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Enantioselective Zwitterionic Ion-exchanse Material

The invention is concerned with an enantioselective zwitterionic ion-exchange material
comprising a chiral selector component (SO) comprising at least one cation exchange group
and at least one anion exchange group and a carrier, carrying said selector component directly

or via a spacer.

In the field of enantioselective chromatography using ion exchanger type chiral stationary
phases (CSPs) separation takes place due to enantioselective ion pairing of oppositely charged
chiral selectors (SO) and analytes. Conceptually, a chiral molecular recognition process of
enantioselective ion pairing could principally occur with every CSP that contains ionizable
groups within its chiral selector moieties, may they be part of e.g. a small SO molecule- or of
glycopeptide- or protein-based separation materials [1-4]. CSPs that are based on immobilized
cinchona alkaloid derivatives as low molecular mass SOs specifically employ the ion pairing
process as the primary interaction between SOs and analytes. Thereupon, secondary
interactions like for instance H-bond formation and n-r stacking (interaction) can follow and
finally lead to enantiodiscrimination. Among this thordughly investigated class of chiral weak
anion exchangers (WAX) the CSPs based on O9-tert-butylcarbamte derivatives of quinine
and quinidine as SOs provide excellent enantioseparation capabilities for a broad range of
chiral acids [5,6]. Fig. 1 shows the SO structure of a quinine-type WAX CSP which is also
commercially available (CHIRALPAK QN-AX from Chiral Technologies, France).

Complementary to these WAX type CSPs, also separation materials based on fully synthetic
low molecular mass weak and strong cation exchanger (WCX and SCX) SOs have been
developed and investigated for the enantioseparation of chiral basic analytes via an ion
pairing driven process [7-12]. Exemplarly depicted in Fig. 1 with a chiral sulfonic acid based
SO, such cation exchanger CSPs have been applied to different enantioselective separation
techniques including capillary electrochromatography (CEC), capillary liquid
chromatography (CLC), and high performance liquid chromato graphy (HPLC) [13]. Only
very recently, a more complex but very interesting boronic acid based chiral cation exchanger
SO derived from the macrodiolide boromycin was also reported [14] indicating the potential

of'ion exchangers in enantioselective chromatography.
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However, chiral cation and anion exchangers encounter the limitation of addressing only

analytes that carry a charge of opposite sign.

Principally, stationary phases containing complementary charged groups have also been
described in the literature [15-19] and were applied mainly for the separation of inorganic
cations and anions. Systems employing chiral zwitterionic moieties have also been reported

previously for different purposes [20-24] but were not envisioned for enantiomer separations.

It is the object of the present invention to provide for a chromatographic material for efficient
enantiomeric separation of a variety of chiralic compounds, such as chiral acids, chiral amines

and chiral zwitterionic compounds.

The inventive enantioselective zwitterionic ion-exchange material comprises a chiral selector
component (SO) comprising at least one cation exchange group and at least one anion
exchange group and a carrier, carrying said selector component, wherein

- the chiral selector component comprises at least one chiral linker moiety to connect said
ion exchange groups in a non-macrocyclic fashion, and

- said chiral linker moiety contains at least one 7~ interaction site (e.g, an aromatic group

with preferentially electron-withdrawing or electron-donating substituents).

The meaning of the term “carrying” comprises the direct linkage of the carrier to the selector
component and also the indirect linkage via a spacer. The carrier or support should be inactive
(inert) with regard to binding of the target compound, but has the function to guarantee the
chemical and physical stability of the molecular recognition material. In flow-through
applications like chromatography the carrier, resp. its physical properties, determines the
kinetic properties of the materials. The carrier may be an inorganic, organic, or mixed
inorganic-organic hybride type material. Such materials comprise commercially available and
self-developed beads, monolithic or continuous materials comprising silica, alumina, zirconia,
titania, sol-gel derived materials, organic-inorganic siliceous hybrid materials, optionally
crosslinked polysiloxanes, anyone of the polymers obtained from vinyl-monomers, optionally
crosslinked poly(meth)acrylates, optionally crosslinked poly(meth)acrylamides, optionally
crosslinked polystyrenes, mixed styrene-(meth)acrylate polymers, ring-opening methathesis
polymers, polysaccharides, agarose, and anyone of these materials specifically functionalized

to allow immobilization of the chiral selector component. Amongst the preferred supports are
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silica beads, poly(meth)acrylate polymer beads, poly(meth)acrylamide beads,
poly(meth)acrylate monoliths, polystyrene resins, which optionally are modified with pendant

reactive groups for immobilization of the selector, as known in the art.

The spacer has mainly the function to link the selector component to the carrier. Both length
and chemical functionality of the spacer are variable. Strategies of immobilization that are
preferred include reaction of a vinyl-modified selector with a thiol-modified carrier, in
particular thiolpropyl-modified silica, by radical addition reaction. Other immobilization
concepts that may be utilized include reaction of a diisocyanate linker asymmetrically with
amino or hydroxy alkyl-modified carrier and amino or hydroxyl-modified selector
component, reaction of amino, hydroxyl, or thiol-modified carrier with chloro- or
bromoalkanoyl-derivatized selector, reaction of alkoxy- or chloroorganosilane with terminal
reactive functionaﬁty for coupling to the selector component, hydrosylation reaction of

alkoxy- or chlorohydrosilane with vinyl-group containing selector etc.

The chiral linker moiety that connects the ion exchange groups is a chiral compound in a
single enantionmeric form or is constructed from enantiomerically pure chiral synthons like
natural or non-natural, cyclic or non-cyclic amino acids, hydroxyl carboxylic acids, amino
phosphonic acids, amino phosphinic acids, amino sulfonic acids, amino sulfinic acids, amino
boronic acids, hydroxy phosphonic acids, mercapto phosphonic acids, tartaric acid
derivatives, mandelic acid derivatives, camphor sulfonic acid derivatives, linear or cyclic
natural and non-natural peptides, linear or cyclic sulfopeptides, linear or cyclic phosphono

peptides.

A preferred enantioselective zwitterionic ion-exchange material is characterized in that said at
least one cation exchange group has a pka <5.5, preferably <3.0, and said at least one anion

exchange group has a pka >8.0, preferably >8.0.

A further preferred embodiment of the inventive enantioselective zwitterionic ion exchange
material contains a selector compound SO containing at least two acidic groups with pka

values <5.5 and at least one basic group with pka >8.0.

The selector compound SO contains more preferred at least two basic groups with pka values

>8.0 and at least one acid group with a pka <5.5.
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The cation exchange group is e.g. a carboxylic, sulfonic, sulfinic, phosphoric, phosphonic or

phosphinic group.

The anion exchange group is e.g. a primary, secondary, tertiary or quarternary amino group.

More preferred the anion exchange group is a quinine or quinidine residue, and the cation

exchange group is a sulfonic acid group.

The present invention relates also to all chromatographic techniques that utilize the
enantioselective zwitterionic ion-exchange material according to the present invention, e.g.
preparative solid-liquid or liquid-liquid chromatographic methods, solid-liquid or liquid-
liquid extraction technologies, and membrane separation techniques. In analogy, their use in
analytical methodologies integrated as adsorption materials in column liquid chromatography,
supercritical fluid chromatography, capillary electrochromato graphy, chip technologies or as
molecular recognition materials and sensitive layers in sensor technologies is also subject of

the present invention.

Detailed description of the invention

In order to demonstrate the enantioselective chromatography of chiral acidic and basic solutes
using only one but zwitterionic selector motif, the design, the synthesis and the evaluation of
novel zwitterionic SOs and their corresponding CSPs 1-5, as shown in Figure 2, will be
described in the following. Furthermore, such zwitterionic SOs allow also for an
enantioselective molecular recognition process of zwitterionic solutes like amino acids and
peptides which relies on simultaneous double ion pairing. Direct amino acid enantiomer
separations have already been reported for glycopeptide-, crown ether-, CLEC-type CSPs [25-
32] and for QN-AX on a selected application [33,34], but all are based on different molecular
interaction principles. Nevertheless, chromatographic enantiomer separations of alpha-, beta-
and gamma-amino acids is still a challenging task where the zwitterionic SO approach could
provide a novel and promising perspective. Overall, in the following preferred zwitterionic

CSPs 1-5 were evaluated in polar organic mobile phase conditions for their enantioseparation
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capabilities not only towards chiral acids and chiral amines but also for chiral zwitterionic

analytes like amino acids and dipeptides.

General Information
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 (5) 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.
Specific optical rotation values were measured at 20 °C on a Polarimeter 341 from
PerkinElmer (Vienna, Austria). Elemental analysis was carried out with an EA 1108 CHNS-O
from Carlo Erba. Thin-layer chromatography was performed with TLC aluminium sheets
Silica gel 60 Fas4 from Merck (Darmstadt, Germany). Flash chromatography was carried out
using Silica 60 (0.040-0.063 mm particle size) from Merck (Darmstadt, Germany).

Materials
Thiol-modified silica gel was prepared from spherical silica gel (Daisogel 120-5, pore size
120 A, particle size 5 pm, from Daiso Chemical Co., Ltd., Japan), similar to a previously
published procedure [35]. Thiol-group grafting level of 940 pmol/g was assessed by a
spectrophotometric assay employing 2,2 "-dithiodipyridine [36]. Trans-2-
aminocyclohexanesulfonic acid was prepared according to published procedures [13,37]. 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:
dichloromethane (Sigma-Aldrich, Austria) was distilled over calcium hydride prior to use,
and quinine was bought from Buchler (Braunschweig, Germany). Methanol and acetonitrile
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
(NH4OAc) were of analytical grade (Sigma-Aldrich, Austria). The chiral basic analytes and
zwitterionic amino acid analytes used here 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 literature procedures [38].
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‘ Instrumentation
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 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. (Chelmford, USA) was used instead. Whether UV or CAD detection was applied for the
data shown in figures and tables will be specifically stated in the legends. Data aquisition and
analysis was carried out with ChemStation® chromatographic data software from Agilent
Technologies. To assess the elution order of selected solute enantiomers, either single
enantiomers of known absolute configuration or specifically enantioenriched samples were
injected or an a Jasco OR-990 optical rotation detector (Jasco, Gross-Umstadt, Germany) was
used online. Elution was performed in isocratic mode at a mobile phase flow rate of 1 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 acetone with detection at 280 nm. All analytes were applied as

methanolic solutions of 0.5-1.0 mg/ml.

Synthesis of zwitterionic, cinchona-based CSPs 1-5 (Fig. 3).

General procedure for cinchona activation [39].
Typically, cinchona alkaloid 1 (5.0 g, 10 mmol) was dissolved in toluene (150 ml) and the
solution was dried azeotropically using a Dean-Stark apparatus. After cooling to ambient
temperature, 4-nitrophenyl chloroformate (2.0 g, 11 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 (7.0 g, 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]Y, 979.5 [2M-+H]".
09-(4-Nitrophenyl)oxycarbonyl quinidine hydrochloride 2b. MS (ESI, positive): 490.5
[M+H]Y, 979.5 [2M+H]'.

General procedure for the preparation of zwitterionic SOs 3-7.
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Typically, N, O-bis(trimethylsilyl)acetamide BSA (4.0 ml, 12 mmol) was added portionwise to

a suspension of finely grounded amino acid (4.0 mmol) in dry CH,Cl, (80 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 (2.5 g, 4.1 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,Cly/MeOH 20/1 to 5/1) yielded the zwitterionic SO.
N-[[[(8S,9R)-6"-methoxycinchonan-9-ylJoxy]carbonyl]-f-alanine 3: 91%, pale brown solid.
'H NMR [CD3OD]: & = 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: 5 = 176.6 (COOR), 160.4
(Car), 156.2 (C=0), 148.1 (Cy;H), 145.0 (Car), 143.6 (Car), 139.4 (CH=), 131.8 (CiH), 127.4
(Car), 123.9 (CorH), 119.7 (CoH), 117.1 (CHo=), 102.5 (CoH), 71.4 (CH), 59.8 (CH), 57.1
(OMe), 55.7 (CHy), 44.8 (CHy), 38.6 (CH), 38.5 (CHy), 36.1 (CHy), 28.3 (CH), 25.2 (CHy),
20.9 (CHp). 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;0OD]: 6 = 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), 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 (Ca), 155.9 (C=0), 147.8 (C,H), 144.4
(Car), 143.6 (Cay), 138.9 (CH=), 131.4 (CyH), 127.4 (Co,H), 124.3 (CarH), 119.5 (C,H), 117.4
(CH2=), 102.3 (C,H), 71.1 (CH), 60.0 (CH), 57.1 (OMe), 55.8 (CHy), 51.5 (CHy), 45.5 (CHy,),
38.4 (CHa), 38.3 (CH), 28.2 (CH), 25.0 (CHy), 20.7 (CH,). MS (ESI, positive): 476.4
[M+H]", 498.4 [M+Na]". MS (ESI, negative): 474.2 [M-H] .

Chromatographic separation of the diastereomers (see below) gave highly pure 5 and 6.
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;0D]: 8 = 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
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NMR: § = 160.3 (Cay), 155.6 (C=0), 148.2 (CyH), 145.0 (Car), 143.1 (Cyy), 139.2 (CH=),
131.9 (CoH), 127.1 (Cyp), 123.6 (CarH), 119.9 (CoH), 117.3 (CHz=), 102.2 (C,H), 71.0 (CH),
63.6 (CH), 60.0 (CH), 56.5 (OMe), 56.0 (CH>), 53.2 (CH), 46.1 (CHy), 38.5 (CH), 35.0
(CHyp), 29.4 (CHz),.28.2 (CH), 26.1 (2xCHy), 25.3 (CHy), 20.8 (CHy). MS (ES], 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-ylJoxy]carbonyl]-2""-aminocyclo-
hexanesulfonic acid 6: 55%, off white solid.

'H NMR [CD;0D]: § = 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, SH),
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). Bc
NMR: 8 = 160.0 (Cqy), 155.3 (C=0), 148.4 (C,H), 144.4 (Cy), 142.7 (Car), 138.7 (CH=),
131.8 (CaH), 126.8 (Cap), 123.7 (CoH), 120.2 (CoH), 117.2 (CH,=), 101.9 (CH), 71.1 (CH),
61.5 (CH), 59.8 (CH), 57.0 (OMe), 55.6 (CH,), 53.4 (CH), 45.4 (CHy), 37.7 (CH), 33.4
(CHy), 29.0 (CHy), 27.5 (CH), 25.8 (CHy), 25.7 (CHy), 24.8 (CHy), 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-ylJoxy]carbonyl]-taurine 7: 90%, yellow crystals.

'H NMR [CD;0D]: § = 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). BC NMR: § = 161.2 (Cy), 155.7 (C=0), 146.8 (Cay), 145.8 (CoH), 141.2 (Cap), 137.9
(CH=), 128.8 (CaH), 127.9 (Cap), 126.1 (Cal), 120.1 (CoH), 118.4 (CHy=), 102.6 (CoH),
71.4 (CH), 59.8 (CH), 57.4 (OMe), 51.5 (CHy), 51.0 (CHy), 50.1 (CHy), 38.5 (CHa), 38.2
(CH), 28.7 (CH), 23.7 (CHa), 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 above 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 f3-
alanine-based CSP 1 that was packed in house into a stainless steel column (150x4 mm 1.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 amino acid diastereomers were dissolved
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in MeOH at a concentration of 100 mg/ml and were distributed to standard HPLC vials.

Sample amounts injected onto the column were 85 pl 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.

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
(380 mg, 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 umol 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 umol 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 pmol 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 LD.) either in house or at VDS Optilab GmbH (Berlin, Germany).

Results and Discussion

Selector Design
The present invention targets a dedicated development of jon exchanger type chiral stationary
phases that address both positively and negatively charged chiral analytes. Thereby, the aim
was to fuse acidic and basic selector units that have already been employed by us previously
as successful low molecular mass SOs in cation and anion exchanger type enantioselective
chromatography into novel zwitterionic selector structures. The sulfonic acid based SCX CSP
shown in Figure 1 has been reported for the enantioseparation of various chiral amines in

HPLC. Its chiral part is represented by the trans-2-aminocyclohexanesulfonic acid and was
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therefore selected as cation exchanger site for a zwitterionic CSP. The quinine zerz-butyl
carbamate derivative WAX (see Fig. 1) is also well established as chiral anion exchanger
CSP. Thorough investigations that have been reported on cinchona type receptors in
enantioseparation techniques suggested the O9-position of quinine for introducing the
aminosulfonic acid via carbamate linkage if enantioselective properties should remain largely
unaltered. Novel zwitterionic CSPs in Figure 2 illustrate the concept of fusing cation and
anion exchanger moieties in one single selector where CSP 3 and 4 incorporate key motifs of
the WAX- and SCX congeners with the alkaloid base and the cyclohexanesulfonic acid. For
more detailed investigations of enantioselective ionic interaction processes also achiral
carboxylic and sulfonié acids with amino groups in B-position were incorporated in CSP 1, 2,
and 5. Also in CSP 5, the alkaloid base quinine was replaced by its pseudoenantiomer
quinidine which was expected to affect elution order upon enantioseparation and thereby shed

more light on the underlying molecular recognition process.

Preparation of CSP 1-5
For carbamate-type derivatization with aminoacids at the O9-position, quinine 1a and
quinidine 1b, respectively, were activated by reaction with 4-nitrochloroformate [3 9]
whereupon hydrochloride salts 2a and 2b precipitated from the reaction solution and could be
collected by filtration (Fig. 3). The achiral B-aminoacids 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 [13,37].

In order to circumvent solubility problems, the different aminoacids where converted into
their trimethylsilyl esters with N,O-bis(trimethylsilyl)acetamide [40] prior to reacting with
nitrophenylesters 2a and 2b. Amphoteric SOs 3-7 could thereby be quickly prepared in
acceptable to good yields. Immobilization of the SOs onto thiol-modified silica gel was
accomplished via radical addition reaction [35] and produced novel CSPs 1-5 with SO
loadings of 150-230 pumol per gram CSP. In the case of CSPs 3 anc{ 4, preparative separation
of 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, the
employment of novel CSP 1, the B-alanine-quinine based zwitterionic material, gave a

sufficient separation (analytical run: o. = 2.24, Rs = 8.9) and a high loading capacity (up to 10
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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.

Chromatographic Evaluation of CSPs 1-5
In the following, results of the chromatographic evaluations of CSPs 1-5 in HPLC for
enantiomer separations will be presented and discussed: At first towards acidic analyte
species, secondly towards basic amine analytes, and finally towards zwitterionic solutes.
Polar organic mobile phase conditions were selected for these investigations since they have
been successfully and extensively used for the parent, purely anionic or cationic ion
exchanger CSPs [13,41]. Polar organic mode employes polar organic bulk solvents like
methanol and acetonitrile while acidic and basic additives act as co- and counterions and

modulate the ionic interactions between charged SO and solutes.

Since the novel zwitterionic separation materials should in the first place illustrate the concept
of a more versatile chiral ion exchanger, comparisons of the overall chromatographic
performance of zwitterionic CSPs 1-5 with the parent WAX- and SCX CSPs occured only on
a principal level. In this regard, it is referred to the literature where key features of the latter

CSP materials have already been reported in great detail [6,13,38].

Enantioseparation of Chiral Acids
In a series of experiments CSPs 1-5 were tested regarding enantioseparations of different
chiral acids in order to assess whether the main property of the cinchona-type WAX CSPs —
namely enantioseparation of chiral acidic analytes like N-protected aminoacids — could be
conserved in the novel zwitterionic CSPs. For this purpose, a small but representative set of
eight analytes was compiled that containes N-blocked aminoacids with aromatic, aliphatic,
and charged side chains and employes commonly used N-protecting or derivatizating groups.

Both the structures of the analytes as well as chromatographic results are listed in Table 1.
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HPLC enantiomer separation of various chiral acidic analytes on CSP 1-59

Analyte k; o Rs EO | jAnalyte k; o Rs EO
NAc-Phe Csp1 104 143 375 D | |NAcTp CSP1 ;72 183 724 D
WT“ COOH CsP2 029 150 180 D \ﬂ/“ COCH CSP2 077 193 424 D

0 (@ CSP3 024 162 229 D 0 S CSP3 030 301 1074 D
csp4 041 140 188 D CSP4 100 154 425 D

CSP5 018 154 158 L CSP5 036 210 478 L

Z-FPhe CSP1 192 119 215 D | |PNP-Phe CSP1 628 142 347 L
@VO H o coon F2 063 117 078 D /E\gj coon ©SP2 213 153 294 L
I CSP3 055 124 163 D oaN [ : CSP3 206 148 463 L

csp4 095 113 112 D CSP4 348 177 777 L

CSP5 036 121 098 L CSP5 122 130 291 D

Fmoc-Phe CSP1 395 137 405 D | |Fmoc-Leu CSP1 134 133 3.0 nd
Q CSP2 103 135 180 D Q CSP2 047 127 112 nd.
O. OTH cooH CSFP3 094 152 335 D O‘ OTH cooH CSP3 043 143 235 nd.
° (Q CSp4 151 127 230 D © \;/ CSP4 067 132 225 nd.

CSP5 059 133 168 L CSP5 031 122 096 nd.

DNB'PIL% ] CSP1 318 638 2193 D DNB'GISOZ CSP1 653 396 1637 nd.
csp2 101 722 1092 D CSP2 154 440 891 nd.

ozN/Ej\,(n COOH  CSP3 097 1503 2243 D og,(@\(n cooH CSP3 148 582 1771 nd.
© \[© csr4 043 500 1755 D o \Q CSP4 216 3.08 13.14 nd.

CSP5 058 561 1616 L COOH "CSP5 069 3.62 1209 nd.

3 Conditions: stationary phase: column dimension 150 x 4 mm LD.; mobile phase: 50 mM formic acid and
25mM diethylamine in MeOH; flow 1.0 ml/min; T 25° C; #y = 1.49 min. EO = elution order (configuration of
the first eluted enantiomer). n.d. = not determined.

k; = retention factor of first eluted enantiomer; o = separation factor i.e. chromatographic enantioselectivity;

Rs= resolution between first and second eluted enatiomers; EO = elution order (configuration of the first

eluted enantiomer).

Clearly, enantioselective properties that allow the separation of acidic analyte enantiomers are

still present in all five zwitterionic CSPs. With only a few exeptions, all analytes were base-

line separated on all CSPs. In comparison to a typical chiral WAX CSP (see Fig. 1) the

overall a-values are corroborated with slight variances (data not shown). The effect of the

type of protecting group on chiral recognition and enantioselectivity on cinchona-type CSPs

has previously been described in detail [35,38] and can be confirmed also with CSPs 1-5: the

3,5-dinitrobenzoyl amides truly yield excellent enantioseparations (ai-values up to 15 with

resolutions >20), the Fmoc-, DNP- and the acetyl groups give good separations followed by

the Z-group; The DNP-group leads to a reversal of the elution order compared the other N-

protected groups.
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SOs of CSP 1 and CSP 2 are structural homologues which differ only in the type of their acid

function. Additionally, both CSPs have almost identical SO loadings. The marked difference
in retention between CSP 1 and CSP 2 can therefore be explained with acid strength: The
stronger sulfonic acid in CSP 2 is a more dominant — in this particular case intramolecular -
counterion compared to the weaker carboxylic acid in CSP 1, and consequently leads to
shorter retention times at similar acid concentrations in the mobile phase. Hence, retention
factors on carboxylic acid based CSP 1 are up to four fold higher, e. g. as 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 ionexchanger-based enantioselective
chromatography will be the topic of another detailed study that is currently in preparation.
The in parts significant differences in enantioselectivity and retention between sulfonic acid
type CSPs 3 and 4 at similar SO loadings reflect varying molecular recognition processes of

the analytes by their diastereomeric SO.

Elution order of the analyte enantiomers and the ability to switch elution order can be critical,
for instance when it comes to impurity profiling and preparative enantioseparation [42]. In
this context synthetic low molecular weight SOs and corresponding CSPs can offer the
advantage that they allow a switch of elution order by switching to the CSP of opposite
configuration. For both parent CSPs of the herein presented zwitterionic CSPs (see Fig. 1) this
kind of elution order reversal has been shown previously [13,3 5,38], 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 the in the literature reported elution order of the standard, purely anion
exchanger type quinine-based CSP. By contrast, CSP 5, which employs pseudoenantiomeric
quinidine as part of the 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 towards acidic analytes which is very similar to the
conventional quinine- and quinidine-type CSP. Consequently, the acidic groups that have
been introduced at the O9-position of the alkaloid moiety do not fundamentally alter this

molecular recognition scenario.
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Enantioseparation of Chiral Amines
After confirmation of enantioselectivity towards chiral acidic analytes due to their cinchona
base motif the zwitterionic CSPs were investigated regarding their separation potential
towards chiral amine enantiomers on the basis of their cation exchanger site. It was
particularly interesting to assess if enantioselectivity could be transferred by incorporation of
the trans-2-aminocyclohexanesulfonic acid moiety from the SCX CSP into the novel
ampholytic SOs or if even an achiral acidic side chain in conjuntion with the alkaloid
structure could provide enantioselectivity for chiral amine solutes. For that purpose, a set of
12 chiral bases was studied which contained largely pharmaceuticals such as -blockers, B-
sympathomimetics, and other drugs (see Table 2). Chromato graphy was carried out using
nonoptimized mobile phase conditions which were directly adopted from the recently

reported study on SCX CSPs [13]. The results are summarized in Table 2.
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Table 2
HPLC enantiomer separation of various chiral basic analytes on CSP 1-5
Analyte kY o Rs EO| |Analyte kY @ Rg EO
1,1-Diphenylprolinol Csp1 124 100 0.00 Flecainid CSP1 065 1900 0.00
CSp2 791 100 0.00 CSP2 503 100 0.00
on R a H
) CSP3 289 LI8 277 .+ ° y CSP3 221 115 206 -
1 7 cR A
O CSP4 320 108 126 H- bt CSP4 193 116 222 -+
FiC
CSP5 |54 1.00 0.0 : CSP5 o5 100 0.0
Bamethan Csp1 221 100  0.00 Isoxsuprine CSP1 |51 100 0.00
CSP2 650 100 000 CSP2 349 103 020 +-
OoH
) /@)VR‘ CSP3 651 117 293 /+ s /@/ﬁrn CSP3 368 1.18 281 .+
"o j\/ CSP4 560 100 0.00 Ho \(OO CSP4 343 125 374 -
CSP5 55 100 0.0 CSPS 147 100 0.00
O-{Bu-carbamoyl-
Butoxamine Csp1 083 113 056 4/ ine®
/- |Mefloguine CSP1 53 100 0.00
Me OH |, CSP2 194 112 157 - Sl CSP2 504 109 108 -
N CSP3 159 117 234 s+ N CSP3 227 116 211 .+
3 >< . . . - 9 ) . . . -
CSP4 169 115 224 H- CSP4 200 255 ‘128 -
OMe CSPS 107 111 130 -+ CSP5 147  1.00 0.00
Mefloquine® ¥ CSP1 6 186 149 4| |SoPenbuiolel CSP1 ;e3  1.00 0.0
CSP2 197 131 328 - CSP2 537 104 054 H-R/S

Iz

221 120 287 +-R/S

CSP4 189 163 380 - CSp 4

) CSP3 117 1517 1197 +- ) g \/?E/H CSP3
RS 1 0. N7<

2,10 105 0.67 H/-R/S

CFa CSP5 079 174 516 -+ CSP5 127 100 0.00
Pseudo-Ephedrine CSP1 102 1.00 0.00 Bunitrolol CSP1 0387 1.00 0.00
CSP2 344 1.00 0.0 CSP2 516 106 058 -

OH

ZI

1.85 118 251 +-

CSP4 240 100 0.00 Csr4

. CSP3 N Hy  Csp3
X - 288 116 238 | | OV?\/NX

179 104 056 -

CSP5 159 100 0.00 CSPS5 |15 100 0.00
Lorazepam® CSP1 044 100 0.00 Celiprolol CSP1 099 100 0.00
HQ o CSP2 551 1.00 0.0 CSP2 571 105 036 R/S

v

2.13 121 281 R/S

0
¢ Csp3 046 132 209 pn.d. "y CSP3
6 O i . 12 \)\‘ O\i/NX
o]

203 1.04 056 R/S

NH
O CSP4 038 110 059 nd. CSP 4
o CSP5 (36 112 0.3 nd CSP5

121 100 0.00

J Conditions: column dimension 150 x 4 mm 1.D.; mobile phase: 50 mM formic acid and 25mM diethylamine in
acetonitrile/MeOH (9/1, v/v); flow 1.0 ml/min; T 25° C; #p = 1.49 min. UV detection at 254 nm. n.d. = not

determined. EO = elution order (ORD detection).
 Analyte description: name, entry number, structural forumula
°? Mobile phase: 50 mM formic acid and 25mM diethylamine in MeOH
9 Mefloquine: erythro-alpha-2-piperidinyl-2,8-bis(trifluoromethyl)-4-quinolinemethanol

Overall, there are two distinct observations which correlate with the chirality of the acidic

selector subunit. Both zwitterionic CSPs 3 and 4 — that have chiral acidic moieties — show

enantioselectivity towards the selected analytes similar to the parent SCX CSP in the range of

o = 1.05 - 2.00. Thereby, CSP 3 clearly provides a broad application range by base-line
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separating all of the 12 analytes. 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 towards the chosen set of analytes, with the exception of the anti-malarial
drug Mefloquine (entry 4) which can be base-line 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 towards chiral amines. The measured elution

orders do not show a general trend.

When operating CSP 3 and 4, which rely on diastereomeric chiral selectors but with opposite
configuration in 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 enﬁrely independently from each other. Furthermore,
comparison of elution orders on pseudoenantiomeric CSPs 2 and 5 (entries 3 and 4) points
towards a guiding influence of the alkaloid motif. Obviously, it seems as if besides the crucial
role of the chiral B-aminocyclohexanesulfonic acid moieties also the "chiral environment" of
the alkaloid substructure is to some extend involved in an overall chiral recognition process
towards 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 well

bound Mefloquine enantiomer which results also in a strong increase of its retention.

The above-mentioned results on enantioseparations of chiral acids and chiral amines truly
state that the concept of combining of both anion and cation exchanger in one SO motif has
succeeded, esf)ecially with CSPs 3 and 4 where the chiral acidic and basic subunits that have
been selected still work as proven when fused together in one single selector. Consequently,
novel zwitterionic materials like CSP 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 separations of zwitterionic analytes like unprotected

amino acids by means of CSPs based on zwitterionic SOs could open up new applications for
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enantioselective ion exchangers. Therefore, it was first of all crucial to determine if this
phenomenon could be of broad scope, and whether or not we could gain insights into this
expanded interaction mechanism of chiral zwitterionic ion exchangers. For these purposes, a
rather large, divers set of zwitterionic analytes was compiled (Table 3) which included cyclic
and acyclic, natural and nonnatural o~ and B-aminoacids 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.
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Table 3
HPLC enantiomer separation of various chiral zwitterionic analytes on CSP 1-5%
Analyte® k' it Rs EO Analyte k' o Rs EO
Leucine o-Methyl-Leucine
H,N._COOH
. CSP3 107 123 157 , HoN——COOH CSP3 060 100 0.00
CSP4 060 100  0.00 CSP4 033 147 167
Isoleucine Allo-Isoleucine
HpN.__COOH H,N.__COOH
, CSp3 100 126 177 0 CSP3 099 128 186
CSP4 956 114 0.62 CSP4  ps5 111 056
Norleucine tBu-Glycine
HyN.__COOH
HoN COOH
. CSP3 101 126  1.80 I 2 CSP3 092 145 3.06
csp 4 0.61 1.05 035 CSP4 054 108 050
Neopentylglycine fB-Neopentylglycine
H,N.__COOH COOH
. Csp3 121 138 3.04 " CSP3 218 131 284
Csp 4 067 114  0.80 HoN CSP4 057 100 0.0
Phenylglycine csp1 0.52 1.00 0.00 _ Phenylalanine CSP1 51 1.00 000 -
CSP2 CSP 2
HoN._COOH 087 100 0.0 - HN._GOOH 077 106 045 D
s CSp3 1.47 103 037 L a CSP3 116 117 150 L
Ccsp4 0.73 117 122 D CSP4 073 100 000 -
CSP5 0.45 113 0.66 D CSP5 046 100 000 -
B-Phenylalanine CcSp1 0.63 1.00 0.00 _ o-Methyl-Phe CSP1 39 129 075 D
2 SP
coon CSP 146 101 015 S CSP2 065 128 199 D
] CSP3 392 111 145 S y HN-—T—COOH CSP3 75 117 138 D
HaN CSP4 105 116 141 S CSP4 60 144 272 D
CSP5 0.85 109 0.67 R CSP5 (33 125 138 L
Threonine Glutamate
; HoN-COOH CsP3 130 124 180 5 HoN  COOH  'CSP3 558 125 220 D
o CSp4 0.69 1.00  0.00 COOHCSP4 125 103 033 nd
Eflornithine Cysteic acid
F SO5H
g F—_cooH CSP3 g8 131 114 g /|: O "CSP3™ 435 115 109
HoN 4 CSP
2 " CSP 253 136 110 HOOC™ “NH, 4 184 107 053
2




WO 2009/137853 PCT/AT2009/000192
19
Analyte k' o Rs EO Analyte k' o Rs EO
Gly-Phe Ala-Phe (D,D)/(L,L)
. o /(Q CSP3 277 100 000 - 25 o CSP3 157 133 285 nd
CSP 4 CSP 4
HQN\)I\” oo 142 129 260 . nd. HZN\(U\ﬁ oOH 119 168 544 nd
Tyrosine CSP1 064 108 019 D a-Methyl-Tyrosine CSP1 046 135 087 D
P2 CSP 2
HN__COOH & 106 107 038 nd 061 137 263 D
" CSP3 165 110 079 nd | | HN——COOH  CSP3 (97 121 176 D
CSP4 097 100  0.00 - CSP4 074 144. 289 D
OH csps 053 104 026 nd OH CSP5 044 130 167 L
m-Tyrosine o-Methyl-m-Tyr CSP1 053 143 124 nd
CSP 2
H;N_COOH 082 134 L72 nd
CSP3 17 108 165 H,N——COOH  CSP3 g9 148 390 nd.
19 OH 27 OH
Csp4 114 107 0.62 CSP4 087 150 3.58 nd.
CSPS 047 141 241 nd
DOPA a-Methyl-DOPA CSP1 074 146 044 D
HoN._COOH CSP2 115 149 357 D
HoN——COOH
CSpP3 226 107 051 28 CSP3 135 151 383 D
20
oH Csp 4 126 112 068 CSP4 106 154 348 D
OH
OH i CSP5 (055 140 245 L
Acetidine carboxylic acid Proline
COOH
COOH 'csp3 135 134 258 " CSP3 |12 159 3.80
21
NH Csp4 107  1.00 0.0 NH CSP4 069 121 106
3,4-Dehydroproline o-Methyl-Proline
COOH
CSP3 105 189  5.00 %0 COOH  CSP3 71 171 447
22
\ NH CSp 4 067 129 130 NH CSP4 055 104 0.82
Pipecolinic acid o-Benzyl-Proline
OO CSP 3
CSP3 090 112 087 066 174 3.89
23 NH 31 COOoH
CSP4 070 194 456
NH
Nipecotic acid Tic? CSP1 052 100 000 -
OOH CSP 2
COOH c 084 L0 078 S
CSP3 232 192 595 i NH CSP3 121 133 307 S
24
" CSP 4 142 125 171 CSP4 084 115 111 S
CSPS 053 110 069 R
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Analyte kY o Rs EO Analyte k' o Rs EO
CHSA® 1,2-Dimethyl Taurine
(S,R)/(R,S)
SO SO.H
“ O’ sH CSP3 359 107 osa 37 :[ 3 CSP3 085 175 536
. CSP 4 CSP 4
“'NH, 090 100  0.00 NH, 044 114 0.67
2-Amino-3,3-dimethyl-1-
2 ;rlf’c“jc‘;‘;metl‘a“e‘ butanesulfonic acid
SOzH SO3H
" CSP3 221 122 259 18 CSP3 142 251 1012 D
NH CSP4 077 120 149 NH, OSP4 053 110 o058 D
Tryptophane csp1 079 149 102 D a-Methyl-Tip CSP1 73 234 373 nd.
cooH CSP2 150 161 513 D HOOC CSP2 140 266 1141 nd.
3 N, CSP3 248 166 612 D 2 NH, CSP3 170 369 1538 nd.
N Csp4 148 152 411 D A\ CSP4 139 261 1028 nd.
N
H CSP5 077 144 329 L N CSPS 073 242 8.66 nd.
erythro-8-Methyl-Trp 1-Methyl-Trp CSP1 085 129 0464 D
cooH CSP2 123 215 926 O0H CSP2 144 133 202 D
CsP3 287 225 998 NH, CSP3 2209 138 366 D
36 NH, " 2
N CSp 4 154 193 7.6 N CSP4 134 159 411 D
N N
H . \ CSPS 9381 121 170 L

¥ Conditions: column dimension 150 x 4 mm LD.; mobile phase: 50 mM formic acid and 25mM NH; in
MeOH; flow 1.0 mVmin; T 25° C; t, = 1.49 min.

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

° Tic: 1,2,3 4-tetrahydroiso-quinoline-3-carboxylic acid

9 CHSA: trans-2-aminocyclohexanesulfonic acid (15,25)/(1R,2R)

Chromatographic conditions that have been applied for the enantioseparations of chiral acids
" and chiral amines (see sections above) proved to be directly applicable also for
enantioseparation of zwitterionic analytes. Therefore and for the benefit of clarity of the
concept, no mobile phase optimizations were carried out for the herein presented studies on
zwitterionic solutes. However, mobile phase variations are expected to allow an analyte-
specific optimization of elution and separation of zwitterionic solutes, especially with regard

to pH in aqueous or proton activity in nonaqueous eluent systems.

Chromatographic results and solute structures are both depicted in Table 3, but prior to
discussing these results in detail, some additional information should be provided: In a control
experiment, both parent types of CSPs (see Fig. 1) were tested for their enantiomer separation

capabilites - quinine-based WAX towards basic and zwitterionic solutes, and 2-
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aminocyclohexanesulfonic acid-based SCX towards acidic and zwitterionic analytes from
Tables 1-3. Basic analytes injected onto the WAX type CSP eluted just before the void
volume of the column indicating a slight repulsion instead of attraction and were not
enantioseparated. Acidic solutes injected onto the SCX type CSP showed similar behavior.
These findings can be explained with the fact that if SO and solute both carry a charge of the
same sign, dominantly an electrostatic repulsion occurs and 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
CSPs (corresponding data not shown) — unlike when employing the novel zwitterionic CSPs.
These findings lead to the conclusion that both charged sites of the solute, the protonated
amine and the dissociated acid, are recognized quasi simultaneously by the likewise doubly
jonized 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, base-line separation or at least partial separation could
be achieved with one of the five zwitterionic CSPs. Since the set of analytes is quite divers a
broad scope of applicability regarding enantiomer separations of chiral zwitterionic analytes
could be assigned for the novel zwitterionic CSPs. Of course column performance is not
equally distributed among the different CSPs and towards each of the analytes. Regarding the
trends among the analyte structures for instance, the group of tryptophane and its derivatives
could be very well separated while for other aminoacids that contain aromatic groups like the
phenylalanines and the tyrosines enantioselectivities were lower and separation could not
always be reached. Moreover, cyclic aminoacids having a secondary amine group were
slightly better separated than acyclic aliphatic aminoacids of the leucine- and glycine-type
which might be due to their more rigid structure. Still, it is surprising that no separation
occured for the trans-2-aminocyclohexanesulfonic acid (entry 33), a moiety which is an
essential part of the SOs of CSP 3 and 4, while for 1,2-dimethyl taurine (entry 37), the acyclic
counterpart, decent enantioselectivity was obtained. A more general observation was that for
a-alkyl substituted o-aminoacids enantioselectivity was clearly increased compared to the
nonsubstituted compounds as can be seen e.g. for phenylalanine (entries 13 and 14) or

tyrosine (entries 18 and 28).

Overall, separation sometimes suffered from peak tailing where despite decent
enantioselectivities no base-line separations could be observed, e.g. in the case of eflornithine

and other aminoacids that carry additional functional groups. Here, additional charged or
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partially charged groups and functional groups that can act as H-bond donors or acceptors

might interfere with a precisely oriented binding of zwitterionic analyte and SO, and therefore
lead to decreased desorption kinetics. 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.

The CSPs presented in this work relate either to a weak cation/weak anion exchanger (CSP 1)
or to strong cation/weak anion exchangers (CSP 2-5). In this context, a zwitterionic SO that
consists of both a strong cation exchanger and a strong anion exchanger moiety, that is, a
sulfonic acid like CSPs 2-4 and a quaternized quinuclidine nitrogen, could be very insightful

and is currently under investigation by our group.

Besides surveying the data shown in Table 3 in view of analyte structures, also the structural
differences of the CSPs” selectors and their consequences for enantioseparation and

chromatography have to be considered.

CSP 1 and CSP 2 have been synthesized and tested for the purpose of comparing the
carboxylic and sulfonic acid function within a zwitterionic SO. Their SOs are structural
homologues but differ only in the type of their acidic function (Fig. 1) and both CSPs have
very similar SO loadings which allows their direct comparison. Results from Table 3 indicate
marked differences on separation performance for CSP 1 and 2. Retention factors are always
smaller on the carboxylic acid based CSP 1 than on the sulfonic acid based CSP 2.
Obviously, a stronger acid moiety in the SO leads to a stronger ionic interaction with basic
substituents of the zwitterionic analytes under the given mobile phase conditions.
Furthermore, CSP 2 provides better peak efficiency which holds with no exception for
noticeably improved resolution even if enantioselectivity is similar as can be seen exemplarly
from entry 28 (Table 3). CSP 1 is most likely susceptible to mobile phase optimization but
the sulfonic acid function is clearly better suited for an easy-to-use zwitterionic CSP.

CSPs 3 and 4 both rely on quinine- and trans-2-aminocyclohexanesulfonic acid-based
selectors but are diastereomers due to opposite configurations within the acid part. Despite
their principal structural similarity it is therefore expected that they exhibit differences in
enantioselectivity upon binding zwitterionic analytes. Supportive for a direct comparison are
almost identical SO loadings for both corresponding CSPs 3 and 4. Thus, it is even more

surprisingly that CSP 3 shows larger retention factors for all but only one analyte from table 3
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(entry 31). Apparently, the steric geometry of CSP 3’s zwitterionic binding site allows an
overall tighter binding of amino acids and peptides compared to CSP 4. In principle, though,
does stronger binding not necessarily mean higher enantioselectivity. However, roughly 75%

of all analytes are also better separated on CSP 3 than on CSP 4.

All in all, CSP 3 provides both most of separations as well as the best separations among all
CSPs presented in this study. It therefore exemplifies the potential of synthetically optirnizéd
chiral SO structures and could guide further selector design and synthesis. As a
supplementary illustration of the above discussed data from table 3, selected chromatograms
of enantiomer separations of a B-amino acid (B-neopentyl glycine, entry 12), a cyclic amino

acid (proline, entry 29), and tryptophane (entry 35) using CSP 3 are shown in figure 4.

Elution order is a necessary information to elucidate the mechanism of chiral recognition and,
in the present cases, to attribute enantioselective interactions to the different acidic and basic
subunits of the SOs in the series of CSPs 1-5. Therefore, the elution orders of several analytes
from Table 3 were determined. At first, the influence of the acid subunit is to be regarded
since the acidic moieties of CSP 3 and CSP 4 are of opposite configuration and could
potentially influence elution order. As discussed above, CSP 3 and 4 differ in retention and
selectivity upon the analysis of zwitterionic solutes, too. Still, no change in elution order
towards amphoteric amino acid analytes is observed between the two cyclohexanesulfonic
acid based materials, indicating that the chiral acidic moieties are important but not dominant
in the zwitterionic enantiodiscriminating process. Furthermore, also CSP 1 and 2, which
contain achiral acidic moieties, show identical elution orders like CSP 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 pseudoenantiomeric to CSP 2, elution orders of
zwitterionic solutes are inverted. These findings strongly suggest that the alkaloid geometry is
in the core of the chiral recognition and enantiomer differentiation not only for chiral acidic

analytes but also for chiral zwitterionic and ampholytic compounds.

The novel class of chiral zwitterionic stationary phases presented in this work demonstrate
remarkable enantioselective properties of separating not only chiral acids or chiral amines, but
both — and additionally zwitterionic compounds as well - through a synergistically supported

ion-pairing (ion exchange)-mediated process. Figure 5 depicts these features with
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chromatograms of enantiomer separations of the chiral basic drug Mefloquine, an N-protected

phenylalanine, and a free aminoacid, obtained with CSP 3.

Figure 6 illustrates a comparison of a novel zwitterionic separation material, CSP 4, and its
parent, pure cation and anion exchanger CSPs SCX and QN-AX (see Fig. 1). Obviously,
elution behavior has dramatically changed due to the intramolecular counterions present in the
chiral selector structure of CSP 4. Enantioselectivity could well be maintained upon fusion of

chiral cation and anion exchanger substructures into one single chiral selector.

Conclusion
Novel ion exchanger type CSPs based on zwitterionic SOs have been prepared and evaluated
for the enantiomer separation of chiral acids, chiral amines, and of chiral amino acids in
HPLC.

The inventive SOs resemble a combination of cation- and anion exchanger SO motifs in one
single chiral compound. Their synthesis is straightforward using largely conventional and
commerically available starting materials. Enantioselectivity for the separation of N-blocked
amino acids, typical acidic analytes of the congener weak anion exchanger CSP, could largely
be conserved while results on the elution order and the influence of the N-derivatizing group
indicate a principally unchanged binding mechanism as it is described for cinchona carbamate
type CSPs. Enantioselectivity towards chiral amines could also be achieved with the novel

zwitterionic CSPs, again in a comparable manner to the previously reported parent SCX CSP.

Additionally, the invention enables enantjoseparations of zwitterionic analytes via a double
ion pairing process: Base-line 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. A general separation concept could be derived thereof where the underlying
molecular recognition mechanism is dominated by the alkaloid substructure of the SO but
separation can only occur in combination and with the support, respectively, of the acidic side
chain. Among the zwitterionic CSPs herein investigated, CSP 3 provided the most and best

enantioseparations of acids, bases, and amino acids.
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Fig. 1. Weak anion exchanger (WAX) and strong cation exchanger (SCX) CSPs
Fig. 2. Zwitterionic CSPs 1-5

Fig. 3. Synthesis scheme for the preparation of CSPs 1-5. a) 4-Nitrochloroformate, Toluene,
<95%. b) amino acid, BSA, CH,Cl,, 55-90%. c¢) Thiol-modified silica gel, AIBN, MeOH.

Fig. 4. HPLC chromatograms of enantioseparations of (a) DL-proline, (b) DL-3-
neopentylglycine, and (¢) DL-tryptophane (all from table 3) on CSP 3 (150x4 mm I.D.).
Mobile phase: S0mM formic acid and 25 mM diethylamine in MeOH. T: 25° C, detection:
CAD or UV at 254 nm, 1.0 ml/min.

Fig. 5. Illustration of the versatility and selectivity of zwitterionic CSPs that shows HPLC
chromatograms of enantioseparations on CSP 3 of (a) DNB-phenylalanine (table 1), (b)
Mefloquine (table 2), and (¢) DL-o-methyl tryptophane (table 3). Column dimension 150 x 4
mm I.D.; mobile phase SOmM formic acid and 25 mM diethylamine in MeOH; T: 25° C;
detection: UV at 254 nm; flow 1.0 ml/min.

Fig. 6. Illustration of the different elution behaviors of single ion exchanger and zwitterionic
CSPs that shows HPLC chromatograms of enantioseparations of DNB-phenylalanine (table
1) on CSP 4 (a) and WAX (b) and Mefloquine (table 2) on SCX (c) and CSP 4 (d). Column
dimension 150 x 4 mm LD.; mobile phase 50mM formic acid and 25 mM ammonia in
MeOH (on QN-AX: 100mM formic acid and 50mM ammonia in MeOH); T: 25° C;
detection: UV at 254 nm; flow 1.0 ml/min.
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Claims;:

1. An enantioselective zwitterionic ion-exchange material comprising a chiral selector
component (SO) comprising at least one cation exchange group and at least one anion
exchange group and a carrier, carrying said selector component, wherein

- the chiral selector component comprises at least one chiral linker moiety to connect said
ion exchange groups in a non-macrocyclic fashion, and

- said chiral linker moiety contains at least one n- interaction site.

2. An enantioselective zwitterionic ion-exchange material according to claim 1, wherein
said at least one cation exchange group has a pka <5.5, and said at least one anion exchange

group has a pka >8.0.

3. An enantioselective zwitterionic ion exchange material according to claim 2, wherein

said cation exchange group has a pka <3.0 and said anion exchange group has a pka >8.0

4. An enantioselective zwitterionic ion exchange material according to claims 1-3,
wherein said selector compound SO contains at least two acidic groups with pka values <5.5

and at least one basic group with pka >8.0.

5. An enantioselective zwitterionic ion exchange material according to claims 1-4,
wherein said selector compound SO contains at least two basic groups with pka values >8.0

and at least one acid group with a pka <5.5.

6. An enantioselective zwitterionic ion exchange material according to claims 1-5,
characterized in that said cation exchange group is a carboxylic, sulfonic, sulfinic, phosphoric,

phosphonic or phosphinic group.
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7. An enantioselective zwitterionic ion exchange material according to claims 1-3,

characterized in that said anion exchange group is a primary, secondary, tertiary or

quarternary amino group.

8. An enantioselective zwitterionic ion exchange material according to claims 1-7,

wherein said at least one anion exchange group is a quinine or quinidine residue.

9. An enantioselective zwitterionic ion exchange material according to claims 1-8,

wherein said at least one cation exchange group is a sulfonic acid group.
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