing role for the relative enantiomer affinities and elution
orders, not only for chiral acidic analytes but also for chiral
zwitterionic and amphoteric compounds likewise. Consequently,
also in zwitterion-exchange mode, elution order can principally
be reversed simply by changing to the (pseudo)enantiomeric form
of the zwitterionic CSP, a valuable feature of such synthetic low
molecular mass-type SOs and corresponding CSPs that compa-
rably versatile CSPs from the natural chiral pool (e.g., antibiotics-
based CSPs) do not offer so easily.

CONCLUSION

Novel ion-exchanger-type CSPs based on zwitterionic selectors
have been prepared and evaluated for the enantiomer separation
of chiral acids, amines, and amino acids in HPLC. The presented
SOs combine in a combinatorial approach key cation- and anion-
exchanger SO motifs in one single chiral compound resulting
zwitterionic CSPs using straightforward synthesis and mainly
conventional commercially available starting materials. Chromato-
graphic evaluation showed that, especially with CSPs 3 and 4,
packing materials were generated with essentially combined

J Analytical Chemistry, Vol. xxx, No. xx, Month XX, XXXX

enantioseparation capabilities of the parent WAX and SCX CSPs
toward chiral acidic and basic analytes. Additionally, this concep-
tual SO combination provided powerful CSPs that enable also
enantioseparations of zwitterionic analytes via a double ion-pairing
process. Baseline separation or at least partial separation of 40
amino acids of various types and structures as well as dipeptides
could be achieved with novel zwitterionic CSPs 1-5 without
dedicated mobile-phase optimizations, with CSP 3 providing the
broadest scope of applicability. The above structure—enantioselec-
tivity relationship studies clearly unveiled that for the latter class
of compounds the individual charge centers of the new zwitterionic
ion exchangers act in a synergistic way through double ion-pairing
(ion-exchange)-mediated processes. The pronounced differences
in enantioselectivity in-between structurally different but closely
related CSPs 1—5 also in the zwitterion exchange mode indicate
the potential of SO structure-based optimization of selectivity
available with low molecular mass chiral SOs, in particular when
expanding the herein employed combinatorial synthetic approach
using various cation- and anion-exchanger building blocks for their
preparation. Subsequently, further improvement of overall enan-
tioselectivity by means of SO structure optimization as well as
target-oriented SO design for a preparative separation challenge
seem possible.

From a practical point of view, the current zwitterionic CSPs
should have considerable impact for enantiomer separations of
amino acids. Mild elution conditions, preclusion of problematic
additives from the mobile phase, ability to systematically reverse
elution orders, and the potential of elevated sample loadabilities
are characteristic benefits over state-of-the-art technology, which
could make these zwitterionic chiral ion exchangers appealing
for practical applications of enantiomer separations of amino acid
and other polar analytes.
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Table 3. HPLC enantiomer separation of various chiral zwitterionic analytes on CSP 1-5%

)

Analyte” k' o Rs EO/| |Analyte kK, o Rs EO
Leucine CSP1 032 1.00 0.00 - a-Methyl-Leucine CSP1 024 1.00 0.00 -
HN. _cooH CSP2 058 1.00 0.00 - CSP2 041 111 054 nd.
. j%/ CSP3 094 125 147 L , HZNt(fOH CSP3 052 1.00 0.00 -
CSP4 054 1.00 0.00 - CSP4 033 147 1.67 nd.
CSP5 037 1.00 0.00 - CSP5 026 1.00 0.00 -
Isoleucine CSP1 031 1.00 0.00 - N-Methyl-Leucine CSP1 026 1.00 0.00 -
HN. _cooH CSP2 056 100 000 - H o oo CSP2 045 1.00 0.00 -
, (\( CSP3 089 128 194 nd.| | = 7 7%/ CSP3 053 112 0.60 n.d.
CSP4 056 114 0.62 n.d. CSP4 043 100 0.00 -
CSP5 035 1.00 0.00 - CSP5 028 1.00 0.00 -
Norleucine CSP1 032 1.00 0.00 - tBu-Glycine CSP1 028 1.00 0.00 -
H,N_ _COOH CSP2 057 1.00 0.0 - HoN.._COOH CSP2 053 1.00 0.00 -
, T\k CSP3 090 128 194 nd. | | CSP3 080 148 338 L
CSP4 061 1.05 035 nd. CSP4 054 1.08 050 L
CSP5 036 1.00 0.00 - CSP5 036 1.00 0.00 -
Neopentylglycine ~ CSP1 037 1.00 0.00 - B-Neopentylglycine CSP1 033 1.00 0.00 -
N _cooH CSP2 060 1.08 042 nd. cooH CSP2 086 110 0.67 nd.
) T\’< CSP3 108 141 321 nd.| | L’< CSP3 204 132 341 nd.
CSP4 067 114 0.80 n.d. H,N CSP4 057 1.00 0.00 -
CSP5 042 1.00 0.00 - CSP5 063 115 075 nd.
Phenylglycine CSP1 052 1.00 0.00 - Phenylalanine CSP1 051 1.00 0.0 -
H,N. _cooH CSP2 088 1.00 0.00 - H,N._CooH CSP2 077 1.06 045 D
s é CSP3 147 103 037 L s CSP3 116 117 150 L
CSP4 073 117 122 D CSP4 073 1.00 0.00 -
CSP5 051 113 058 D CSP5 046 100 0.00 -
B-Phenylalanine CSP1 0.63 1.00 0.00 - o-Methyl-Phenylalanine  C§P1 039 1.29 0.75 D
cooy CSP2 147 1.00 0.00 - CSP2 065 128 199 D
] CSP3 392 111 145 S y HN=T—COOH "cgp3 075 1.17 138 D
HoN CSP4 1.05 116 141 S CSP4 060 144 272 D
CSP5 094 112 064 R CSP5 038 125 138 L
Threonine CSP1 043 1.00 0.00 - Glutamate CSP1 153 1.00 0.00 -
CSP2 074 1.00 0.00 - CSP2 121 1.00 0.00 -
. HoNCOOH "cop3 121 126 194 L s HzNTVCOOH CSP3 217 106 056 L
oH CSP4 068 1.00 0.00 - COOH CSP4 123 1.00 0.00 -
CSP5 046 1.00 0.00 - CSP5 063 1.00 0.00 -
Eflornithine CSP1 090 1.00 0.00 - Cysteic acid CSP1
E CSP2 414 126 059 nd. CSP2 123 100 0.00 -
. :;%c_osf CSP3 965 128 109 nd.| | Ji SOH ‘csp3 393 115 124 D
2 CSP4 253 136 110 nd. Hooc” “NH, CSP4 184 1.07 053 n.d.
N2 csPs 196 120 0.67 nd. CSP5 076 1.00 0.00 -




Analyte k', o Rs EO Analyte k'; o Rs EO
threo-Ritalinic acid CSP 1 erythro-Ritalinic acid CSP 1
CSP2 CSP 2
. C? CSP3 321 180 745 nd.| | C? CSP3 182 145 494 nd.
coon CSP4 coon CSP4
NH CSP 5 NH CSP5
Tyrosine CSP1 064 108 019 D o-Methyl-Tyrosine CSP1 046 135 0.87 D
HN__cooH ~ CSP2 1.06 1.07 038 n.d. CSP2 061 137 263 D
" T\@ CSP3 165 110 079 nd.| | ”2N‘t& CSP3 097 121 176 D
CSP4 097 1.00 0.00 - CSP4 074 144 289 D
OH cSP5 053 1.04 026 n.d. OH cSP5 051 128 118 L
meta-Tyrosine CSP1 083 1.00 0.00 - a-Methyl-meta-Tyr CSP1 053 143 124 n.d.
HN__COOH CSP2 1.8 1.07 048 n.d. CSP2 082 134 172 nd.
; oy CSP3 186 100 0.00 - ” H2N‘t§§/0H CSP3 100 148 390 n.d.
CSP4 124 1.00 0.00 - CSP4 087 150 3.58 nd.
CSP5 076 1.00 0.00 - CSP5 055 140 192 nd.
DOPA CSP1 125 1.00 0.00 - a-Methyl-DOPA  CSP1 074 146 044 D
HzN_COOH CSP2 140 1.09 029 n.d. unlcoon CSP2 LIS 149 357 D
2 CSP3 226 107 051 nd.| | CSP3 135 151 383 D
on CSP4 126 112 0.68 nd. on CSP4 106 154 348 D
OH CSP5 081 1.00 0.00 - L CSP5 068 138 181 L
Acetidine carboxylicacid ~ CSP1 047  1.00  0.00 - Proline CSP1 042 1.00 0.00 -
CSP2 083 1.00 0.00 - CSP2 070 113 0.66 L
COOH GOOH
. CSP3 135 135 293 nd.| | CSP3 1.00 1.64 430 L
NH CSP4 107 1.00 0.00 - NH CSP4 064 121 087 L
CSP5 048 119 0.76 n.d. CSP5 046 126 100 D
3,4-Dehydroproline CSP1 0.43 1.00 0.00 - a-Methyl-Proline CSP1 033 1.00 0.00 -
CSP2 065 118 0.83 n.d. CSP2 055 111 0.65 -
COOH
» CSP3 094 195 518 nd.| | COOH  csp3 061 179 4.65 -
\ NH CSP4 067 129 130 n.d. NH CSP4 048 114 062 -
CSP5 042 123 0.63 nd. CSP5 037 120 0.66 -
Pipecolinic acid CSP1 033 1.00 0.00 - a-Benzyl-Proline  CSP1 044 138 0.84 n.d.
cooq CSP2 064 1.00 0.00 - CSP2 070 144 274 nd.
” @1 " CSP3 078 113 087 L . coo CSP3 056 181 4.16 nd.
CSP4 057 1.00 0.00 - Wy CSP4 064 193 418 nd.
CSP5 042 112 050 D CSP5 050 153 217 nd.
Nipecotic acid CSP1 055 1.00 0.00 - Tic® CSP1 052 1.00 0.00 -
cooH CSP2 152 112 073 R COOH  CSP2 084 110 078 S
" é CSP3 221 195 712 R | | (S)w CSP3 121 133 307 S
N CSP4 142 125 171 R CSP4 084 115 111 S
CSP5 091 120 114 S CSP5 060 111 057 R




Analyte k', o Rs EO Analyte k'; o Rs EO
CHSAY CSP1 163 100 000 - | | 2DimethylTourine CSP1 023 100 0.00 -
CSP2 076 1.00 0.00 - CSP2 045 1.00 0.00 -
1 O’SO3H CSP3 334 1.08 090 - " IS%H CSP3 075 182 6.02 nd.
“NH, CSP4 090 1.00 0.00 - NH, CSP4 044 114 0.67 n.d.
CSP5 051 1.00 0.00 - CSP5 026 1.00 0.00 -
2 hymolidinemethane-sulfonic P 1 036 1.00 0.00 - pAminod.dimetyl- - CSP1 027 1.00  0.00 -
so4 CSP2 073 114 112 R so;H CSP2 045 169 341 D
y CSP3 221 122 259 R ‘0 CSP3 129 260 1070 D
NH CSP4 077 120 149 R NH, CSP4 053 110 058 D
CSP5 049 1.09 0.51 n.d. CSP5 032 1.60 199 L
Tryptophane CSP1 079 149 1.02 D a-Methyl-Trp CSP1 073 234 3.73 nd.
cooH CSP2 150 1.61 513 D HOOC CSP2 140 2.66 11.41 n.d.
N @EC(NHZ CSP3 248 166 612 D a @ECEZ CSP3 170 3.69 1538 n.d.
N CSP4 148 152 411 D N CSP4 139 261 1028 n.d.
N CSP5 093 141 242 L N CSP5 0.88 233 6.77 n.d.
erythro-B-Methyl-Trp  CSP1  0.83 1.85 2.03 - 1-Methyl-Trp CSP1 085 129 064 D
cooH CSP2 123 215 926 - COOH CcSP2 144 133 202 D
. nH, CSP3 287 225 998 - “ NH, CSP3 229 138 3.66 D
D CSP4 154 193 1726 - b CSP4 134 159 411 D
N CSP5 1.02 190 429 - N\ CSP5 095 119 118 L
Gly-Phe CSP1 078 139 0.82 nd.| |Ala-Phe(D,D)/(L.L) CcSP1 058 1.90 1.97 n.d.
CSP2 196 134 3.09 n.d. CSP2 156 159 5.89 n.d.
4 o J\/© CSP3 269 1.00 0.00 - “ o 1@ CSP3 157 133 285 n.d.
HN I Kooy CSP4 142 129 260 nd. HZNT)kN coon CSP4 119 1.68 544 nd.
: CSP5 088 175 3.75 n.d. H CSP5 070 248 597 n.d.
Leu-Leu (D,D)/(L,L) CSP1 027 2.00 1.63 nd.| [Pro-Phe ®D)(LL) CSP1 093 158 143 DD
CSP2 095 155 3.67 nd. CSP2 192 191 642 DD
. i J\* CSP3 115 145 256 n.d. o 1@ CSP3 164 144 292 DD
38 2 N~ >COOH 44
H CSP4 069 132 111 nd. O)LN coon CSP4 194 196 4.58 DD
CSP5 041 199 333 nd. NH CSP5 094 256 635 LL

 Conditions: column dimension 150 x 4 mm I.D.; mobile phase: 50 mM formic acid and 25mM diethylamine in MeOH;
flow 1.0 ml/min; T 25° C; £y = 1.50 min. EO = elution order (configuration of the first eluted enantiomer). n.d. = not
determined.

® Analyte description: name, entry number, structural formula.

° Tic: 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid

9 CHSA: trans-2-aminocyclohexanesulfonic acid (15,2S)/(1R,2R)
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Results and Discussion on the Preparation of CSP 1-5.
For carbamate-type derivatization with amino acids at the C9-position, quinine la and
quinidine 1b, respectively, were activated by reaction with 4-nitrophenyl chloroformate’

whereupon hydrochloride salts 2a and 2b precipitated from the reaction solution and could
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be collected by filtration (Figure S-1). The achiral B-amino acids to be coupled were
commercially available compounds like taurine and B-alanine while the chiral trans-2-
aminocyclohexanesulfonic acid building block was prepared as a racemate according to

published procedures.”*

00O
7\ . / Y
OH 4-Nitrophenyl chloroformate / Toluene 1)
NO

> H G&l 2
MeO _ | >95% MeO _
la: quinine QN 2a,b

1b: quinidine QD
amino acid / BSA / CH,Cl,

55-90%

Thiol-modified Silica / AIBN / MeOH

CSP 1-5 <

Figure S-1. Synthesis scheme for the preparation of CSPs 1-5.

In order to circumvent solubility problems, the different amino acids where converted into
their trimethylsilyl esters with N,O-bis(trimethylsilyl)acetamide® prior to reacting with
nitrophenylesters 2a and 2b. Zwitterionic SOs 3-7 could thereby be quickly prepared in
acceptable to good yields. Covalent immobilization of the SOs onto thiol-modified silica
gel was accomplished via radical addition reaction’ and produced novel CSPs 1-5 with SO
loadings of 196-229 umol per gram CSP. In the case of CSPs 3 and 4, preparative
separation of their diastereomeric SOs prior to immobilization was necessary in order to
guarantee for high purity of SO stereoisomers. While both standard reversed-phase (RP)
and WAX-type chromatography did not allow feasible separations of the ampholytic
compounds 5 and 6, the employment of novel CSP 1, the B-alanine-quinine based

zwitterionic material, gave a sufficient separation (analytical run: oo = 2.24, Rg = 8.9) and a
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high loading capacity (up to 10 mg of sample injected onto a 150 x 4 mm column) while
using an easily removable mobile phase consisting of 0.14% acetic acid in MeOH (data not
shown). Although being a separation of diastereomers it indicates the potential of these
novel chiral zwitterionic stationary phases also for the application of preparative separation

and purification of ampholytic compounds.

General Information and Materials for Synthesis.

All chemical reactions were carried out under anhydrous conditions using nitrogen
atmosphere and oven-dried glassware unless otherwise stated. 'H and °C NMR spectra
were acquired on a Bruker DRX 400 MHz spectrometer. The chemical shifts (d) are given
in parts per million (ppm) using tetramethylsilane as internal standard. Mass spectrometry
was performed on a PESciex API 365 triple quadrupole mass spectrometer (Applied
Biosystems/MDS Sciex, Concord, Canada) equipped with a standard electrospray source.
Elemental analysis was carried out with an EA 1108 CHNS-O from Carlo Erba. Flash
chromatography was carried out using Silica 60 (0.040-0.063 mm particle size) from
Merck (Darmstadt, Germany).

Thiol-modified silica gel as support for the CSPs was prepared from spherical silica gel
(Daisogel 120-5, pore size 120 A, particle size 5 um, from Daiso Chemical Co., Ltd.,
Japan), similar to a previously published procedure.” Thiol-group grafting level of 940
umol/g was assessed by a spectrophotometric assay employing 2,2 -dithiodipyridine.®
Trans-2-aminocyclohexane-sulfonic acid was prepared according to published
procedures.” * All chemicals used for synthesis were of reagent grade quality or higher,
purchased from Sigma-Aldrich (Vienna, Austria) and were used without further
purification except the following: CH,Cl, (Sigma-Aldrich) was distilled over calcium
hydride prior to use, and quinine and quinidine were purchased from Buchler

(Braunschweig, Germany).

Synthesis of zwitterionic, Cinchona-based CSPs 1-5 (Figure S-1).

General procedure for Cinchona activation.'
Typically, Cinchona alkaloid 1 (8.0 g, 24.66 mmol) was dissolved in toluene (300 ml) and

the solution was dried azeotropically using a Dean-Stark apparatus. After cooling to
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ambient temperature, 4-nitrophenyl chloroformate (5.0 g, 25 mmol) was added
portionwise. The resulting mixture was stirred overnight. A pale yellow precipitate formed
which was collected by filtration. Washing with n-hexane (3 x 50 ml) and drying under
reduced pressure yielded 2 as a pale yellow solid (almost quantiative yield) that was used
in the next step without further purification.

09-(4-Nitrophenyl)oxycarbonyl quinine hydrochloride 2a. MS (ESI, positive): 490.5
[M+H]", 979.5 [2M+H]".

09-(4-Nitrophenyl)oxycarbonyl quinidine hydrochloride 2b. MS (ESI, positive): 490.5
[M+H]", 979.5 [2M+H]".

General procedure for the preparation of zwitterionic SOs 3-7.

Typically, N,O-bis(trimethylsilyl)acetamide BSA (3.0 ml, 12 mmol) was added
portionwise to a suspension of finely grounded amino acid (4.0 mmol) in dry CH,Cl, (100
ml). The resulting mixture was stirred and heated under reflux until a clear solution was
formed (up to 36 h). After cooling to ambient temperature, activated Cinchona alkaloid 2
(2.1 g, 4.0 mmol) was added portionwise and the solution was stirred overnight while
becoming slightly yellow. After quenching with MeOH (2 ml), the reaction mixture was
directly transferred to a bed of silica gel (150 g) which was preequilibrated with CH,Cl,.
Purification by flash chromatography (CH,Cl,/MeOH 20/1 to 5/1) yielded the zwitterionic
SO. Separation of the diastereomers 5 and 6 was carried out chromatographically by HPLC
(details are given below).
N-[[[(8S,9R)-6'-methoxycinchonan-9-yl]oxy]carbonyl]-#-alanine 3: 91%, pale brown
solid. "H NMR [CD;OD]: & = 8.68 (d, 1H), 7.97 (d, 1H), 7.55 (d, 1H), 7.53 (d, 1H), 7.45
(dd, 1H), 6.93 (d, 1H), 5.75 (m, 1H), 5.09 (d, 1H), 5.01 (d, 1H), 4.02 (s, 3H), 3.75 (m,
1H), 3.64 (m, 1H), 3.53 (m, 1H), 3.48-3.33 (m, 2H), 3.27-3.14 (m, 2H), 2.73 (m, 1H), 2.47
(m, 2H), 2.21-2.08 (m, 2H), 2.03 (m, 1H), 1.84 (m, 1H), 1.71 (m, 1H). >C NMR: & = 176.6
(COOH), 160.4 (Cy), 156.2 (C=0), 148.1 (C,H), 145.0 (Cy), 143.6 (Cy), 139.4 (CH=),
131.8 (CyH), 127.4 (Cy), 123.9 (CyH), 119.7 (C,H), 117.1 (CHy=), 102.5 (C,H), 71.4
(CH), 59.8 (CH), 57.1 (OMe), 55.7 (CH>), 44.8 (CH>), 38.6 (CH), 38.5 (CH,), 36.1 (CH,),
28.3 (CH), 25.2 (CH,), 20.9 (CH,). MS (ESI, positive): 440.4 [M+H]", 462.4 [M+Na]’,
879.6 [2M+H]", 901.5 [2M+Na]".
N-[[[(8S,9R)-6'-methoxycinchonan-9-ylJoxy]carbonyl]-taurine 4: 55%, pale yellow solid.
'H NMR [CD;OD]: & = 8.73 (d, 1H), 8.00 (d, 1H), 7.64 (d, 1H), 7.50 (s, 1H), 7.48 (d, 1H),
6.94 (s, 1H), 5.78 (m, 1H), 5.14 (d, 1H), 5.05 (d, 1H), 4.05 (s, 3H), 3.87-3.74 (m, 2H),
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3.65 (m, 2H), 3.50 (m, 1H), 3.37 (m, 2H), 3.01 (m, 2H), 2.84 (m, 1H), 2.30-2.19 (m, 2H),
2.13 (m, 1H), 1.99 (m, 1H), 1.75 (m, 1H). >C NMR: & = 160.5 (C4), 155.9 (C=0), 147.8
(CoH), 144.4 (C,), 143.6 (Ca), 138.9 (CH=), 131.4 (C,H), 127.4 (C,H), 124.3 (C,H),
119.5 (CH), 117.4 (CHy=), 102.3 (CoH), 71.1 (CH), 60.0 (CH), 57.1 (OMe), 55.8 (CH,),
51.5 (CHa), 45.5 (CHa), 38.4 (CH,), 38.3 (CH), 28.2 (CH), 25.0 (CH,), 20.7 (CH,). MS
(ESI, positive): 476.4 [M+H]", 498.4 [M+Na]". MS (ESI, negative): 474.2 [M-H] .
trans-(1"'S,2"'S)-N-[[[(8S,9R)-6'-methoxycinchonan-9-ylJoxy]carbonyl]-2"*-aminocyclo-
hexanesulfonic acid 5: 64%, off white crystals. 'H NMR [CD;OD]: & = 8.70 (d, 1H), 7.95
(d, 1H), 7.60 (d, 1H), 7.40 (dd, 1H), 7.30 (d, 1H), 6.85 (s, 1H), 5.77 (m, 1H), 5.23 (d, 1H),
5.04 (d, 1H), 4.03 (m, 1H), 3.92 (s, 3H), 3.81 (m, 1H), 3.73 (m, 2H), 3.38 (m, 1H), 2.85 (s,
1H), 2.70 (m, 1H), 2.39 (m, 1H), 2.31 (m, 1H), 2.21 (m, 1H), 2.12 (s, 1H), 1.95 (m, 2H),
1.85-1.68 (m, 3H), 1.52 (m, 1H), 1.30 (m, 4H). *C NMR: & = 160.3 (Cy), 155.6 (C=0),
148.2 (CoH), 145.0 (Cap), 143.1 (Ca), 139.2 (CH=), 131.9 (CyH), 127.1 (Ca), 123.6
(CoH), 119.9 (C,H), 117.3 (CH,=), 102.2 (C,H), 71.0 (CH), 63.6 (CH), 60.0 (CH), 56.5
(OMe), 56.0 (CHa), 53.2 (CH), 46.1 (CH,), 38.5 (CH), 35.0 (CH,), 29.4 (CH,), 28.2 (CH),
26.1 (2xCH,), 25.3 (CHy), 20.8 (CH,). MS (ESI, positive): 530.5 [M+H]", 552.3 [M+Na]’,
1059.7 [2M+H]", 1081.7 [2M+Na]".
trans-(1""R,2"'R)-N-[[[(8S,9R)-6"-methoxycinchonan-9-yl]oxy]carbonyl]-2"'-aminocyclo-
hexanesulfonic acid 6: 55%, off white solid. '"H NMR [CD;OD]: & = 8.77 (d, 1H), 8.05 (d,
1H), 7.71 (d, 1H), 7.54 (d, 1H), 7.41 (s, 1H), 6.76 (s, 1H), 5.75 (m, 1H), 5.12 (d, 1H), 5.06
(d, 1H), 4.03 (s, 3H), 3.88 (m, 2H), 3.71 (m, 1H), 3.65 (m, 1H), 3.44 (m, 1H), 3.38 (m,
1H), 3.08 (m, 1H), 2.85 (s, 1H), 2.40-2.05 (m, 5H), 1.95 (m, 2H), 1.75 (m, 1H), 1.66 (m,
1H), 1.58 (m, 1H), 1.48 (m, 1H), 1.40-1.19 (m, 2H). *C NMR: & = 160.0 (C.,), 155.3
(C=0), 148.4 (CyH), 144.4 (Cu), 142.7 (Ca), 138.7 (CH=), 131.8 (CyH), 126.8 (Ca),
123.7 (CH), 120.2 (C,H), 117.2 (CH>=), 101.9 (C,H), 71.1 (CH), 61.5 (CH), 59.8 (CH),
57.0 (OMe), 55.6 (CH,), 53.4 (CH), 45.4 (CH>), 37.7 (CH), 33.4 (CH,), 29.0 (CH,), 27.5
(CH), 25.8 (CHa), 25.7 (CHy), 24.8 (CH,), 20.7 (CH,). MS (ESI, positive): 530.3 [M+H]",
552.4 [M+Na]", 1059.7 [2M+H]", 1081.7 [2M+Na]".
N-[[[(8R,9S)-6'-methoxycinchonan-9-yl]Joxy]carbonyl]-taurine 7: 90%, yellow crystals.
'H NMR [CD;OD]: & = 8.79 (d, 1H), 7.96 (d, 1H), 7.78 (d, 1H), 7.56-7.50 (m, 2H), 7.11
(s, 1H), 6.14 (m, 1H), 5.33-5.24 (m, 2H), 4.01 (s, 3H), 3.87 (m, 1H), 3.65-3.51 (m, 5H),
3.37 (m, 1H), 3.02 (m, 2H), 2.77 (m, 1H), 2.42 (m, 1H), 2.06 (m, 1H), 2.02-1.83 (m, 2H),
1.47 (m, 1H). °C NMR: & = 161.2 (Ca), 155.7 (C=0), 146.8 (C.), 145.8 (C,H), 141.2
(Car), 137.9 (CH=), 128.8 (CyH), 127.9 (Car), 126.1 (CoH), 120.1 (C,H), 118.4 (CHy=),
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102.6 (CyH), 71.4 (CH), 59.8 (CH), 57.4 (OMe), 51.5 (CH,), 51.0 (CH,), 50.1 (CHy), 38.5
(CH,), 38.2 (CH), 28.7 (CH), 23.7 (CH,), 20.4 (CH,). MS (ESI, positive): 476.2 [M+H]",
498.2 [M+Na]", 951.4 [2M+H]", 973.4 [2M+Na]".

HPLC Semipreparative Diastereomer Separation of SO 5 and 6

Isocratic semipreparative chromatographic resolution of diastereomers 5 and 6 was
performed with the standard analytical HPLC system described in the Experimental section
of the main articel in combination with a 12/13-switching valve from Agilent
Technologies, which was connected to the flow path just behind the UV detector, for
automated fraction collection. The employed stationary phase was [3-alanine-based CSP 1
that was packed in house into a stainless steel column (150 x 4 mm [.D). As mobile phase
25 mM (0.142%, v/v) HOAc in MeOH was used, the flow was set to 1.0 ml/min, and the
column temperature was 25 °C. The diastereomeric mixture of amino acids 5 and 6 were
dissolved in MeOH at a concentration of 100 mg/ml and were distributed to standard
HPLC vials. Sample amounts injected onto the column were 85 ul or 8.5 mg, respectively.
In a series of injections, the diastereomers were separated and collected in two fractions,
which were concentrated in vacuo. The purity of the collected diastereomers was assessed
analytically using similar conditions (CSP 1; 25 mM HOAc in MeOH). The first eluted
diastereomer 5 was assigned the (1"S,2"S)-configuration in the cyclohexanesulfonic acid
subunit, and accordingly, the second eluted diastereomer 6 the (1"R,2"R)-configuration.
Basis of these assignments are preliminary X-ray crystallographic data on 5 (data not

shown).

SO Immobilization and Column Packing

General procedure for the preparation of zwitterionic SO-based CSPs.

Typically, oven-dried thiol-modified silica gel (2.20 g) was suspended in MeOH (10 ml).
SO (0.89 mmol) and azobisisobutyronitrile AIBN (30 mg, 0.18 mmol), each dissolved in
MeOH (5 ml and 1 ml, respectively) were added. The suspension was stirred under reflux
for 6 h. After cooling and filtration, the silica gel was washed with MeOH (3 x 20 ml),
diethylether (2 x 20 ml), and dried in vacuo at 60 °C to yield the new CSP.

SO coverages were calculated from the nitrogen content obtained by elemental analysis:

CSP 1 (based on SO 3): w-% C 10.60, w-% H 1.85, w-% N 0.825, w-% S 2.56; 196 numol
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SO per g CSP. CSP 2 (based on SO 4): w-% C 10.48, w-% H 1.85, w-% N 0.863, w-% S
3.26; 205 pmol SO per g CSP. CSP 3 (based on SO 5): w-% C 11.53, w-% H 1.96, w-% N
0.905, w-% S 3,19; 215 umol SO per g CSP. CSP 4 (based on SO 6): w-% C 11.83, w-%
H 1.92, w-% N 0.961, w-% S 3.19; 229 umol SO per g CSP. CSP 5 (based on SO 7): w-%
C 10.14, w-% H 1.78, w-% N 0.881, w-% S 3.15; 210 pmol SO per g CSP. CSP 1-5 were
slurry packed into stainless steel columns (150 x 4 mm I.D.) either in house or at VDS

Optilab GmbH (Berlin, Germany).

Supplementary Chromatograms of HPLC Enantiomer Separations

0 2 4 6 8 mi

Figure S-2. HPLC enantiomer separations of a series of Phe-containing dipeptides on CSP
2 (1) Gly-Phe, ii) Ala-Phe (DD/LL), iii) Pro-Phe (DD/LL), (samples are nonracemic, see
also Table 3). Mobile phase: 50mM FA and 25mM DEA in MeOH. Detection: CAD or
UV at 254 nm.
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Figure S-3. HPLC enantiomer separations of a) DNB-Phe (see Table 1), b) Mefloquine

(see Table 2), and c¢) DL-a-Methyl-Tryptophane (see Table 3) on CSP 3. Mobile phase:
50mM FA and 25mM DEA in MeOH.
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Abstract

The concept of recently introduced Cinchona alkaloid-type zwitterionic chiral stationary
phases (CSPs) is based on fusing key cation and anion exchanger (CX, AX) moieties in
one single low-molecular mass chiral selector (SO) with the resulting CSPs allowing
enantiomer separations of a wide range of chiral ionizable analytes comprising acids,
bases, and zwitterionic compounds. Herein, we report principal, systematic investigations
of the ion exchange-type retention mechanisms available with the novel zwitterionic CSPs
in nonaqueous polar organic mode. Typical CX and AX processes, corresponding to the
parent single ion exchangers, are confirmed also for zwitterionic CSPs. The mechanism
leading to recognition and retention of zwitterions was also found to be ion exchange
mediated in a zwitterion exchange (ZX) mode. In both AX and CX mode the additional
ionizable group within the SO besides the site responsible for the respective ion exchange
process could be characterized as an intramolecular counterion (IMCI) that effectively
participates in the ion exchange equilibria and thus, contributes to solute elution. In ZX
mode both oppositely charged groups of the zwitterionic SO were found not only to be the
sites for simultaneous ion pairing with the analyte but also functioned as IMClIs in the
same time. The main practical consequences of the IMCI feature were significant reduction
of the amounts and even elimination of acidic and basic additives required in the eluent
systems to afford analyte elution while still providing faster analysis than the parent single
ion exchanger-type CSPs. The set of ten structurally different zwitterionic CSPs employed

in this study also allowed correlations between chromatographic behavior of the CSPs with



particular SO elements, thereby supporting the understanding of the working principles of

these novel packing materials on a molecular level.

Keywords: Chiral stationary phase; Anion exchanger; Cation exchanger; Zwitterion;
Liquid chromatography; Retention mechanism; Chiral acids; Amino acids; Chiral amines;

Zwitterionic surface.

Introduction

Novel ion exchanger type chiral stationary phases (CSPs) with remarkably broad
applicability based on zwitterionic selectors (SOs) have recently been reported for HPLC
[1]. For their low molecular mass chiral SOs, both cation exchanger (CX) and anion
exchanger (AX) moieties from already established parent single ion exchanger CSPs have
been fused to afford defined, zwitterionic chiral SOs [2,3]. Consequently, these novel
chiral separation materials exhibit enantioselectivity for a wide spectrum of chiral
ionizable analytes (selectants, SAs) ranging from chiral acids over chiral amines to chiral
amino acids and peptides. When these zwitterionic CSPs were being operated for the
separation of chiral amines or chiral acids, respectively, significantly reduced analysis
times were observed compared to corresponding parent CX or AX CSPs. This particular
behavior has been ascribed to the intramolecularly present, oppositely charged ion
exchanger moieties that seemed to act as intramolecular counterions (IMCIs) in the
respective ion exchange processes. A similar concept has been described earlier in a series
of publications on the analysis of inorganic anions and cations in electrostatic ion
chromatography (EIC) using reversed phase (RP) columns coated with zwitterionic
compounds as stationary phases where operation was even possible with pure water as
eluent [4-9]. Here, separation and elution had been ascribed to electrostatic attraction and
repulsion between analyte ion pairs and zwitterionic stationary phase where one charge of
the stationary phase acted as ion exchange site and the other as electrostatic provider.
These observations point for the novel zwitterionic CSPs towards a chiral ion exchanger
that lacks a typical drawback of conventional ion exchanger-based CSPs, that is, the need
of additional counterions in the mobile phase to let analysis take place in reasonable time
frames. Reduction of amounts of mobile phase additives could become especially relevant

for preparative applications where subsequent removal of residual additives from the single



enantiomers after enantioseparation represents an additional step. Hence, the IMCI feature
of zwitterionic CSPs was of particular interest.

Following the detailed study on the enantioselective properties of Cinchona alkaloid-based
zwitterionic CSPs [1] we report here principal investigations of the ion exchange modes —
anion, cation, and zwitterion exchange (AX, CX, and ZX) mode — available with these
packing materials. The examination of the retention mechanisms of acidic, basic, and
amino acid analytes on zwitterionic CSPs was carried out in polar organic mode, partly in
comparison to conventional, pure AX and CX CSPs. Thereby, the characterization of
effects related to the intramolecular counterion (IMCI) feature plays a central role while
also the consequences of different SO structures on the analytes’ stereoselective retention
behavior will be discussed. Since the first investigations of Cinchona alkaloid-based
zwitterionic CSPs have shown that the alkaloid AX-part dominates overall enantioselective
molecular recognition not only of chiral acidic and amino acid analytes but also partly of
chiral basic solutes [1] we herein focused on the CX-parts of the zwitterionic CSPs with
regard to retention behavior and enantioselectivity. For a better comparison and to give the
presented studies a sound basis, an extended set of zwitterionic CSPs exclusively based on
quinine as the AX moiety, but with different CX-parts was employed (see Fig. 1)
comprising previously reported CSPs 1-4 [1] as well as six novel zwitterionic CSPs (CSPs
5-10). CSPs 5-7 structurally follow the known CSPs 1-4 and carry their CX moieties as
carbamates at the C9-position of the quinine alkaloid. Among CSPs 8-10, which represent
a novel subtype of zwitterionic CSPs, the CX groups were introduced via ether linkage at
the quinoline C6’-phenoxy group. Thus, the O9-tertbutyl carbamoyl motif, identified
earlier to be important for the enantioselective properties of the parent QN-AX CSP [10],
remains conserved. However, the particular arrangement of AX- and CX-sites in the
zwitterionic SOs of CSPs 8-10 could potentially lead to an altered mode of zwitterionic
recognition of chiral amphoteric compounds compared to the known C9-modified CSPs
(see Fig. 1). Among the latter packing materials CSP 5 mimics the O9-tertbutyl carbamoyl
motif by carrying a branched CX subunit. Both different linkage sites of the CX part within
the alkaloid motif and various spacer lengths lead to zwitterionic SOs with CX moieties of
different range and flexibility with respect to the relatively rigid quinine AX-scaffold. In
combination with varied acid strength (weak and strong CX, WCX and SCX) of the CX
subunits a series of CSPs resulted that are likely to exhibit divers ion exchange properties

useful for the present study. All structural variations could help deriving structure-



separation relationships and thereby gaining more detailed insights into the working

principles of the presented zwitterionic CSPs.

< Figure 1>

Experimental Section

Materials and Instrumentation for Chromatography.
QN-AX CSP (150 x 4 mm L.D., 120 A, 5 um) was from Bischoff (Leonberg, Germany)
while CSP 1-4 were identical to the recently reported zwitterionic CSPs [1]. SO coverages
of these five CSPs are given in Table 1. Methanol (MeOH) and acetonitrile (ACN) as
solvents for HPLC were of HPLC-grade from Merck (Darmstadt, Germany). Mobile phase
additives acetic acid (HOAc) and ammonium acetate (NH4OAc) were of analytical grade
(Sigma-Aldrich, Austria). The chiral analytes employed in this study were either
commercially available, synthesized according to literature procedures, or were kind gifts
from research partners. All chromatographic measurements were performed on 1100 Series
HPLC systems from Agilent Technologies (Waldbronn, Germany) consisting of a solvent
degasser, a pump, an autosampler, a column thermostat and a UV-Vis detector (either a
multi-wavelength or a diode array) for detection between 230 and 280 nm. Data acquisition
and analysis was carried out with ChemStation chromatographic data software from
Agilent Technologies. Elution was performed in isocratic mode at a mobile phase flow rate
of 1.0 ml/min and at a column temperature of 25 °C. The void volumes of the columns
were determined by injecting a methanolic solution of acetone with detection at 280 nm.

All analytes were applied as methanolic solutions of 0.5-2.0 mg/ml.

Materials and General Information on CSP Preparation.
All chemical manipulations were carried out using nitrogen atmosphere and oven-dried
glassware unless otherwise stated to assure anhydrous conditions. All chemicals used for
synthesis were of reagent grade quality or higher, purchased from Sigma-Aldrich (Vienna,
Austria) except quinine, which was bought from Buchler (Braunschweig, Germany), and
were used without further purification. From Merck (Darmstadt, Germany) were Silica 60

(0.040-0.063 mm particle size) for flash chromatography and TLC aluminum sheets silica
4



gel 60 Fasy for thin-layer chromatography. 'H and >C NMR spectra were acquired on a
Bruker DRX 400 MHz spectrometer. The chemical shifts (8) are given in parts per million
(ppm) using the solvent signal as internal reference. Mass spectrometry was performed on
a PESciex API 365 triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex,
Concord, Canada) equipped with a standard electrospray source. Spherical silica gel
Daisogel 120-5 (pore size 120 A, particle size 5 um) as solid support for the CSPs was
from Daiso Chemical Co., Ltd., Japan. SO coverages of the CSPs were calculated from the
nitrogen content obtained by elemental analysis which was carried out with an EA 1108
CHNS-O from Carlo Erba. The CSPs were slurry packed into stainless steel columns (150
x 4 mm [.D.) either in house or at VDS Optilab GmbH (Berlin, Germany).

Preparation of zwitterionic CSPs 5-10 (Fig. 2).
Preparation of chiral SOs of CSPs 5-7 [1,11] as well as the immobilization of zwitterionic
SOs onto thiol-functionalized silica gel [12] in general were carried out according to

published procedures, therefore only general protocols are provided.

Preparation of C9-type zwitterionic SOs

General procedure for the preparation of SOs of CSPs 5-7.

Briefly, to solution of quinine (8.0 g, 24.66 mmol) in dry toluene (300 ml) was added 4-
nitrophenyl chloroformate (5.0 g, 25 mmol). After stirring the reaction mixture overnight a
precipitate formed that was collected by filtration, washed with n-hexane (3 x 50 ml) and
dried under reduced pressure to afford the desired activated quinine ester hydrochloride as
a pale yellow solid (almost quantiative yield) which was used in the next step without
further purification. In dry CH,Cl, (100 ml) the corresponding amino acid (4.0 mmol; 3-
amino-3-methylbutyric acid: 469 mg; 4-aminobutyric acid: 413 mg; 6-aminohexanoic
acid: 525 mg) was suspended and N,O-bis(trimethylsilyl)acetamide BSA (3.0 ml, 12
mmol) was added. The resulting mixture was stirred and heated under reflux for up to 24 h
until a clear solution formed to which, after cooling to ambient temperature, activated
quinine ester hydrochloride (2.1 g, 4.0 mmol) was added and allowed to react overnight.
The mixture was quenched with MeOH (2 ml), directly transferred to a pre-equilibrated
(CHxCly) bed of silica gel (150 g) and purified by flash chromatography (CH,Cl,/MeOH
20/1 to 5/1) to afford the zwitterionic SOs.

SO of CSP 5 N-[[[(8S5,9R)-6'-methoxycinchonan-9-ylJoxy]carbonyl]-3-amino-3-
methylbutyric acid: 64%, off white crystals. 'H NMR [CD;O0D]: & = 8.68 (d, 1H), 7.98 (d,



1H), 7.61 (d, 1H), 7.54 (d, 1H), 7.48 (dd, 1H), 6.92 (d, 1H), 5.78 (m, 1H), 5.12 (d, 1H),
5.03 (d, 1H), 4.05 (s, 3H), 3.82-3.71 (m, 2H), 3.62 (m, 2H), 3.30-3.26 (m, 1H), 2.80 (m,
1H), 2.75 (d, 1H), 2.53 (d, 1H), 2.36-2.20 (m, 2H), 2.11 (m, 1H), 1.96 (m, 1H), 1.75 (m,
1H), 1.37 (s, 3H), 1.35 (s, 3H). *C NMR: & = 174.9 (COOH), 160.5 (Cy), 154.3 (C=0),
148.1 (C,H), 145.0 (Cy), 143.5 (Cy), 139.1 (CH=), 131.8 (C,H), 127.3 (Cy), 124.0
(CaH), 119.9 (CH), 117.3 (CHy=), 102.4 (C,H), 70.3 (CH), 60.0 (CH), 57.2 (OMe), 55.7
(CH,), 52.5 (CH,), 45.0 (CH,), 44.4 (C), 38.5 (CH), 28.3 (CH), 27.8 (CH3), 27.7 (CH3),
25.0 (CH,), 20.6 (CH,). MS (ESI, positive): 530.5 [M+H]", 552.3 [M+Na]", 1059.7
[2M+H]", 1081.7 [2M+Na]".

SO of CSP 6, N-[[[(8S,9R)-6'-methoxycinchonan-9-ylJoxy]carbonyl]-4-aminobutyric
acid: 55%, off white solid. 'H NMR [CD;OD]: & = 8.70 (d, 1H), 7.98 (d, 1H), 7.58 (d, 1H),
7.54 (d, 1H), 7.47 (dd, 1H), 6.90 (d, 1H), 5.78 (m, 1H), 5.12 (d, 1H), 5.04 (d, 1H), 4.04 (s,
3H), 3.80 (m, 1H), 3.70 (m, 1H), 3.59 (m, 1H), 3.29-3.23 (m, 1H), 3.15 (m, 2H), 2.79 (m,
1H), 2.33-2.17 (m, 4H), 2.12 (m, 1H), 1.98 (m, 2H), 1.84-1.72 (m, 3H). °C NMR: § =
177.3 (COOH), 160.5 (Cy), 156.2 (C=0), 148.1 (CyH), 145.0 (Cu), 143.5 (Ca), 139.2
(CH=), 131.8 (CyH), 127.4 (Cay), 124.0 (CoH), 119.7 (CoH), 117.3 (CHy=), 102.4 (C,H),
71.3 (CH), 59.9 (CH), 57.2 (OMe), 55.8 (CH,), 45.0 (CH,), 41.5 (CH,), 38.5 (CH), 32.3
(CH,), 28.3 (CH), 26.2 (CH,), 25.0 (CH,), 20.6 (CH,). MS (ESL positive): 530.3 [M+H]",
552.4 [M+Na]", 1059.7 [2M+H]", 1081.7 [2M+Na]".

SO of CSP 7, N-[[[(8S,9R)-6'-methoxycinchonan-9-ylJoxy]carbonyl]-6-aminohexanoic
acid: 90%, yellow crystals. '"H NMR [CD;OD]: & = 8.71 (d, 1H), 8.00 (d, 1H), 7.57 (d,
1H), 7.52-7.48 (m, 2H), 6.80 (d, 1H), 5.80 (m, 1H), 5.13 (d, 1H), 5.05 (d, 1H), 4.04 (s,
3H), 3.79 (m, 1H), 3.71-3.61 (m, 1H), 3.57 (m, 1H), 3.32-3.20 (m, 1H), 3.11 (m, 2H), 2.78
(m, 1H), 2.32-2.10 (m, 4H), 2.04-1.95 (m, 1H), 1.82 (m, 1H), 1.64-1.45 (m, 5H), 1.38-1.28
(m, 2H).

BC NMR: & = 160.5 (Cy), 156.3 (C=0), 148.2 (C,H), 145.1 (Cy), 143.5 (Cy), 139.3
(CH=), 131.9 (C,H), 127.4 (Cay), 123.8 (CoH), 119.8 (CoeH), 117.2 (CHo=), 102.4 (C,H),
71.5 (CH), 60.1 (CH), 56.9 (OMe), 56.0 (CH,), 45.0 (CH,), 41.8 (CH,), 38.7 (CH), 34.9
(CH,), 30.4 (CH,), 28.3 (CH), 27.3 (CH,), 25.7 (CH,), 25.4 (CH,), 21.2 (CH,). MS (ESI,
positive): 476.2 [M+H]", 498.2 [M+Na]", 951.4 [2M+H]", 973.4 [2M+Na]".

Preparation of C6’-type zwitterionic SOs

Cupreine-90-tert.-butylcarbamate.



To a stirred suspension of 3.10 g (10.0 mmol) of dry cupreine [13,14] in 100 ml THF was
added a solution of butyl lithium in hexane (6.9 ml, 11.0 mmol) via syringe over a period
of 15 min. The resultant yellow solution was stirred at 0 °C for further 20 min. Then a
solution of pivaloyl chloride (1.36 ml, 1.33 g, 11.0 mmol) in 10 ml THF was added over a
period of 10 min. The cooling bath was removed and the mixture allowed to stir at ambient
temperature. After 1 h the reaction mixture was quenched by addition of MeOH (2.0 ml)
and concentrated under reduced pressure. The resultant yellowish oil was taken into 30 ml
of dry toluene. Tert.-butylisocyanate (1.49 g, 15.0 mmol) and dibutyltin dilaurate (0.10 g,
0.16 mmol) were added and the heterogeneous mixture was heated to 60 °C for 10 h. After
removal of the volatiles under reduced pressure, the residual oil was taken into MeOH (50
ml). Potassium carbonate (4.15 g, 30.0 mmol) was added and the suspension was stirred
for 5 h at ambient temperature. The reaction mixture was concentrated under reduced
pressure. The solid was suspended in 200 ml water and carefully (foaming!) acidified with
2 M hydrochloric acid to pH 2. The acidic solution was adjusted to pH 12 with
concentrated aqueous ammonia and the formed precipitate was extracted with CH,Cl, (3 x
50 ml). After drying (MgSQO,), the organic extracts were concentrated under reduced
pressure to furnish a yellowish oil. Purification via gradient silica gel chromatography
(CH,Cl,-MeOH. 10/0 to 7/3) gave 1.95 g (4.67 mmol, 47 %) of an off-white solid. MS
(ESI, positive): 410.5 [M-H]".

Ester-type intermediates: 6°-[(4-ethoxycarbony)butyl)-cupreine-O9-tert.-
butylcarbamate; 6’-[(6-methoxycarbonyl)hexyl)-cupreine-O9-tert.-butylcarbamate;
6°-[(4-methoxycarbonyl)undencenyl)-cupreine-O9-tert.-butylcarbamate.

To a solution of cupreine-O9-tert.-butylcarbamate (2.05 g, 5.0 mmol) in 20 ml DMF were
added finely powdered cesium carbonate (2.44 g, 7.5 mmol) and the corresponding
bromoalkyl ester (4.0 mmol; ethyl 4-bromobutyrate: 780 mg; methyl 6-bromohexanoate:
836 mg; methyl 11-bromoundecanoate: 1.12 g). The suspension was stirred for 20 h at
ambient temperature. The volatiles were removed under high vacuum (0.1 mbar, bath
temperature < 50 °C). The oily residue was taken into CH,Cl, and washed with 2 M
aqueous sodium hydroxide solution (3 x 100 ml) to remove excess cupreine 90O-tert.-
butylcarbamate. The organic phase was dried (MgSO4) and concentrated to yield a dark
brown oil. The crude product was purified via gradient chromatography on silica gel

(CH,CL,-MeOH 10/0 to 9/1).



6’-[(4-ethoxycarbony)butyl)-cupreine-O9-tert.-butylcarbamate: 1.70 g (3.25 mmol,
65%). MS (ESI, positive): 524.6 [M-H]".
6’-[(6-methoxycarbonyl)hexyl)-cupreine-O9-tert.-butylcarbamate: 1.96 g (3.65 mmol,
73%). MS (ESI, positive): 538.5 [M-H]".
6’-[(4-methoxycarbony)undencenyl)-cupreine-O9-tert.-butylcarbamate: 1.82 g (3.00
mmol, 60%). MS (ESI, positive): 608.6 [M-H]".

Zwitterionic SOs: 4-[(O9-tert.-butylcarbamoyl)-cuprein-6’-yl]-butyric acid; 6-[(O9-
tert.-butylcarbamoyl)-cuprein-6’-yl]-hexanoic acid; 11-[(O9-tert.-butylcarbamoyl)-
cuprein-6’-yl]-undanoic acid.

The respective ester intermediate (5.0 mmol) was dissolved in MeOH (20 ml), and 7.5 ml
of a2 M NaOH in MeOH and 0.5 ml water were added. The mixture was stirred at ambient
temperature and the progress of the hydrolysis of the esters was monitored via TLC
(CH,Cl1,-MeOH 4/1). After complete conversion (3 to 5 h depending on derivative) the
reaction mixture was quenched with a stoichiometric amount (7.5 ml) of 2 M methanolic
HCI. The volatiles were carefully removed under reduced pressure (vigorous foaming!).
The sticky residue consisting of sodium chloride and the target compound was repeatedly
re-suspended in dry toluene and evaporated to remove traces of water. The resultant
material was treated with 50 ml CH)Cl,, filtered, mixed with 25 g silica gel and
evaporated. The so pre-adsorbed material was loaded onto glass columns containing 60 g
silica gel pre-equilibrated with CH,Cl,. Gradient elution (CH,Cl,-MeOH 10/0 to 9/1)
followed by drying in high vacuum furnished the pure zwitterionic SOs as colorless glassy
solids.

SO of CSP 8: 4-[(O9-tert.-butylcarbamoyl)-cuprein-6’-yl]-butyric acid: 1.53 g (3.10
mmol, 62%). '"H NMR [CDCl;]: 8 = 9.15 (s, 1H), 8.70 (d, 1H), 8.03 (d, 1H), 8.00 (d, 1H),
7.35 (dd, 1H), 7.28 (d, 1H), 6.89 (s, 1H), 5.65 (m, 1H), 5.06-4.97 (m, 3H), 4.42-4.31 (m,
1H), 4.28-4.16 (m, 1H), 3.64-3.54 (m, 1H), 3.44-3.35 (m, 1H), 3.35-3.27 (m, 1H), 3.15-
3.03 (m, 1H), 2.77-2.69 (m, 1H), 2.63-2.45 (m, 3H), 2.27-2.17 (m, 1H), 2.10-1.90 (m, 4H),
1.88-1.76 (m, 1H), 1.70-1.58 (m, 1H), 1.32 (s, 9H). °C NMR: & = 177.6 (COOH), 158.4
(Ca), 152.2 (C=0), 146.9 (C,H), 144.4 (C,), 142.9 (Cy), 138.6 (CH=), 131.6 (C,H),
126.1 (Cy), 123.4 (C,H), 116.8 (C,H), 116.4 (CHy=), 101.4 (C,H), 70.3 (CH), 69.2
(OCH), 58.0 (CH), 54.6 (CH»), 51.1 (C-NH), 41.7 (CH»), 37.8 (CH), 31.8 (CH»), 28.9
(CH3), 27.3 (CH), 25.6 (CH>), 23.7 (CH,), 19.4 (CH,). MS (ESI, positive): 496.5 [M-H]".



SO of CSP 9: 6-[(O9-tert.-butylcarbamoyl)-cuprein-6’-yl]-hexanoic acid 1.71g (3.25
mmol, 65%). '"H NMR [CDCls]: & = 8.71 (d, 1H), 8.50 (s, 1H), 8.02 (d, 1H), 7.49 (d, 1H),
7.39 (dd, 1H), 7.30 (d, 1H), 6.69 (s, 1H), 5.66 (m, 1H), 5.02-4.93 (m, 2H), 4.92 (s, 1H),
4.31-4.16 (m, 2H), 3.44-3.34 (m, 1H), 3.34-3.25 (m, 1H), 3.25-3.16 (m, 1H), 3.05-2.93 (m,
1H), 2.76-2.66 (m, 1H), 2.50-2.34 (m, 3H), 2.00-1.49 (m, 11H), 1.31 (s, 9H). °C NMR: &
= 177.1 (COOH), 158.2 (Cy), 152.5 (C=0), 146.9 (C,H), 144.5 (Cy), 143.5 (Cy), 139.8
(CH=), 131.5 (C,H), 126.1 (Cy), 122.8 (C,H), 117.1 (C,H), 115.6 (CHy=), 102.6 (C,H),
71.4 (CH), 69.4 (OCH,), 57.9 (CH), 54.8 (CH;), 51.0 (C-NH), 41.8 (CH,), 38.4 (CH), 35.1
(CH,), 28.9 (CH3), 28.5 (CHy), 27.6 (CH), 26.3 (CH,), 25.9 (CH>), 24.5 (CH,), 20.4 (CH»).
MS (ESI, positive): 524.4 [M-H]".

SO of CSP 10: 11-[(O9-tert.-butylcarbamoyl)-cuprein-6’-yl]-undanoic acid: 1.60 g
(2.70 mmol, 54%). 'H NMR [CDCLs]: & = 8.71 (d, 1H), 8.02 (d, 1H), 7.44 (s, 1H), 7.38
(dd, 1H), 7.32 (d, 1H), 6.63 (d, 1H), 6.54 (s, 1H), 5.69 (m, 1H), 5.04-4.93 (m, 2H), 4.87 (s,
1H), 4.24-4.11 (m, 2H), 3.33-3.20 (m, 3H), 2.99-2.87 (m, 1H), 2.75-2.66 (m, 1H), 2.54-
2.36 (m, 1H), 2.32-2.24 (m, 2H), 1.93-1.75 (m, 5H), 1.72-1.49 (m, 6H), 1.45-1.32 (m,
10H), 1.30 (s, 9H). C NMR: 8 = 177.9 (COOH), 158.0 (Cy), 151.1 (C=0), 146.8 (C,H),
1443 (Ca), 143.6 (Cu), 140.4 (CH=), 131.3 (CyuH), 126.5 (Ca), 122.5 (C,H), 117.6
(CoH), 115.3 (CHp=), 101.8 (C,H), 71.8 (CH), 68.6 (OCH,), 58.0 (CH), 55.2 (CH>), 50.9
(C-NH), 42.0 (CH,), 38.8 (CH), 34.9 (CH,), 29.2 (CH,), 28.9 (CH3;), 28.9 (CH,), 28.9
(CH,), 28.8 (CH,), 28.7 (CH,), 28.6 (CH,), 27.6 (CH), 26.7 (CH,), 25.9 (CH,), 25.0 (CH,),
21.5 (CH,). MS (ESI, positive): 594.7 [M-H]".

General procedure for imobilization of zwitterionic SOs to afford CSPs 5-10 [12].

To a mechanically stirred suspension of thiol-modified silica gel [10] (3.0 g) in MeOH (15
ml) the corresponding zwitterionic SO (0.75 — 0.89 mmol for CSPs 5-7, 0.66 — 0.76 mmol
for CSPs 8-10) and 30 mg (0.18 mmol) AIBN, each dissolved in MeOH (5 and 1 ml,
respectively), were added. The suspension was heated to reflux for 5 h. After cooling, the
modified silicas were isolated by filtration, washed with hot MeOH (5 x 40 mL), then with
CH,Cl, (3x 30 mL) and diethylether (3 x 30 mL). Drying at 60 °C under reduced pressure
for 12 h provided corresponding CSPs 5-10. SO coverages of the CSPs were calculated

from the nitrogen content obtained by elemental analysis (see Table 1).



Results and Discussion

Selector and CSP Synthesis.
Generally, CSP preparation (Fig. 2) was carried out using published procedures or standard
protocols whereby for C9-modification, quinine was reacted with 4-nitrophenyl
chloroformate to form an activated intermediate that allowed introduction of CX units via
carbamate coupling of amino acids [1,11]. For C6'-type zwitterionic SOs, at first the tert.-
butyl-carbamate was regioselectively introduced at the C9-hydroxyl group of cupreine.
Alkylation at the remaining C6’-hydroxyl group with bromo-carboxylic acid esters and
their subsequent alkaline hydrolysis furnished zwitterionic SOs. Covalent SO
immobilization onto thiol-modified silica support via radical addition reaction [12] yielded
corresponding zwitterionic CSPs 1-10. The SO loadings of the prepared CSPs is given in
Table 1. SO coverage plays an important role in the discussion of column performance and
comparison, especially of retention behavior, as it can be expected for the investigated ion
exchanger CSPs, and a given appropriate eluent system, that the ionizable analyte will
exhibit certain interactions with the SO being a significant part of the stationary phase. In
order to effectively correlate differences in chromatographic behavior with a particular SO
structure, SO coverages of the compared CSPs should ideally be the same [15]. For eight
out of ten zwitterionic CSPs investigated herein (see Table 1) a relatively narrow range of
SO loadings could be achieved (average: 206 = 14 umol SO/g CSP) that allowes to largely
attribute differences in chromatographic performance to structural differences among the
zwitterionic SOs. However, the values for CSPs 6 and 7 (256 and 160 pmol/g,
respectively) and also for the pure anion exchanger CSP, QN-AX (about 350 umol/g),
deviated considerably from the above average, therefore only general comparison of these

latter CSP and their characteristics will be possible in the following section.

<Figure 2>

<Table 1>
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General Aspects of the Chromatographic Evaluation of CSPs 1-10
Besides aqueous reversed-phase (RP) and nonpolar normal-phase (NP) eluents nonaqueous
polar organic conditions represent common operation modes in enantioselective HPLC,
which became particularly popular for macrocyclic antibiotics-based CSPs and the analysis
of polar chiral analytes in general. Such polar organic elution conditions have also been
successfully used for both AX- and CX-type CSPs as well as for the zwitterionic CSPs
reported so far. Thereby, acidic and basic ionizable additives in the eluent could serve as
co- and counterions for the respective mode of ion exchange [16,17]. For the investigations
presented herein, polar organic mobile phases were applied which consisted of MeOH as
bulk solvent and, where necessary, of acetic acid and ammonia in concentrations ranging
from 0.5 to 500 mM. The chiral acidic, basic, and zwitterionic test analytes are depicted in
Fig. 3. Both consistent mobile phase compositions and a limited set of analytes account for
comparison of the investigated CSPs and the observed chromatographic effects. Detailed
studies on the mobile phase composition itself and its influences on the performance of
zwitterionic CSPs are topic of a subsequent publication. For the benefit of clarity, only
exemplary data are shown in order to illustrate overall trends and typical CSP behaviors. In
the following sections, detailed investigations of the ion exchange processes of firstly
amino acids, then basic, and finally acidic chiral solutes on zwitterionic CSPs will be
presented and discussed. Qualitative comparison of the CSPs with regard to their structural
differences and the assessment of the intramolecular counterion (IMCI), especially in the

AX mode as compared to a QN-AX type CSP that lacks this feature, will also be included.

<Figure 3>

Zwitterionic Analytes on Zwitterionic CSPs
For both pure AX- and CX-type CSPs operated in polar organic eluent systems an ion
exchange-driven retention mechanism has been confirmed where analyte retention could
be conveniently adjusted by varying the concentration and thereby the competitive effect
of the salt forming counterions in the mobile phase [3,17-19]. However, enantioseparation
of chiral zwitterions is typically not possible on AX- and CX-type CSPs, as only two
particular applications have been reported for QN-AX so far [20,21]. This capability, in
contrast, has been demonstrated to be a main characteristic of the novel zwitterionic CSPs

[1]. Simultaneous double ion pairing has been proposed as central molecular recognition
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mechanism of zwitterionic SO and solute. On the other hand, structural pecularities of both
CX- and AX-parts within the zwitterionic SO had significant influence on the CSPs’
enantioselective properties [1]. In order to get deeper insights into the retention
mechanism, the influence of the counterion concentration on the retention of zwitterionic
solutes on zwitterionic CSPs in support of an underlying ion exchange process was
assessed. For that purpose, zwitterionic CSPs were operated in mobile phases of relatively
broad range of additive concentrations (from 1-100 mM HOAc and 0.5-50 mM ammonia,
respectively, in a constant ratio of acid to base of 2:1), and representative results are

depicted in Fig. 4.

<Figure 4>

Similar to single ion exchanger CSPs, also retention of the zwitterionic analytes on
zwitterionic CSPs decreased with increasing concentration of counterions in the mobile
phase. A logarithmic plot of the retention factors versus counterion concentration, obtained
for three CSPs 1, 2, and 8 (with both SCX- and WCX-type subunits as well as CX subunits
at C9- and C6'-position) and one a- and one -amino acid (see Fig. 4a), revealed linear
dependencies that clearly indicate according to a stoichiometric displacement model
[22,23] an ion exchange dominated retention mechanism on all three zwitterionic CSPs.
The slopes of the curves which are proportional to the effective charges involved in the ion
exchange process, however, are very small with values of -0.1 to -0.2. Therefore, the
system of both zwitterionic solutes and CSPs has — in terms of retention — a quite low
sensitivity for competitive effects of counterions in the mobile phase. For the investigated
CSPs and the zwitterionic retention mechanism in general, a decrease in additive
concentration of a 100-fold was found to lead to an increase of retention by a factor of <3.
These findings mark a significant difference to the parent ion exchanger CSPs: For a pure
CX-type CSP for example, only a 4-fold decrease in counterion concentration was reported
to lead to an increase of retention by a factor of 3.6 (the SO loading was comparable to that
of the zwitterionic CSPs studied herein) [3]. As a practical consequence, retention times of
zwitterionic solutes on CSPs 1-10 can be adjusted by variation of counterion concentration
only in a limited range. This effect is illustrated for the case of tryptophane and CSP 2 in
Fig. 4b, which also shows that the data for a mobile phase of pure MeOH with no additives
at all is in line with the discussed behavior by affording the longest retention times. Even if

CSP operation with additive-free eluents is not recommended for routine analysis since the
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sample amount on column had to be carefully adjusted to avoid phenomena like peak
distortion and splitting, these simple conditions indicate that the effect from
intramolecularly present counterions within the zwitterionic SO — represented by its AX-
and CX-parts — alone is sufficient to enable elution and thereby dominate the ion exchange
equilibria during ZX mode.

The intercepts of the curves in Fig. 4a are directly proportional to the binding constants of
the SO-SA association. Hence, the three CSPs shown principally differ in their ability to
bind zwitterionic solutes as C6’-WCX-type CSP 8 yielded the lowest intercepts (-0.70),
and consequently, retention factors, while among the C9-modified structural homologues,
SCX-type CSP 2 gave higher intercepts (+0.26) than WCX-type CSP 1 (-0.05). When
comparing the two C9-modified CSPs (see Fig. 1), the contribution of the SCX-part within
the zwitterionic SO of CSP 2 to ion pairing interaction with the protonated amine of the
amino acid solute is apparently stronger than that of the WCX-part of CSP 1 - despite the
simultaneously active IMCI effects of the same CX-parts on solute displacement (a SCX-
type IMCI is expected to exhibit higher elution strength than a WCX-type IMCI).
Oppositely, the reduced retention for WCX-type CSP 8 seems to stem from its different
arrangement of CX- and AX-parts within the chiral SO which rather favours an enhanced
IMCI activity of the CX-part with respect to the AX moiety than a double ionic
coordination. Hence, decreased retention of zwitterionic solutes result as compared to C9-
modified CSPs 1 and 2. The principal differences in ion pairing-mediated binding of
zwitterionic analytes among the three types of zwitterionic CSPs in the order C9-SCX >
C9-WCX >> C6'-WCX are confirmed on a broader structural basis by Fig. 5, in which the
retention behavior of all ten zwitterionic CSPs, each with a different CX-part, is illustrated
for three representative amino acid analytes using one common mobile phase. Although
data of only three analytes are shown for the benefit of clarity, Fig. 5 adequately depicts
our overall observations. Furthermore, the enantioseparation capabilities of CSPs 1-10
with respect to their structural variations generally follow the trend of retention (data not
shown). The different achiral acidic subunits of the novel CSPs 5-10 yield no overall
improvements of enantioselective molecular recognition of zwitterionic solutes compared
to the earlier reported CSPs 1-4. In particular, the C6'-type zwitterionic CSPs 8-10 allow
only minute retention and limited enantioselectivity, and are therefore less suited for the
enantioseparation of chiral amino acids via a zwitterion exchange process than the C9-CX-
type CSPs. Finally, the partly significant differences within the group of zwitterionic CSPs
2-4 with SCX subunits indicate that not only the strength of the ion exchanger sites in the
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SO but also their spacial arrangement plays a major role for molecular recognition of the

zwitterionic analyte.

<Figure 5>

Basic Analytes on Zwitterionic CSPs
The zwitterionic CSPs in an earlier study were reported to allow enantioselective cation
and anion exchange besides enantiomer separations of zwitterionic analytes in ZX mode
[1]. For probing if an expected CX process is involved in amine retention on zwitterionic
packing materials, CSPs 1-10 were subjected to analysis of basic analytes using polar
organic eluents containing a range of concentrations of counterions (5-50 mM ammonia in
MeOH, with HOACc at a acid-to-base ratio of 2:1). Representative data obtained with CSP
1 and 2 for three chiral drugs or drug-like amines, that is, Mefloquine, N-deisopropyl-

Disopyramide, and Tocainide are shown in Fig. 6.

<Figure 6>

In the double logarithmic plots of retention versus counterion concentration, linear
relationships can be observed. Therefore, also zwitterionic CSPs function as typical cation
exchangers upon analysis of basic compounds due to their CX motifs. Not surprisingly,
SCX-type CSP 2 shows stronger retention than WCX-type CSP 1 under identical elution
conditions. The slopes of the curves lie in the range of -0.5 to -0.8 and are slightly lower
than for pure CX-type CSPs which was attributed to a contribution of an IMCI effect to
analyte elution, additionally to the counterions in the eluent system. For the exemplary data
shown in Fig. 6, it should be noted that with CSPs 1 and 2, only Mefloquine enantiomers
could be base-line separated while the two other chiral bases were eluted as single peaks.
Generally, the studies presented herein indicate that, among zwitterionic CSPs, only CSPs
3 and 4 offer enantioselectivity towards a substantial range of chiral basic compounds
while the remaining CSPs 1 and 2 as well as novel CSPs 5-10 are not suited for
enantiomer separation of chiral amines, thereby confirming earlier findings [1]. These

observations can be mainly attributed to the fact that the CX subunits of CSPs 1, 2, and 5-
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10, which represent the primary interaction sites, are relatively far away from the next

chiral center and that their linkage moieties are rather flexible.

Acidic Analytes on Zwitterionic CSPs
Besides the above discussed CX and ZX mode, zwitterionic CSPs provide with anion
exchange a third mode of enantioselective ion exchange which is associated with the basic
alkaloid motif. For zwitterionic CSPs 1-4, an enantioselective AX mechanism was stated
to be still in place that is largely unchanged compared to the parent QN-AX-type CSPs
[2,10] in terms of enantioseparation capabilities [1]. However, a marked difference in
overall retention behavior between QN-AX and zwitterionic CSPs was observed that lead
to significantly faster elution. Besides potential differences in SO coverage of the packing
materials, this effect was correlated with the intramolecularly present CX groups acting as
counterions in the AX process. The zwitterionic CSPs in this study incorporate distinct
CX-parts of different acid strength, flexibility, and areas of influence within the SO and
with respect to the AX-site. Therefore, the present set of CSPs (see Fig. 1), in combination
with variations of the counterion concentration in the mobile phase, was expected to be an
insightful tool to investigate the particularities of AX mode in a zwitterionic SO
environment and to characterize the IMCI feature. Following a detailed study on the AX
properties of QN-AX-type CSPs [17] elution conditions consisting of MeOH and solely
acid additives (50-400 mM HOAc in MeOH, viz. 0.286-2.287% v/v) have been applied
during enantioseparations of a series of chiral acidic analytes on five zwitterionic CSPs
and, for a qualitative comparison also on a QN-AX CSP. Representative data are shown in

Fig. 7a as double logarithmic plots of retention factors versus counterion concentrations.

<Figure 7>

Generally, on all investigated CSPs retention of chiral acidic analytes decreased with
increasing counterion concentration in the eluent, again confirming ion exchange as
primary retention mechanism. As expected, QN-AX showed the largest intercept and a
linear relationship between log k and log c over the entire investigated concentration range
(slope about -0.6), thereby reproducing the literature findings [17,24,25]. A linear
dependency was also observed for sulfonate-based CSP 2, although with both significantly

smaller values of intercept and slope (-0.1 to -0.2). Among the four carboxylate-containing
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zwitterionic CSPs shown intercepts were relatively similar and closer to the parent AX-
type CSP QN-AX than to the zwitterionic CSP 2. The different slopes corroborate the
stoichiometric displacement model which states the slope as the ratio of effective charges
of solute and counterion, and that decreasing slopes for a given analyte indicate increasing
effective charges of the — here intramolecular — counterions being fundamental to a
stronger competitive strength in the ion exchange process [22-24].

The relationship between retention and counterion concentration on CSPs 1,6,7, and 10,
however, was not linear over the whole concentration range. Here, it seems that retention
responded stronger on counterion concentration changes at higher (> 150 mM) than at
lower (< 150 mM) concentrations while dependencies within the two concentration
regimes tended to be linear (see Fig. 7a). This bilinear dependency is exemplified with
CSP 6 and data on several acidic analytes in Fig. 7b. At lower counterion concentrations
WCX-type zwitterionic CSPs afforded slopes of -0.2 to -0.3 while at higher concentrations
slopes approached values very similar to those observed for QN-AX (around -0.5). These
findings of a conceptually bilinear dependency of log k on log c suggest that for
zwitterionic CSPs 1,6,7, and 10 under the given elution conditions their IMCI is
outnumbered by higher concentrations of HOAc (an acid of comparable strength to the
carboxylic CX functions within the SOs). In this concentration regime the zwitterionic
CSPs resemble a QN-AX-type CSP with a different C9-substituent. In the low counterion
concentration regime, however, the IMCI effect is of major relevance and becomes a
dominant factor for the actual retention and AX capacity.

For CSP 2, though, the IMCI effect cannot be simply set off by the eluent ionic strength in
the given concentration range because the intramolecular sulfonic acid is a significantly
stronger competitor for analyte binding to the AX-site than HOAc in the mobile phase
even at higher concentrations. Consequently, CSP 2 exhibited overall weakest sensitivity
to changes of the counterion concentration, showed no bilinear dependency under the
applied mobile phase conditions, and afforded overall shortest retention times under the
given elution conditions (see Figs. 7a and c¢). Nevertheless, AX between SO and SA is still
the dominating process of analyte retention on CSP 2, despite the low slopes of -0.1 to -0.2
[8]. Among the WCX-type zwitterionic CSPs the C6’-modified ones accounted for the
most effective IMCI properties while among the various C9-modifications only minor
differences in retention could be observed as Fig. 7c also illustrates. In other words, the
IMCI feature of the herein presented zwitterionic CSPs offers significantly faster analysis

times as compared to a parent AX-type CSP while principally requiring smaller amounts of
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additives in the mobile phase to be successfully operated, yet still allowing excellent
enantioselectivity towards chiral acidic solutes.

The above employed conditions were different from those used for the zwitterionic and
basic solutes reported earlier herein. We also investigated how zwitterionic CSPs could be
operated for all three confirmed ion exchange modes with one common type of polar
organic mobile phase. Upon employing MeOH and different concentrations of HOAc and
ammonia at a constant ratio of 2:1 in MeOH during analysis of chiral acidic analytes as
well on CSPs 1-10 a particular unexpected retention behavior was observed that is

illustrated in Fig. 8.

<Figure 8>

Starting from pure MeOH retention of chiral acidic solutes at first increased with steadily
increasing additive concentrations, opposite to the typical dependency of retention on
counterion concentration in ion exchange-based chromatograpy. At certain additive
concentration levels, finally, the dependencies changed to the typical behavior of
decreasing retention with increasing counterion concentration. The maximum retention, i.e.
the turning point was observed at 50 mM for sulfonic acid-based CSP 2 and at 10 mM for
carboxylic acid-based CSPs 1 and 6. We believe that this for ion exchanger-type CSPs
uncommon retention behavior is related to the zwitterionic surface character of the
zwitterionic CSPs which in turn is associated with some pecularities in ion distributions
and electrostatic surface potentials. In the following, some tentative mechanistic
explanations will therefore be proposed.

In pure, additive-free MeOH the surface potential of the current zwitterionic CSPs seems
to be negative and therefore the anionic analytes typically eluted due to electrostatic
repulsion before the void volume of the CSP leading to ion exclusion rather than retention
(in case of successful enantioseparations at least the first eluted enantiomer, see Fig. 8; data
on further analytes not shown). A possible rationale for a net negative surface charge could
be the fact that in the present zwitterionic CSPs the cationic AX sites are closer to the
surface (where they could in addition interact with residual silanol groups) due to
attachment via the quinuclidine moiety. Hence, they represent the inner charges while the
anionic CX sites are more located towards the bulk mobile phase. By introducing acidic
and basic additives and steadily increasing their concentrations the negative surface

potential of the zwitterionic CSPs is first gradually decreased to zero and then increased to
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positive values which corresponds to the regime of generally increasing retention above
void volume, as depicted in Fig 8. Note at this point that the acid-to-base ratio of the
additives of 2:1 leads to acid excess in the eluent. Finally, when the additive concentrations
reach a critical level and as the thickness of the diffusive double layer on the surface
significantly shrinks with increasing ionic strength in the liquid phase the surface charge
goes through an extremum and then decays but stays at positive values. That is when the
typical ion exchange-related dependency between counterion concentration and retention
comes into play. As SCX-type CSP 2 incorporates a sulfonate anion being the origin of a
more pronounced net negative charge it now becomes evident why it requires more
additives than WCX-type CSPs 1 and 6 to show the typical behavior of an AX process in
polar organic mobile phase conditions. A feasible theoretical model partly supporting these
initial explanations of retention phenomena shown in Fig. 8 can be found in the literature
[26] where an extended Gouy-Chapman-Stern theory had been employed to evaluate ion
binding to phosphatidylchloline-based zwitterionic membranes and vesicles. Also the
chromatographic retention of anions on zwitterionic surfaces has been shown to exhibit
bell-shaped dependencies like found herein [27]. However, substantial further work like
the determination of the effective net charges of the zwitterionic SOs by capillary
electrophoresis (CE) as well as the measurement of the true surface potentials of the CSP
particles in the corresponding liquid phase conditions will be necessary to fully clarify the
electrostatic properties of the herein investigated zwitterionic CSPs.

At this point it should be noted that the present zwitterionic CSPs enabled
enantioseparation and elution of chiral analytes in pure, additive-free MeOH on an
analytical level not only in ZX mode (see Fig. 4b) but also in single ion exchange like AX
mode (see Fig. 8) due to the IMCI [4]. However, only CSPs consisting of a WAX-site and
a SCX-site like CSP 2 were found to be principally suited for operation in pure MeOH. On
weak/weak type zwitterionic CSPs like CSP 6 retention times were not stable alongside
several injections because the intramolecular carboxylate counterion could not effectively
displace the analyte from the SO’s AX-site within reasonable equilibration times. Overall,
even for SCX-based zwitterionic CSPs capacity in pure MeOH turned out to be limited
with respect to sample amount, thus preparative enantioseparations using additive-free
conditions were not possible (data not shown). From a practical point of view polar organic
mobile phase conditions that contain both acidic and basic additives to afford weakly
acidic conditions turned out to be universally applicable in AX, CX, and ZX modes for

successful enantioseparations in HPLC.
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A final aspect of the investigations of zwitterionic CSPs in AX mode was a qualitative
comparison of CSPs 1-10 and the pure AX-type CSP, QN-AX, for their overall
enantioseparation performance towards a small set of chiral acidic analytes that are typical
model compounds in AX-type CSP characterization [2,28] while applying the standard
mobile phase of MeOH and 50 mM HOAc/25 mM ammonia that was used so far in the
studies presented herein. The aim of this comparison was the illustration of 1) the general
effect of the IMCI on column performance, and 2) of the chromatographic consequences of
the structural differences among the zwitterionic CSPs. The substantially higher retention
factors on QN-AX compared to zwitterionic CSPs 1-10 (see Fig. 9a) reflect — besides QN-
AX’s higher SO loading — the findings on acidic analyte retention and the IMCI feature
described at the beginning of this section (see Fig. 7). The data for the zwitterionic CSPs
themselves confirm the earlier findings, too: SCX-based C9-modified CSPs are stronger
eluting for acids than WCX-based C9-modified CSPs, whereas more detailed structural
differences like length or steric demand of the CX tether have only minor consequences on
retention. The C6’-WCX modification provides more effective IMCls than the C9-WCX
modification, however, if the tether between C6’-CX-part and alkaloid motif is not long
enough analyte binding via ion pairing is almost completely denied (see Fig. 9, CSP 8).
Since comparison of enantioselectivities at very short retention times easily becomes
questionable, resolution Rg was selected as a chromatographic parameter to assess
enantioselective column properties (see Fig. 9b). Here, the very low retentions on CSP 8
lead to poor enantiomer resolutions, thereby indicating that quinine’s molecular
recognition properties were drastically altered by the introduction of the short chain CX
motif. More gemerally speaking, small structural changes on the chiral SO can have strong
effects on the overall enantioselectivity as well. QN-AX CSP turned out to be still most
successful for the studied set of analytes which is mainly due to excellent resolutions even
at lower enantioselectivities (o0 < 2.0). The remaining zwitterionic CSPs showed overall
similar resolutions. A proper balance of effectiveness of the IMCI on the one hand and
enantioselective molecular recognition on the other hand is realized best with a long chain
C6’-modified zwitterionic CSP like CSP 10 where the IMCI almost acts as
“independently” as a counterion in the mobile phase by leading to short retention times
while keeping the enantioselectivity of the quinine tert.-butyl-carbamate scaffold roughly

fully available.

<Figure 9>
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The practical benefits of a zwitterionic SO in enantioselective AX mode are illustrated best
for chiral acidic analytes that either are well enantioseparated on QN-AX-type CSPs with
o > 2.0 (e.g. DNB-Phe in Fig. 10a, b) and the second eluting enantiomer being strongly
bound by the chiral SO, or principally show very strong interactions with the stationary
phase like bisacidic compounds (DNB-Glu in Fig. 10c). In both cases retention times were
effectively shortened using a zwitterionic Cinchona alkaloid-based CSP (from 50 min to
<20 min for DNB-Phe and from >120 min to 25 min for DNB-Glu) using mild elution
conditions that are well suited for MS analysis while enantioselectivity and resolution were

still more than sufficient.

<Figure 10>

Conclusions

The herein presented systematic chromatographic investigation of a series of novel
enantioselective zwitterionic CSPs in polar organic mode and qualitatively comparing
them to the parent QN-AX CSP resulted in at a better understanding of the working
principles of the three ion exchange modes that these materials offer — cation, anion, and
zwitterion exchange. In addition, a more detailed correlation between SO structure and
chromatographic behavior could be provided. Thus, ion pairing and ion exchange was
confirmed for all three operational modes as the process being mainly responsible for
analyte retention. Furthermore, the two intramolecularly present ionizable functional
groups — namely AX- and CX-sites — were found to mutually act as counterions in all
investigated ion exchange processes. Practical consequences for AX and CX mode were
the significant shortening of analysis times and the reduction of amounts of ionizable
additives in the mobile phase usually required for successful CSP operation. In ZX mode
not only the analytes are coordinated via double ion pairing, both intramolecular
counterions (IMCIs) also contribute to analyte elution. Therefore, retention in ZX mode is
only weakly sensitive to changes of the counterion concentration in the eluent anymore.
C6’-long chain modified CSPs 9 and 10 turned out to be well suited for being operated in
the AX mode which is in contrast to their limited applicability in ZX mode.

The distinct arrangement of chiral AX- and especially sulfonate-type CX-sites via the C9-

position of the alkaloid was confirmed to be essential for effective enantioselective
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zwitterion recognition. Enantioselective CX for the resolution of a broader range of basic
chiral analytes was found to be not available with achiral CX moieties within the
zwitterionic SO and remains restricted to packing materials employing chiral acidic
subunits like CSP 3 and 4. The set of ten zwitterionic CSPs investigated in this study
effectively showed how systematic synthetic variations of SO structure elements can
generate new chromatographic properties and enable a better understanding of the working
principles of — in this particular case — zwitterionic CSPs. However, the more this novel
class of CSPs is studied the more particular facets and properties arise that need to be
investigated. Still, the various aspects connected to mobile phase composition and its
influences on AX, CX, and ZX modes on zwitterionic CSPs are not described yet but will
be presented in a subsequent article. Since the IMCI property facilitates the elution of
analytes from zwitterionic CSPs these packing materials can be expected to be promising
also in SFC. Finally, the potential of zwitterionic CSPs in preparative enantiomer
separations especially of zwitterionic analytes, but also in AX and CX modes remain to be

elucidated, thereby studying the influence of the IMCI on CSP capacity.
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Figure 1.

Chemical structures of the investigated CSPs: commercially available chiral weak
anion exchanger QN-AX besides chiral zwitterionic CSPs that have been reported
previously (CSP 1-4) and that have been newly prepared for this study (CSPs 5-10).
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Synthesis of zwitterionic CSPs. a) 4-nitrophenyl chloroformate / toluene, b) amino acid
/ BSA | CH,CI,, c) thiol-modified silica / AIBN / MeOH, d) BuLi / THF, e) tBuCOCI, f)
tBUNCO / toluene, g) K,CO54 / MeOH, h) Br-(CH,),-COOEt / Cs,CO, / DMF, i) NaOH /
MeOH / H,0.
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Figure 3.

Chemical structures of chiral amino acid, basic,
and acidic analytes that were employed in the
present study on zwitterionic CSPs.



Table 1. SO coverages* in umol SO per
g CSP of the herein investigated CSPs

CSP1 196 CSP2 205 CSP3 215
CSP4 229 CSP5 223 CSP6 256
CSP7 160 CSP8 195 CSP9 202
CSP 10 185 QN-AX 350

*) calculated from the N content obtained from
elemental analysis
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Figure 4.

Zwitterionic CSPs in the ZX mode. Effect of the counterion concentration (various
concentrations of HOAc and NH; at a constant acid-to-base ratio of 2:1 ranging from
1:0.5 - 100:50 mM in MeOH) in the mobile phase on the retention of a) Trp and -
Phe as representative chiral analytes on three different zwitterionic CSPs. b)
Chromatograms of HPLC enantiomer separations of Trp on CSP 2 using mobile
phases of pure MeOH and various concentrations of HOAc and NH; in mM in MeOH.
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Figure 5.

Zwitterionic CSPs in the ZX mode. Qualitative comparison of the retention
behavior of all investigated zwitterionic CSPs. Data are shown for three amino
acids in additive manner; mobile phase: 50 mM HOAc and 25 mM NH; in MeOH.
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Figure 6.

Zwitterionic CSPs in the CX mode. Effect of the counterion concentration (various
concentrations of NH; ranging from 5 - 50 mM in MeOH, together with HOAc at a
constant acid-to-base ratio of 2:1) in the mobile phase on the retention of chiral
basic analytes on CSP 1 (filles symbols) and CSP 2 (empty symbols).
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Zwitterionic CSPs in the AX mode. Effect of the concentration of HOAc (50 - 400 mM,
0.286 - 2.287% v/v) as counterion in the mobile phase on the retention of chiral acidic
analytes: a) comparison of five different zwitterionic CSPs against a QN-AX CSP for a
representative analyte Z-Phe; b) data of a series of four different analytes on CSP 6;
¢) Chromatograms of HPLC enantioseparations of Ac-Trp on five different zwitterionic
CSPs and a QN-AX CSP (mobile phase: 50 mM or 0.286% v/v HOAc in MeOH).
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Nonlinear dependency of retention of chiral acidic analyte DNB-Phe on additive
concentration in mobile phases containing both basic co- and acidic counterions (no
additives as well as various concentrations of HOAc and NH; at a constant acid-to-base
ratio of 2:1 ranging from 1:0.5 - 100:50 mM in MeOH): a) and b) on SCX-type zwitterionic
CSP 2, ¢) on WCX-type zwitterionic CSP 1, and d) on WCX-type zwitterionic CSP 6.
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Figure 9.

Qualitative comparison of the eleven investigated
CSPs towards chiral acidic analytes: a) retention of the
first eluted enantiomer, and b) resolution of the
respective enantiomer separations. Data shown in
additive manner for six representative analytes. Mobile
phase: 50 mM HOAc and 25 mM NH; in MeOH.
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Figure 10.

HPLC enantiomer separations of DNB-Phe on a) QN-AX CSP, and b) on
zwitterionic CSP 6 as well as bisacidic DNB-Glu on c¢) CSP 6. Mobile
phase: 50 mM HOAc and 25 mM NH; in MeOH. DNB-Glu did not elute
from QN-AX within 120 min under the given mobile phase conditions
(chromatogram not shown).
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Abstract

Novel chiral stationary phases (CSPs) based on zwitterionic Cinchona alkaloid-type low-
molecular mass chiral selectors (SOs), as they have been reported recently, were
principally investigated in HPLC towards effects on their chromatographic behavior by
mobile phase composition. Mobile phase characteristics like acid-to-base ratio and type of
acidic and basic additives as well as effect of type of bulk solvents in nonaqueous polar
organic and aqueous reversed-phase (RP) eluent systems were varied in order to illustrate
the variability and applicability of zwitterionic CSPs with regard to mobile phase aspects.
Chiral SOs of the five zwitterionic CSPs investigated herein contained weak and strong
cation exchanger (WCX, SCX) sites at C9- and C6’-position of the Cinchona alkaloid
scaffold which itself accomodated the weak anion exchanger (WAX) site. The study
focused on zwitterion exchange (ZX) operational mode and chiral amino acids as target
analytes. Besides, also the anion exchange (AX) mode for chiral N-blocked amino acid
analytes was considered, because of the intramolecular counterion (IMCI) property
available in AX mode. Overall, most general and successful conditions in ZX mode were
found to be weakly acidic methanolic mobile phases. In aqueous eluents RP contributions
to retention came into play but only at low organic modifier content because of the highly
polar character of zwitterionic analytes. At higher acetonitrile content HILIC-related
retention phenomena were observed. When using weakly basic eluent system in AX mode
remarkably fast enantiomer separations involving exclusion phenomena were possible with

one enantiomer eluting before and the other after void volume.
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Introduction

In liquid chromatography (LC) and also in enantioselective LC using chiral stationary
phases (CSPs) the mobile phase composition triggers the retention and selectivity
characteristics of a system and thus represents an essential part in method development and
an important tool to optimize not only enantioselectivity but also other critical parameters
for optimal overall column performance like peak efficiency and analysis time. Cinchona
alkaloid-based zwitterionic CSPs have been introduced only recently to the field of
enantioselective chromatography and provide a number of benefits [1]. Due to their
zwitterionic nature the employed low molecular mass chiral selectors (SOs) principally
enable enantiomer separations of a remarkably broad range of ionizable chiral analytes
ranging from acidic over basic to zwitterionic compounds. Hence, anion, cation, and
zwitterion exchange (AX, CX, ZX) processes have been confirmed to be dominantly
involved in SO-SA interaction and analyte retention [1,2]. However, aspects of mobile
phase composition have not been considered systematically on a broader basis so far for
Cinchona alkaloid-based zwitterionic CSPs as a possibility to affect chromatographic
performance. Nonetheless, it is evident that variations of mobile phase parameters are a
powerful tool to optimize column performance and to provide chromatographic insights for
a better understanding of the working principles and the applicability of these packing
materials. This has earlier been illustrated for nonenantioselective zwitterionic stationary
phases in achiral applications [3] and for AX- and CX type CSPs in enantioselective
chromatograpy [4,5].

In the present study the effects of mobile phase composition on the chromatographic
behavior of quinine (QN)-derived zwitterionic CSPs (Fig. 1) for enantioseparations in ZX
and AX operational modes in HPLC were evaluated. For that purpose, systematic studies
were carried out to elucidate the contribution of 1) the ratio of acidic to basic additives (as
a measure for proton activity in the eluent system), 2) the type of acidic and basic additive
to the mobile phase, and 3) of aprotic (acetonitrile) and protic (methanol) bulk solvent
content in nonaqueous and aqueous eluent systems. In ZX mode the presented mobile

phase investigations particularly focused on retention and enantioselective recognition



phenomena for chiral zwitterionic analytes. Operation of CSPs 2-4, and 6 for the
enantioseparation of chiral acidic solutes in AX mode aimed at describing an additional
feature of zwitterionic CSPs, i.e. the intramolecular counterion (IMCI), as opposed to the

parent QN-derived AX-type CSPs.

<Figure 1>

Experimental Section

General Information on the investigated CSPs.
CSPs 2, 3, 4, 6, and 10 were available from previous investigations [1,2]. Principally, their
SOs are synthetically accessible following published procedures [1,2] and were covalently
immobilized onto thiol-modified spherical silica gel [6] as solid support which initially was
bare Daisogel 120-5 from Daiso Chemical Co., Ltd., Japan (pore size 120 A, particle size 5
um). The CSPs were slurry packed into stainless steel columns (150 x 4 mm [.D.) either in
house or at VDS Optilab GmbH (Berlin, Germany). SO coverages of the CSPs were
calculated from the nitrogen content obtained by elemental analysis. CSP 2, 3, 4, 6, and 10
were identical to the recently reported zwitterionic CSPs [1,2] and had a SO coverage of

205, 215, 229, 256, and 185 pumol per g CSP, respectively.

Materials and Instrumentation for Chromatography.

HPLC-grade methanol (MeOH) and acetonitrile (ACN) were from Merck (Darmstadt,
Germany) while deionised water was purified by double-distillation. Water-containing
eluent systems were degassed by ultrasonication prior to use. Mobile phase additives acetic
like acid (HOAc), formic acid (FA), trifluoroacetic acid (TFA), 2-amino-1-butanol (AB),
diethylamine (DEA), triethylamine (TEA), ammonium acetate (NH4OAc), ammonium
formate, and ammonium trifluoroacetate were of analytical grade (Sigma-Aldrich,
Austria). The chiral analytes employed in this study were either commercially available,
synthesized according to literature procedures, or were kind gifts from research partners.

All chromatographic measurements were performed on 1100 Series HPLC systems from

Agilent Technologies (Waldbronn, Germany) consisting of a solvent degasser, a pump, an



autosampler, a column thermostat and a UV-Vis detector (either a multi-wavelength or a
diode array) for detection of analytes between 230 and 280 nm. Data acquisition and
analysis was carried out with ChemStation chromatographic data software from Agilent
Technologies. Elution was performed in isocratic mode at a mobile phase flow rate of 1.0
ml/min and at a column temperature of 25 °C. The void volumes of the columns were
determined by injecting a methanolic solution of acetone with detection at 280 nm. All

analytes were applied as methanolic solutions of 0.5-2.0 mg/ml.

Results and Discussion

General Aspects
The set of novel zwitterionic CSPs 2-4, 6, and 10 (see Fig. 1) that has been investigated
with respect to mobile phase contributions herein had been introduced previously [1,2].
Generally, the CSPs consisted of a QN alkaloid moiety with its tertiary quinuclidine amine
serving as the WA X-site and a SCX or WCX-site introduced to the alkaloid scaffold either
at the C9-position featuring a carbamate or at C6’-position via ether linkage (see Fig.1).
CSPs with the CX-part in C9-position typically were most effective in ZX mode for
enantioseparations of chiral amino acids while CSPs with the carboxylate group in C6’-
position were largely competitive in terms of enantioselectivity in AX mode for
enantioseparations of chiral acidic analytes [6,7]. Therefore, C9-type CSPs 2-4, and 6 were
selected for investigations of mobile phase aspects in the ZX mode and the C6’-type CSP
10 served as a test system for the AX mode for which the IMCI feature for single ion
exchange modes was exemplarily investigated. As chiral test analytes (selectants, SA) both
zwitterions and acids were selected for which generally enantioselectivity was observed in

previous studies (see Fig. 2).

<Figure 2 >

In the following sections results of the various mobile phase investigations will be
presented and discussed. For the benefit of clarity the figures in these sections typically
illustrate overall, general observations that are shown for representative CSPs and analytes.
In the study on bulk solvent effects only experiments in ZX mode will be presented since
the results obtained so far for AX mode do not indicate major differences to the already

well described parent AX-type Cinchona alkaloid based CSPs.
4



Effect of the Acid-to-Base Ratio in the Mobile Phase

Chromatographic enantiomer separation based on ion exchange requires SO and SA to
have ionizable functionalities of opposite charge like anionic acid groups and cationic
basic amines, thereby facilitating long range ionic interactions that bring the two species in
close contact where additional, also enantioselective intermolecular interactions can come
into play. Not surprisingly, the ion exchange process is highly dependent on the ionization
states of SO and SA which are in turn correlated with proton activity of the mobile phase
media. Crucial to the proton activity of the eluent system are acidic and basic additives to
the mobile phase and their acid-base equilibria which are superimposed to the ion
exchange equilibria according to a stoichiometric displacement model where the additives
act as co- and counterions [8,9]. As expected, it was found for AX-type CSPs like
Cinchona carbamate-based packing materials to exhibit pH dependent retention and
enantioselectivity towards chiral acidic analytes with optimal operation conditions at
weakly acidic conditions [7,10]. Under these conditions the amine-type SO is mainly
protonated and the solute is fully dissociated, therefore ion pairing is maximised. Due to
the reciprocity principle in the ion exchange process, for corresponding CX-type CSPs
principally similar optimal eluent conditions have been described [5]. Also for other
zwitterionic separation materials reported so far, retention of zwitterionic analytes was
found to be dependent on the mobile phase pH, affording retention maxima at maximum
overlap of the pl values of the involved zwitterionic species [11-15].

Novel zwitterionic CSPs (see Fig. 1) enable a defined enantioselective ZX mode of
operation where molecular recognition is mediated via simultaneous double ion pairing
between zwitterionic SOs on the one hand and zwitterionic SAs like amino acids and
peptides on the other [1]. Furthermore, these zwitterionic CSPs provide the unique feature
of an intramolecular counterion (IMCI) which was found very recently to have particular
effects on overall retention characteristics [2]. It was therefore of main interest herein to
study the effects of the ratio of acidic and basic additives to the mobile phase (as an
alternative measure of proton activity in nonaqueous polar organic eluents) on the
chromatographic performance of zwitterionic CSPs. For that purpose, methanolic mobile
phases containing 25 mM of an organic base additive and varying amounts of organic acid
additive affording net acid-to-base ratios of 4:1 to 0.5:1 (i.e. from acid to base excess) have

been used as eluent systems. Furthermore, additive concentrations have been selected to



assure that the IMCI property will be active in the AX mode since a previous study showed
that higher counterion concentrations (above ~150 mM for HOAc) diminish the IMCI
effect. C9-modified CSPs 3 and 6 have been investigated in the ZX mode and will be
considered first (see Fig. 3a), followed by CSPs 6 and 10 in the AX mode (see Fig. 3b).

<Figure 3>

The chromatographic parameters (retention k;, enantioselectivity o, and resolution Rg)
show similar dependencies on the acid-to-base ratio in the eluent for a representative
amino acid analyte Trp (Fig. 3a). Although not pronounced, maxima can be observed at
slight acid excess (2:1) while at larger excess of acidic additive (2:1 to 4:1) minor
decreases of the three parameters occurred. At equimolar (1:1) and especially at base
excess (0.5:1) conditions, however, a significant decrease of retention (and also o and Rg)
could be seen. Obviously, on the way to base excess conditions (1:1 to 0.5:1) both amines
of SO and SA become increasingly unprotonated. As a consequence, the double ionic
interaction as the fundamental process in enantioselective ZX mode is no longer favorable
and, besides a decrease of retention, loss of enantioselectivity occurs simultaneously. At
acid excess conditions, on the other hand, the ionization states of both SO and SA seem to
be sufficient to let the enantioselective ion exchange process remain in function. The slight
decrease in retention at increasing acid excess can be attributed an effect of increasing
counterion concentration with regard to the AX-part of the SO. The findings on effects of
acid-to-base ratio in the mobile phase on ZX mode therefore support the proposed
interaction mechanism and principally correspond to the behavior of other zwitterionic
packing materials reported in the literature [3,11,12,16-20].

Findings for the chromatographic parameters kj, k,, and Rg on the variation of the acid-to-
base ratio of the eluent system while operating zwitterionic CSPs in the AX mode for one
representative acidic analyte (DNB-Phe) are depicted in Fig. 3b. Other than before in the
ZX mode, retention steadily decreased alongside gradually changing the acid-to-base ratio
from acid to base excess conditions. Resolution roughly followed the same trend. In
particular, at base excess conditions analytes finally eluted before the void volume of the
column, meaning that they were excluded instead of retained by the CSP. This particular
exclusion behavior seems to be correlated with the zwitterionic nature of the chiral SOs
involved since on pure AX-type Cinchona alkaloid CSPs acidic analytes at weakly basic

mobile phase conditions are typically eluted with void volume or with little retention [10].



This at first glance surprising behavior could be caused by the fact that the acidic analyte is
expected to be fully dissociated and therefore negatively charged at base excess conditions.
Similarly, the CX-site of the zwitterionic SO will also be in the dissociated state while the
amine-type AX-site within the same molecule is not fully protonated anymore. Hence, also
the SO is net negatively charged. This leads to an electrostatic repulsion between SO and
SA rather than attraction which is manifested by a partial exclusion of the SA from the
pores of the negatively charged ZWIX-CSP. However, when taking a closer look at
chromatograms obtained at base excess conditions very particular enantiomer separations
were in parts observable (see Fig. 4a). Despite the short analysis times (at a void volume of
about 1.45 min), the first, "weakly bound" but actually repelled enantiomer was clearly
eluted before the void volume according to the above described exclusion mechanism
while the stronger bound enantiomer was retained to elute shortly or even substantially
after the void volume. This indicates, however, that the force of the electrostatic repulsion
is overcompensated by a set of favorable, attractive intermolecular interactions between the
enantioselectively strongly bound SA and the chiral SO. These remarkable and fast
enantiomer separations were typically observed for chiral acidic analytes which were well
separated (roughly o > 2) under acid excess mobile phase conditions on the same,
zwitterionic CSPs. Oppositely, other analytes that were less effectively enantioseparated
using acid excess conditions (roughly a < 2) eluted before the void volume only partially
separated or even as single peaks when applying base excess conditions (see Ac-Phe in

Fig. 4a).

<Figure 4>

Similar exclusion/retention phenomena of acidic analytes were reported earlier in a
detailed study on the molecular recognition mechanism of a teicoplanin-based CSP [21]
where the unfavoured enantiomer was often eluted before the void volume due to a
claimed electrostatic repulsion from the carboxylate-containing SO whereas the favoured
enantiomer was properly retained. This remarkable enantioselectivity had been attributed
to the fact that the second eluted enantiomer could enter the SO’s cavity to exhibited
multiple hydrogen bond interactions that overcame the ionic repulsion.

In a comparable manner and as envisioned before, also exclusion/retention-type
enantioseparation on zwitterionic CSPs can be rationalized. Principally, ion pairing on

zwitterionic CSPs is one possible SO-SA interaction which however can not solely account



for enantioselective molecular recognition upon formation of diastereomeric SO-SA
complexes. In fact, also other types of intermolecular interactions must be involved at least
for one enantiomer to let enantioseparation take place. Detailed investigations revealed that
the molecular recognition mechanism of Cinchona carbamate-based AX-type CSPs relies
on additional intermolecular SO-SA interactions besides the dominating ion pairing
process like H-bonding due to the SO’s carbamate group, n-n interactions employing the
quinoline motif, and hydrophobic interactions evolving from the alkyl parts of C9- and
C6’-modifications [6,10,22]. These additional interactions are typically restricted to one
enantiomer only because of the geometrical and conformational appearance of the chiral
SO at the given mobile phase conditions and can have significant energetical contributions
to SA-binding. If these secondary interactions are reasonably strong they could be
expected to be fundamental for the characteristic retention behavior of the second eluted
enantiomers in Fig. 4a. The IMCI property, which is responsible for excluding the weaker
bound enantiomer, in concert with non-ionic interactions exclusive for the stronger binding
enantiomer are therefore proposed to be the basis of retention mechanisms that underlie
chromatograms as shown in Fig. 4a. This suggestion is supported by preliminary loading
studies where the enantioseparation proved to be stable also at increasing sample size on
column (see Fig. 4b). This could certainly lead to favorable situations for preparative
applications, especially in combination with rather short run times. Furthermore, the
repulsion/retention behaviors of acidic analytes on zwitterionic CSPs are strikingly similar
to the elution of related acidic analytes on zwitterionic CSPs in pure, additive-free MeOH
(and very low additive concentrations) reported earlier [2]. Thereby, and in view of the
herein proposed explanations on solute repulsion, the concept of a zwitterionic CSP with
negative surface potential in pure MeOH is clearly supported.

In summary, variation of the acid-to-base ratio of polar organic mobile phases during
operation of zwitterionic CSPs in AX and ZX mode provided informations to better
understand the working principles of zwitterionic CSPs. For ZX mode acid excess elution
conditions were confirmed as a useful starting point when applying zwitterionic CSPs. The
investigations on the AX mode using base excess mobile phase conditions presented herein
opened up an additional mode of operation of zwitterionic CSPs. Further detailed studies in
this direction are needed to explore the full potential, particularly for preparative

enantiomer separation.



Effect of Type of Base and Acid as Mobile Phase Additive
Besides variations of the acid-to-base ratio employment of various types of acid and base
additives to the mobile phase represent another parameter to adjust the overvall properties
of the eluent system. Simultaneously, also the ion exchange processes will potentially be
affected due to the different competitive strengths of the particular additives as they also
act as co- and counterions in analyte displacement. Since in ZX mode both CX and AX
occur both acidic and basic additives play the role of both co- and counterion. Hence, it is
expected from these studies to gain further insight into the zwitterion exchange mechanism
and the possibilities to affect it. On the other hand, testing of different types of acidic
additives in the AX mode aimed at assessing the potential of the IMCI — due to its
proximity to the AX-site within the SO — to diminish acid additive effects. Scheme 1
generally summarizes the findings on variations of types of additives and retention for pure
AX- and CX-type CSPs regarding retention behavior as they are reported in the literature
so far [4,5,23] and was considered as a general guideline when setting up the experiments

and discussing the results on the type of acidic and basic additive on zwitterionic CSPs.

<Scheme 1>

An acid-to-base ratio of 2:1, which was confirmed for successful CSP operation in the
previous section, was principally applied upon testing different types of additives. Identical
molar concentrations of 50 mM for acidic and 25 mM for basic additives assured
comparability and featured the additives’ elution characteristics. Solvent properties of the
acidic and basic additives that could affect chromatography have been neglected due to
their low concentrations in the bulk solvent MeOH. Observations in ZX and AX modes
will be presented first with regard to basic additives and then to acidic additives.

As of the amine component three organic amine-type bases NHs;, DEA, and TEA were
selected as they differ in their degree of alkyl substitution. Acid excess in the mobile phase
assured that the bases are present in their ammonium forms.

A previous study testing different bases in enantioselective AX mode using a QN-AX type
CSP showed that no effect on enantioselectivity and resolution but increasing elution
strength in the order NH; < DEA < TEA occurred which was attributed to the co-ion
character of the basic additives [23]. Just the opposite trend was found for enantioselective
CX-type CSPs (increasing elution strength in the order DIEA < DEA < NHj3) [10], where

the basic additive served as the counterion that enabled analyte elution (Scheme 1) [5].



Alongside increasing elution strength, resolution and enantioselectivity simultaneously

improved, too.

<Figure 5>

When operating zwitterionic CSPs in the ZX mode for the enantioseparation of chiral
amino acids the type of basic additive in the mobile phase turned out to have almost no
effect at all on overall column performance (Fig. 5a). This observation is surprising since
enantioselective molecular recognition in the ZX mode requires both AX- and CX-site
within the chiral SO for defined analyte coordination, and therefore, at least minor
influence of the type of basic additive on chromatographic behavior had been expected.
Considering the literature findings described above shortly, however, the effects of the type
of base on retention were of opposite direction on AX- and CX-type CSPs, depending on
their role as co- or counterion. Now in ZX mode on zwitterionic CSPs the effects due to
the type of basic additive possibly balance each other.

In the AX mode (acidic solutes) on zwitterionic CSPS 2-4, 6, and 10 enantioselectivity and
resolution also remained unaffected by changes of the type of basic co-ion (Fig. 5b). This
is in accordance with the behavior reported for pure AX-type CSPs, thereby confirming a
principal characteristic of the recognition process for chiral acidic solutes on QN-AX type
CSPs also for Cinchona alkaloid-type zwitterionic CSPs. However, also retention in AX
mode on zwitterionic CSPs is barely influenced by the type of basic co-ion (compare
Scheme 1), and it seems as if the intramolecular counterion within the zwitterionic SO
compensated for the different elution strength of the co-ions. Generally, it can be
concluded that from a practical point of view the type of basic additive has minor impact

on column performance of zwitterionic CSPs operated in both AX and ZX modes.

According to a detailed report on the competitive effects of ten different mono-, di-, and
trivalent acidic counterions using ten different pure AX-type CSPs based on Cinchona
alkaloid derivatives in polar organic mode (see Scheme 1) [4], the type of acidic additive
strongly influences retention and also enantioselectivity, thereby indicating that the choice
of the right counterion is important for successful operation of ion exchanger-type CSPs. In
enantioselective CX, however, no marked influence of acidic additives was observable as a
result of their co-ion role in this type of ion exchange (Scheme 1). In order to study the
particularities of chiral zwitterionic packing materials regarding acidic additives three
organic acids commonly used in HPLC were selected, namely TFA, FA, and HOAc. The
10



main aspect when comparing their competitive effects is acid strength since all of them are
monovalent carboxylic acids with similar steric demand. TFA is the strongest acid with a
calculated pK, of 0.53 (pK, values in aqueous solution calculated by ACD Labs/pK, DB
7.0 software), followed by FA (3.74) and HOAc (4.79).

<Figure 6>

Fig. 6a illustrates our observations in ZX mode for three exemplary chiral amino acid
analytes on CSP 4. Both FA and HOAc allowed reasonable retention and also
enantioselectivity, however, differences were not very pronounced. Typically, FA yielded
better results whereas analyte specific effects were also common. These weak responses to
a particular type of acidic additive at the given additive concentration indicate that both
CX- and AX-sites within the zwitterionic SO are strongly involved not only in analyte
binding but — due to proximity — also in analyte elution while the contribution from the
mobile phase components is reduced. This description seems appropriate as long as the
additive to the mobile phase is not a noticeably stronger acid than the acidic CX-group
within the chiral SO which is the case for FA and HOAc. However, with TFA retention
almost vanished. Here, the lack of retention can be correlated with the acidity of TFA
which is stronger than the acid functions of both the analytes and also the CX-site within
the zwitterionic SO. Thus, TFA leads to formation of stable ion pairs between the amines
of both SO and SA and TFA while possibly also reducing the degree of dissociation of the
acid functions of SO and SA at the given additive concentration. Consequently, ionic
interactions between SO and SA are suppressed, and alongside retention and
enantioselectivity are strongly reduced.

The masking effect of TFA was also observable in the AX mode on zwitterionic CSPs
where the IMCI contribution was investigated for chiral acidic analytes upon variation of
the type of acidic counterion (Fig. 6b). Using TFA lead to hardly any retention and no
enantioselectivity at all, according to the above described mechanism. On the contrary, the
weakest acid in this set, HOAc, also afforded very short retention times, though, in
combination with the highest enantioselectivities. Other than TFA, HOAc obviously
supports the dissociation states necessary for ionic interaction and enables proper ion
pairing of SO and SA. Hence, the typical Cinchona carbamate-type enantioselective

molecular recognition process becomes possible. The short retention times can be
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attributed to an effective contribution of the IMCI group under the given elution
conditions. FA showed the highest retention factors in this comparison which indicates a
transition state in terms of retention where the zwitterionic CSP is beginning to adopt the
characteristics of the pure AX-type CSP and the IMCI and its effects are increasingly set
off. Due to the short retention times enantioselectivities were higher with HOAc than with
FA but on the other hand resolution was generally found to be best using FA. The
influence of the type of acidic counterion in the AX mode on zwitterionic CSPs turned out
to be not as straight forward as for the parent AX-type Cinchona alkaloid CSPs [4] but
testing acidic additives in combination with variation of the proton activity can be a useful
tool to adjust column performance e.g. to fast analysis of improved resolution.

Overall, the type of acidic additive had more pronounced effect on chromatographic
behavior of zwitterionic CSPs than the type of basic additive. This could be regarded as a
sign of the AX-type interaction being more involved in the retention mechanism of
zwitterions on zwitterionic packing materials like CSPs 2-4, 6, and 10 than the CX-type
interaction which is nevertheless essential for enantioselective molecular recognition in ZX

mode.

Influence of Bulk Solvents of the Mobile Phase

Among the various possibilities to principally tune chromatographic behavior of CSPs by
means of mobile phase composition it remains the important parameter of the bulk solvents
of the eluent system to be studied. In this context our investigations aimed at mapping the
effects of protic MeOH and aprotic ACN, at first in nonaqueous and afterwards in aqueous
polar organic elution modes.

A study on a CX-type CSP in nonaqueous conditions showed marked influence of ACN in
enhancing enantioselectivity while overall retention was affected rather analyte-specific
[5,24]. It was also found that a certain amount of protic MeOH (not less than 5% v/v) is
essential for good peak performance which had been ascribed to sufficient solvation of the
ionized species involved in ion exchange equilibria. A systematic study on mobile phase
effects on AX-type CSPs also compared MeOH and ACN for enantioseparations of a
model analyte. However, solely the pure solvents and no mixtures were employed. Thus,
no general conclusion regarding the type of bulk solvent could safely be drawn on a
broader basis [4]. For Cinchona alkaloid-based AX-type CSPs, however, there are several

examples in the literature where ACN-MeOH mixtures have been used to successfully
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optimize particular enantioseparation challenges [25,26]. For testing the ZX mode for bulk
solvent dependencies, eluent systems of increasing ACN content in MeOH were used that
also contained constant amounts of additives at an acid-to-base ratio of 2:1. Thereby
weakly acidic conditions were guaranteed throughout the measurements since upon
changing the bulk solvent composition acid-base equilibria are shifted and therefore proton
activity may change. Fig. 7 exemplarily depicts the overall pronounced effects of protic
and aprotic solvents on the chromatographic behavior of zwitterionic CSPs in ZX mode for

the enantiomer separation of chiral amino acids.

<Figure 7>

Clearly, a type of hydrophilic interaction liquid chromatography (HILIC) operational mode
with protic MeOH being stronger eluting than aprotic ACN is present in ZX mode on
zwitterionic CSPs which becomes activated at relatively low (around 50%) ACN content
or even less. It is characterized by increasing retention with higher ACN percentage
[3,27,28]. However, the presence of higher ACN contents did not enhance the
enantioselective properties of the present zwitterionic CSPs as can be derived from the
subsequent decrease of enantioselectivity and resolution with increasing ACN percentage
(see Fig. 7). Furthermore, a substantial drop of peak efficiency alongside increase of the
aprotic character of the eluent was observable. Thereby, base-line separations initially
present in ACN-deficient eluent systems were often lost upon application of higher ACN
percentages. Hence, ZX mode on zwitterionic CSPs seems to require — more than single
ion exchangers — protic solvents for adequate solvation of the highly polar zwitterionic SO
and SA and for a balanced double ionic retention/elution process. Protic solvents are
especially important in ZX mode when considering the increased local charge density in
zwitterionic species compared to single charged compounds in pure AX or CX. It seems
that with increasing ACN content adsorption/desorption kinetics become slower and lead
to diminished peak efficiencies. Overall, best column performance in ZX mode in terms of
short analysis time, peak efficiency, and enantioselectivity is observed with MeOH only or
low volume fraction of ACN in MeOH as bulk solvents in the mobile phase system.
However, the pronounced influence of aprotic solvents like ACN in ZX mode allow
adjustments of retention times in a wide range which also suggests that the potential in
varying protic and aprotic bulk solvents using the present zwitterionic CSPs rather holds in

chemoselective than enantioselective applications.
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If protic bulk solvents and solvation of the ionic components involved play an important
role in ZX mode, extension of the investigations to the aqueous ond/or hydroorganic eluent
conditions were a logical consequence. When operated in reversed-phase (RP) conditions
the present zwitterionic CSPs can be considered as mixed mode RP/ion exchanger type
stationary phases due to their various hydrophobic molecular increments as depicted in
Fig. 1. Consequently, there are two principal scenarios possible in RP mode: Increasing
water content can introduce nonspecific hydrophobic interactions between the chiral
analyte and the hydrophobic parts of the CSP leading to increased retention possibly
accompanied by a lower enantioselectivity. On the other hand, it was interesting to
elucidate whether in aqueous eluent systems dedicated hydrophobic interactions, e.g.
between nonpolar groups of the chiral analyte and the SO, are involved in enantioselective
molecular recognition besides the simultaneous double ion pairing process. The mobile
phase systems for assessing the effects of water as a bulk solvent in ZX mode consisted of
methanolic solutions of increasing water content while weakly acidic conditions were
assured by adding acidic and basic additives. Exemplary observations are depicted in Fig.
8 for CSP 2 and three chiral amino acid analytes that contain aromatic side chains of
different hydrophobicity — 3,4-dihydroxyphenyl (a-Me-DOPA), 3-hydroxyphenyl (a-Me-
m-Tyr), and indole (Trp) — to potentially provide sufficient but different RP-response.

<Figure 8>

By introducing water to the MeOH-type eluent system retention of the polar amino acid
solutes slightly decreased. Depending on the hydrophobicity of the solutes only at high
water contents RP-like retention increments came into play. Thus, at 80% (v/v) water in
MeOH the most hydrophobic solute in this comparison, Trp, showed a marked increase of
retention whereas the monohydroxylated Tyr derivative was just as strongly retained as in
water-free eluent and a-Me-DOPA still decreased in retention. This behavior was also
typical for even less hydrophobic, aliphatic and polar functional group containing amino
acids. Obviously, the strength of the ionic interactions between SO and analyte is reduced
by the strong solvation of SO and SA, and as desolvation is energetically unfavorable SO-
SA interactions are essentially weakened. Hence, in the process of double ion pairing and
diastereomeric SO-SA complex formation further, nonionic intermolecular contacts are

probably less accessible as a result of the strong solvation of the zwitterionic SO and SA
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by the water network. This might explain why enantioselectivity did not benefit from
increasing amounts of water in the eluent (see Fig. 8). Resolution and peak efficiency (data
not shown) were similarly affected which can be correlated also with the commonly
observed slower diffusive mass transfer into the intraparticulate pores in aqueous eluent
systems.

When working with aqueous solutions measuring the apparent pH (pH,) as an indicator of
proton activity becomes appropriate. The mobile phases initially prepared in this section
contained constant amounts of additives (75mM HOAc, 25mM NHj3). However, when
measuring the pH, values of these hydroorganic eluents an increase of the eluents’ acidity
was observed [29,30] (0% v/v water in MeOH: pH, 6.50; 20% water in MeOH: pH, 6.15;
80% water in MeOH: pH, 4.65). In order to examine whether the superimposed pH,
change was responsible for the loss of selectivity, a further mobile phase with comparable
pH, composed of 80% (v/v) water in MeOH and pH, 6.15 (from 26.5 mM HOAc, 25 mM
NHj3) was prepared and tested as well. There were hardly any differences observable to the
other, more acidic mobile phase of 80% water in MeOH (pH, 4.65), thus ruling out that the
observed effects were pH,-related rather than a solvent effect.

Fig. 9 somewhat summarizes and extends the overall bulk solvent effects observed in ZX
mode by displaying retention and resolution of exemplary enantioseparations of chiral
amino acids on one WCX- and one SCX-based zwitterionic CSP. ACN had lower elution
strength than MeOH (ACN:H,O versus MeOH:H,0), and with decreasing protic character
of the eluent solvent mixture retention increased. Thereby, the stronger binding SCX-based
CSP is more affected than the WCX-type congener. Evidently, HILIC-supported ion
exchange is the predominant mode of operation present on zwitterionic CSPs and the
balanced, but not too strong protic character of the mobile phase is of central importance
for the double ion pairing process that is mainly responsible for analyte retention and

enantioselectivity.

<Figure 9>

Also the investigations on water-containing mobile phases for zwitterionic CSPs in ZX
mode lead to the conclusion that overall best chromatographic performance regarding all
relevant parameters like retention, enantioselectivity, resolution, and peak efficiency, is
again achieved in nonaqueous methanolic eluents. However, it should be noted that the

employment of low volume fractions of water in MeOH-based eluent systems may be
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appropriate for certain applications because the solubility of zwitterionic analytes in water
containing eluents is often dramatically increased compared to nonaqueous mobile phases.
In particular for preparative enantioseparations enhanced solubility of the chiral analyte
can compensate for slight decreases in separation efficiency in regard of the final

productivity.

Conclusion
The present study reports on the effects of mobile phase composition on chromatographic
performance of novel zwitterionic CSPs in HPLC enantiomer separations of chiral acidic
and amino acid analytes. For that purpose, typical mobile phase parameters like proton
activity, type of additives, and type of bulk solvents in aqueous and nonaqueous eluent
systems were tested on representative zwitterionic CSPs in anion and zwitterion exchange
mode. With zwitterionic CSPs and their operation in ZX mode, enantioselectivity seems to
be — more than ever before with single CX- and AX-type CSPs — determined by the
particular SO structure. By changes in the mobile phase system mainly the not necessarily
enantioselective ion exchange processes themselves and the superimposed acid-base
equilibria are affected. Therefore, peak efficiency and retention could be adjusted and
optimized considerably while this was not the case for enantioselectivity. Overall, weakly
acidic methanolic mobile phases were found as promising starting points when operating
zwitterionic CSPs in both AX and ZX mode. Aprotic solvents like ACN introduced
HILIC-related retention phenomena which mainly determined the enantioseparation
capabilities in ZX mode. On the other hand, applications in HILIC mode as a novel
packing material for nonchiral separation challenges could represent an interesting
perspective of the present zwitterionic CSPs. While RP interactions in ZX mode required
high water content in the eluent to contribute to retention because of the very polar nature
of the zwitterionic analytes these interactions turned out to be nonspecific and not
particularly involved in the enantioselective molecular recognition of chiral zwitterionic
solutes. Nevertheless, the possibility to operate zwitterionic CSPs under RP conditions — at
least with high organic modifier content — is important for preparative applications in ZX
mode where the solubility of highly polar analytes becomes increasingly relevant.
However, the potential of zwitterionic CSPs for preparative enantioseparations of amino
acids still remains to be properly assessed although preliminary studies that were carried

out so far seem promising. In AX mode zwitterionic CSPs enabled remarkable and very
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fast enantiomer separations of chiral acids in the void volume time frame under weakly
basic conditions due to the zwitterionic nature of the involved chiral SOs. Here again,
further investigations of the preparative potential seem relevant, in particular in
comparison with the parent QN-AX CSP. Finally, the findings on aprotic solvents in ZX
mode can provide helpful information for the adaptation of zwitterionic CSPs for SFC

mode where aprotic CO, represents the main eluent component.
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Figure 1.

Chemical structures of the commercially available chiral weak anion exchanger
QN-AX and chiral zwitterionic CSPs that have been investigated in this study
(CSPs 2-4, 6, 10).
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Effect of the acid-to-base ratio in the mobile phase on the chromatographic behavior of zwitterionic
CSPs. a) Retention, enantioselectivity, and resolution for analyte Trp on CSP 3 and CSP 6. b) Retention
and resolution for analyte DNB-Phe on CSP 3, 6, and 10. Mobile phases: combinations 25 mM NH; and
100, 75, 50, and 25 mM HOAc, respectively, in MeOH, to afford acid-to-base ratios of 4:1, 3:1, 2:1, and
1:1. Acid-to-base ratio of 0.5:1 was prepared by adding 12.5 mM AB to 12.5 mM NH,OAc in MeOH.
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Figure 4.

HPLC enantioseparations on zwitterionic CSP 3 using base excess
mobile phase conditions (12.5 mM AB and 12.5 mM NH,OAc in MeOH)
of a) N-derivatized amino acids, and b) DNB-Leu with increasing sample
loading (10, 150, 500, and 800 ug on column, UV detection at 320 nm).
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Elution strength of type of co- and counter-ion
additives on retention on single ion exchanger
type CSPs, according to findings reported in the
literature [4,5,23].
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Influence of the type of acidic additive in the mobile phase on retention, enantioselectivity,
and resolution on zwitterionic CSPs. a) Representative data are shown for amino acid
analytes a-Me-m-Tyr (triangle symbols), erythro-B-Me-Tic (round symbols), and Trp (square
symbols) on CSP 4. b) Representative data are shown for acidic analytes Fmoc-Phe (triangle
symbols), Ac-Trp (round symbols), and Z-Phe (square symbols) on CSP 4. Mobile phases: 50
mM acid (either TFA, formic acid FA, or acetic acid AA) and 25 mM NH; in MeOH.
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Influence of ACN and MeOH as bulk eluent solvents in ZX mode for
amino acid analytes a-Me-m-Tyr, B-Phe, and Trp on zwitterionic CSP
3. a) Data on enantioselectivity and retention and b) data on resolution
and plate numbers are shown. ¢) HPLC enantiomer seprations of a-
Me-m-Tyr using methanolic eluent systems of different ACN content.
Mobile phases consisted of 50 mM AA and 25 mM NH; in ACN-MeOH
mixtures (v/v).
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Influence of H,O and MeOH as bulk eluent solvents in ZX mode for
amino acid analytes a-Me-m-Tyr , Trp, and a-Me-DOPA on zwitterionic
CSP 2. a) Data on enantioselectivity and retention and b) data on
resolution and plate numbers are shown. c) Representative HPLC
enantiomer separations of a-Me-m-Tyr using methanolic eluent systems
of different H,O content. Mobile phases: 75 mM HOAc and 25 mM NH; in
MeOH-H,O mixtures (V/v).
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Experimental Section on SO-SA Complex
Crystallization



Experimental for SO-SA Complex Crystallization

General Aspects

The basic tert.-butyl carbamoyl quinidine (tBuQD) was prepared according to A. Mand] et.al.,
J. Chromatogr. A 1999, 858, 1-11. All experimental conditions and materials for preparing
the acidic DNB-homologue 2 of SO 1 were as described in C. Hoffmann et.al., J.
Chromatogr. A 2007, 1161, 242-251, except the following procedure.

Synthesis of trans-2-(N-3,5-dinitrobenzoyl)aminocyclohexanesulfonic acid 2:

A solution of trans-2-aminocyclohexanesulfonic acid (180 mg, 1.0 mmol) and DIPEA (500
pl, 3.0 mmol) in DMF (8 ml) was stirred a 5° C while 3,5-dinitrobenzoyl chloride (345 mg,
1.5 mmol) was added in portions. The resulting suspension was allowed to warm up to 25° C
and stirr overnight. Concentration in vacuo afforded a dark brown oil that was dissolved in
dichloromethane (30 ml) and extracted once with aqueous NaOH (5 ml, 0.3 M). The aqueous
phase was concentrated in vacuo to afford crude racemic 2 as a pale yellow solid. This residue
was directely submitted to semipreparative enantiomer separation which yielded virtually
enantiopure sulfonic acids 2a and b as their ammonium salts (combined 250 mg, 64 %). [a]*,
=-45.0° (MeOH, 1.0 g/100 ml, first eluted enantiomer). 'H NMR [CD;OD]: 8 =9.10-9.02 (s,
3H), 4.24-4.12 (m, 1H), 2.99-2.90 (m, 1H), 2.45-2.35 (m, 1H), 2.22-2.12 (m, 1H), 1.88-1.76
(m, 2H), 1.66-1.52 (m, 1H), 1.48-1.32 (m, 3H). °C NMR: § = 164.4 (C=0), 149.9 (C), 139.8
(C), 128.7 (CH), 121.6 (CH), 62.5 (CH), 52.7 (CH»), 33.9 (CH,), 29.2 (CH»), 26.2 (CH>),
25.9 (CH,). MS (ESI, negative): 372.1 [M-H] , 745.3 [2M-H] , 767.3 [2M-H+Na] .

Crystallization

Sulfonic acid 2a as its ammonium salt (30.0 mg), obtained as the first eluted enantiomer by
semipreparative enantioseparation on a tBuQN-CSP (QN-AX), was combined with an
equimolar amount of tBuQD (32.5 mg) which is expected to be the stronger binding
stereoisomer for 2a compared tBuQN. Dissolving of the combined compounds in MeOH,
thorough mixing and evaporation to dryness unter high vacuum and 60° C was repeated
serveral times in order to remove the ammonia and to form the desired ion pair between the
sulfonic acid and the quinidine derivative. Then, the residue was dissolved in CH,Cl, (1 ml)

followed by dropwise addition of heptane just until the solution became cloudy. More CH,Cl,



was added to give again a clear solution and the vessel was covered with filter paper and let

stand for 7 days at ambient temperature when crystals suitable for X-ray analysis had formed.

X-Ray Analysis Data

Identifier CHHOO002

Formula C4HgoN6O13S

Space group P2,

Cell length a 12.7575(6) b 20.9405(10) c 18.7286(8)
Cell Angles a 90.00 B 90.047(2) vy 90.00

Cell Volume 5003.31

7,7’ Z:427:0

R-factor (%) 5.8




Number Label Charge SybyIType Xfrac Yfrac Zfrac Symm. op.

1 S1 0 S.02 0.0019 0.7419 0.3293  xy,z
2 01 0 0.2 -0.0586 0.7994 0.3194 xy,z
3 02 0 0.2 0.0891 0.7395 0.2779 XY,z
4 03 0 0.2 0.0360 0.7309 0.4018 xy,z
5 04 0 0.2 0.1615 0.5505 0.3475 XY,z
6 05 0 0.2 0.1575 0.5686 0.0161  xy,z
7 06 0 0.2 0.3203 0.5502 -0.0103  x,y,z
8 o7 0 0.2 0.5832 0.5565 0.1743  xy,z
9 08 0 0.2 0.5359 0.5521 0.2849 xy,z
10 C1 0 C3 -0.0321 0.6113 0.3204 xy.z
11 H1 0 H -0.0041 0.6097 0.3703  xy.z
12 Cc2 0 C.3 -0.0841 0.6769 0.3081  xy,z
13 H2 0 H -0.1043 0.6802 0.2566  x,\y,z
14 C3 0 C.3 -0.1830 0.6840 0.3536  x\y,z
15 H3A 0 H -0.1627 0.6853 0.4047  xy,z
16 H3B 0 H -0.2174 0.7250 0.3419  xy.z
17 C4 0 C3 -0.2608 0.6298 0.3422  xy,z
18 H4A 0 H -0.3218 0.6356 03742  xy.z
19 H4B 0 H -0.2863 0.6305 0.2923  xy.z
20 C5 0 C3 -0.2088 0.5659 0.3577  Xxy.z
21 H5A 0 H -0.1882 0.5638 0.4086  x\y.z
22 H5B 0 H -0.2590 0.5308 0.3482 xy.z
23 C6 0 C3 -0.1127 0.5577 0.3109 xy.z
24 H6A 0 H -0.1349 0.5563 0.2602  x\y,z
25 H6B 0 H -0.0790 0.5163 0.3223  xy,z
26 c7 0 C.2 0.1441 0.5729 0.2889  xy,z
27 C8 0 C.2 0.2244 0.5699 0.2304 xy.z
28 C9 0 C.2 0.1983 0.5674 0.1589  xy.z
29 H9 0 H 0.1271 0.5694 0.1442  xy,z
30 C10 0 C.2 0.2783 0.5620 0.1085  xy,z
31 Cl1 0 C.2 0.3812 0.5581 0.1266  x\y,z
32 Hi11l 0 H 0.4345 0.5536 0.0916 xy.z
33 C12 0 C.2 0.4044 0.5611 0.1988  xy.z
34 C13 0 C.2 0.3298 0.5650 0.2511  xy.z
35 H13 0 H 0.3488 0.5645 0.3002  xy,z
36 N1 0 N.am 0.0546 0.6028 0.2705 xy,z
37 H1A 0 H 0.0481 0.6177 0.2267  Xx\y,z
38 N2 0 N.3 0.2493 0.5594 0.0329  xy.z
39 N3 0 N.3 0.5154 0.5560 0.2212  xy,z
40 S01 0 S.02 0.0598 0.2417 0.1686  x\y,z
41 001 0 0.2 -0.0022 0.1833 01751  xy.z
42 002 0 0.2 0.1454 0.2425 0.2214  xy,z
43 003 0 0.2 0.0963 0.2548 0.0967  x\y,z
44 004 0 0.2 0.2339 0.4150 0.1587  xy,z
45 005 0 0.2 0.1970 0.4198 04915 xy,z
46 006 0 0.2 0.3540 0.4439 0.5218  xy,z
47 007 0 0.2 0.6342 0.4178 0.3523  x\y,z
48 008 0 0.2 0.5954 0.4124 0.2394  x\y,z
49 NO1 0 N.am 0.1083 0.3799 0.2350  xy,z
50 HO1 0 H 0.0945 0.3713 0.2800  xy,z
51 Co1 0 C3 0.0241 0.3715 0.1832  xy.z
52 HO1A 0 H 0.0537 0.3755 0.1340 xy,z
53 C02 0 C3 -0.0289 0.3052 0.1909 xy.z
54 HO02 0 H -0.0504 0.2998 0.2419 xy.z
55 C03 0 C3 -0.1258 0.2984 0.1447  xy.z
56 HO3A 0 H -0.1595 0.2567 0.1545 xy.z
57 HO3B 0 H -0.1050 0.2991 0.0938  xy.z
58 Co4 0 C.3 -0.2048 0.3524 0.1588  xy,z
59 HO4A 0 H -0.2659 0.3473 0.1267  x\y,z
60 HO04B 0 H -0.2301 0.3495 0.2087  xy,z
61 CO05 0 C3 -0.1562 0.4164 0.1469  xy,z
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N.am

-0.2076
-0.1361
-0.0591
-0.0814
-0.0268
0.2049
0.2807
0.2485
0.1761
0.3243
0.4301
0.4804
0.4592
0.3865
0.4097
0.2889
0.5705
0.0806
0.4178
0.0049
0.0637
0.0638
0.4730
-0.0487
-0.0340
-0.0425
-0.0967
-0.0549
-0.0503
-0.0897
0.0632
0.0634
0.1050
0.1806
0.0673
0.0873
0.1507
0.0280
0.1336
0.2019
0.1005
0.1499
0.2179
-0.1101
-0.0801
-0.1976
-0.2297
-0.2310
0.1554
0.1409
0.2652
0.3357
0.2673
0.4199
0.5234
0.5818
0.5374
0.6064
0.4527
0.3914
0.4041
0.2867

0.4503
0.4208
0.4239
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0.4659
0.3999
0.4056
0.4129
0.4131
0.4197
0.4194
0.4238
0.4124
0.4056
0.4011
0.4284
0.4142
0.7309
0.7321
0.6625
0.8343
0.8028
0.7125
0.6688
0.6869
0.8368
0.8395
0.7973
0.8952
0.9294
0.9191
0.9529
0.9472
0.9569
0.9872
0.8976
0.8940
0.9107
0.8640
0.8807
0.8402
0.8197
0.8319
0.8789
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0.9034
0.9341
0.8911
0.7479
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0.7332
0.7322
0.7370
0.7287
0.7195
0.7165
0.7152
0.7097
0.7187
0.7155
0.7100
0.7263

0.1583
0.0961
0.1942
0.2448
0.1844
0.2190
0.2806
0.3516
0.3635
0.4040
0.3904
0.4276
0.3207
0.2644
0.2165
0.4780
0.3032
0.0573
0.3276
0.1352
0.1814
0.2164
0.0361
0.0203
-0.0209
0.1479
0.1855
0.1200
0.0986
0.1245
0.0863
0.0485
0.1570
0.1526
0.1686
0.2158
0.2460
0.2464
0.0636
0.0468
0.0239
0.1280
0.1508
0.0311
-0.0004
0.0138
0.0441
-0.0294
0.1113
0.1557
0.0850
0.2103
0.2295
0.2549
0.2267
0.2580
0.1555
0.1374
0.1070
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-0.0571
0.0143
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0.2320
0.3172
0.3259
0.2755
0.2814
0.0095
-0.1379
-0.1056
-0.0444
-0.1637
-0.0880
-0.1616
-0.0995
-0.1801
-0.2203
-0.2289
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-0.2109
-0.2882
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0.0461
0.1054
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-0.0021
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0.5739
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0.4439
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0.2713
0.3756
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0.3340
0.3380
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-0.0476
-0.0040
-0.1246
-0.1191
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-0.0588
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-0.0040
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-0.0619
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0.0833
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0.5427
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0.6520
0.6917
0.6613
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0.7288
0.2395
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0.1513
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0.3034
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0.2573
0.2619
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0.2717
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0.2734
0.1973
0.3013
0.3631
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0.4141
0.4448
0.4537
0.3796
0.3404
0.4087
0.4002
0.3277
0.2889
0.3161
0.3554
0.1530
0.1505
0.1936
0.0959
0.0627
0.0676
0.0343

-0.0200
0.3606
0.4126
0.3482
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0.0753
0.0221
0.0583
0.0338
0.0558
0.1084
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0.0338
0.1079
0.0567
0.1355
0.1814
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0.2846
0.4736
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0.2848
0.2551
0.3561
0.3759
0.4018
0.5151
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0.5234
0.1460
0.0944
0.1565
0.1629
0.4265
0.4801
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0.3903
0.4627
0.4412
0.5573
0.5833
0.5582
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0.1316
0.2053
0.0899
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0.0680
0.1642
0.2301
0.1324
0.1879
0.2562
-0.0780
-0.0472
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0.0379
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0.2446
-0.1101
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-0.0978
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-0.1431
-0.0979
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-0.1339
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0.1226
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0.1036
0.1401
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0.4815
0.5562
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0.4085
0.4468
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0.3545
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0.2543
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0.3479
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0.3713
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0.2540
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0.2683
0.3849
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0.4052
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0.1905
0.1741
0.1767
0.1572
0.1051
0.1729
0.1714
0.3625
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0.3022
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0.2685
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0.5496
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0.989
1.509
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1.384
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0.951
1.365
1.411
1.458
0.950
1.435
1.375
1.363
1.428
1.214
0.930
1.493
1.504
1.518
1.359
1.324
0.879
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1.489
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1.536
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1.000
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1.000
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0.949
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1.414
1.435
0.950
1.349
0.951
1.413
1.438
0.950
1.415
0.949
0.981
0.980
0.980
1.530
1.553
1.475
0.980
0.980
0.980
0.979
0.980
0.980
0.980
0.978
0.981
1.419
1.365
1.371
1.434
1.214
0.931
1.501
1.509
1.505
1.373
1.298
0.879
1.342
1.476
0.949
1.350
1.407
0.950
1.418
1.408
0.950
1.425
0.951
1.357
0.980
0.980
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1.528
1.526
1.531
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0.980
0.981
0.981
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H39A
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C40
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C42
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0.981
0.980
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1.548
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1.533
1.484
1.000
1.545
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0.988
0.989
0.989
1.544
0.999
1.552
0.952
1.335
0.951
0.949
1.000
1.514
1.442
1.419
0.950
1.377
1.187
1.366
1.468
0.980
0.979
0.981
1.475
0.990
0.991
1.476
0.980
0.980
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1.211
1.355
1.461
0.981
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1.490
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1.186
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Abstract

Liquid chromatography (LC) by means of chiral stationary phases (CSPs) is of central
importance both as an analytical tool for the separation of enantiomers and also on a
preparative scale to give access to bulk quantities of highly enantiopure chiral compounds.

In this work the development of several novel ion exchanger type CSPs based on synthetic
low molecular mass chiral selectors (SOs) as the enantioselective functional entities, and their
evaluation for enantiomer separations in HPLC are presented.

At first, strong cation exchanger (SCX) type SOs were prepared that contained a B-
amidocyclohexanesulfonic acid as chiral moiety. The corresponding CSPs allowed the
baseline enantioseparation of a series of chiral basic drugs. In a separate study on the SCX-
type SOs, and in combination with a quinidine-based, oppositely charged anion-exchanger
(AX) type SO using HPLC and X-ray diffraction analysis, the molecular recognition
mechanism of these AX- and CX-type SOs could be depicted. Furthermore, the SCX-type
CSP was evaluated for the nonenantioselective analysis of a series of basic Cinchona
alkaloids where it turned out to be an alternative, complementary stationary phase to the
reversed-phase packing materials commonly used in this context. The described SCX-SO was
also applied in a comparison of capillary electrochromatography (CEC) and capillary liquid
chromatography (CLC) for enantioseparations as well as in a study that deconvoluted the
electrokinetic and chromatographic contributions to analyte migration in enantioselective ion-
exchange CEC. Finally, a novel type of ion-exchanger CSP was developed by combining key
motifs of both anion- and cation-exchanger type CSPs into one, now zwitterionic SO
molecule. The resulting zwitterionic (ZWIX) CSPs not only essentially combined the
enantioselective properties of the parent AX- and CX-type CSPs, but in addition also showed
excellent enantioselectivities for zwitterionic amino acids and peptides. Mechanistically the
zwitterion exchange could be described by a simultaneous double ion pairing event. Due to
the overlaid equilibra particular effects on retention and resolution could be observed in the

course of mobile phase optimization.



Abstract

Flussigchromatographie unter Verwendung von chiralen stationaren Phasen (CSPs) ist von
zentraler Bedeutung sowohl als Werkzeug in der Enantiomerenanalytik als auch fir die
Gewinnung von hoch enantiomerenreinen chiralen Substanzen im préparativen Malstab.

In der vorliegenden Arbeit werden die Entwicklung von mehreren neuartigen, auf dem
lonenaustauscherprinzip  aufbauenden CSPs und deren  Evaluierung fir die
Enantiomerentrennung in der HPLC vorgestellt. Als funktionelle Einheiten dieser CSPs
fungieren synthetische niedermolekulare chirale Selektoren (SOs).

Zunachst wurden SOs vom starken Kationenaustauscher-Typ (strong cation exchanger, SCX)
hergestellt die als chirale Gruppe eine B-Aminocyclohexansulfonséure beinhalteten. Die
darauf aufbauenden CSPs ermdglichten die Basislinientrennung einer Reihe von chiralen
basischen Wirkstoffen. In einer weiteren Studie ber diese SCX-SOs, zu der ein Quinidin-
basierter, entgegengesetzt geladener SO vom Anionentauscher-Typ (anion exchanger, AX)
hinzugezogen wurde, konnte mit Hilfe von HPLC und Rontgenstrukturanalyse der molekulare
Erkennungsmechanismus dieser AX- und CX-SOs aufgezeigt werden. Desweiteren wurde die
CSP vom SCX-Typ auch fiur die nichtenantioselektive Analyse einer Reihe von basischen
Cinchona Alkaloiden evaluiert. Dabei hat sie sich als alternative, komplementare stationére
Phase zu den far dieses Trennproblem ublicherweise eingesetzten
Chromatographiematerialien vom Umkehrphasentyp herausgestellt. Besagter SCX-SO wurde
aulerdem in einem Vergleich von Kapillarelektrochromatographie (CEC) und
Kapillarflissigchromatographie (CLC) fir die Enantiomerentrennung und in einer Studie
eingesetzt, die die elektrokinetischen und chromatographischen Beitrédge zur Analytmigration
in der enantioselektiven lonenaustausch-CEC herausarbeitete. SchlieRlich wurde ein
neuartiger Typ einer lonenaustauscher-basierten CSP entwickelt indem Schliisselmotive
sowohl von Anionentauscher- wie auch Kationentauscher-CSPs in einem, nun
zwitterionischen SO-Molekul vereinigt wurden. Die daraus resultierenden zwitterionischen
CSPs zeigten nicht nur die im Wesentlichen kombinierten enantioselektiven Eigenschaften
der AX- und CX-CSP von denen sie abgeleitet wurden sondern zudem ausgezeichnete
Enantioselektivitdten fir Aminosduren und Peptide. Der Zwitterionenaustausch konnte
mechanistisch durch simultane doppelte lonenpaarbildung beschrieben werden. Aufgrund
uberlagerter Gleichgewichte wurden besondere Effekte bei Retention und Auflésung im Zuge

der Optimierung der mobilen Phase beobachtet.
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