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In the enafjtio % separation of highly polar compounds, a traditionally challenging task for

d

high-p liquid chromatography, ion-exchange chiral stationary phases have found
the maj of application. In this contribution, we present a series of novel anion-
exchange-type chiral stationary phases for enantiomer separation of protected amino
phosphonhN—protected amino acids. Two of the prepared selectors possessed a double
and triplefb Within a single molecule. Thus, they were immobilized onto silica support
employinggei a thiol-ene (radical) or an azide-yne (copper(I) catalyzed) click-reaction.
We evxselectivity and the effect of immobilization proceeding either by the double

bond of 'he cinchona alkaloid or a triple bond of the carbamoyl moiety on the

chromatom)erformance of the chiral stationary phases using analytes with protecting
groups ent size, flexibility and m-acidity. The previously observed preference towards
protecting gro possessing m-acidic units, which is a typical feature of cinchona-based

chiral stationary phases, was preserved. In addition, increasing bulkiness of the selectors’
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carbamoyl units leads to significantly reduced retention times, while very high selectivity

towards the tested analytes is retained.

1. INmTION

Whessysiematic advancement of novel chiral selectors has provided access to a wide
range of tionary phases (CSPs) which enable the separation of almost any racemic
mixture ofg [1]. The enantiomer separation of highly polar compounds, a particularly
challengi%r LC, is the main field of application for CSPs operating on ion exchange
mechanisﬁn exchangers are brush-type CSPs, which are based on small chiral organic

molecules selectors) chemically linked to the surface of a solid support (usually

silica). Ckgal recognition of a pair of enantiomers by a chiral selector is modulated by the

present pmemical properties of the solid support and the employed immobilization

chemistry. i polar compounds may interact not only with the selector and the silica

surface, bu ith the linker part of the selector. Such interactions may lead to increased

\

retenti creased enantioselectivity, if a high degree of non-enantioselective

interactioggoccurs in the selector-analyte diastereomeric complex formation [3, 4].

I

The t of the selector linker on the chromatographic performance of a brush-type

CSP has

O

nsively studied. For example, it was shown that surface proximity as well

as sophisticated linker chemistry may significantly improve enantioselectivity [4—7]. Since

g

the dev f cinchona carbamate type anion exchangers [8], several studies focused on

{

the syste imization of the selector structure have been performed [9-15], including

U

research focusedon different anchoring strategies [4, 16, 17]. Importantly, longer retention

times tly enhanced enantioselectivity were achieved by attaching the selector by the

A

carbamoyl unit double bond, in comparison to the selector of a similar structure bonded by

the cinchonan double bond. This clearly indicated stronger interaction of both enantiomers
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with the silica surface as well as the linker [4]. Therefore, controlled selector loading, enabled

by azide-yne click-reaction [16, 18], can be used to tune the chromatographic parameters of

carbamoyl itimmobilized cinchona-based CSPs.

In &ution, we report on the differences in chiral recognition properties of

selectors immobilized by either radical thiol-ene or copper(I) catalyzed azide-yne approaches.

These 1 bilazation strategies create linker units with different steric demands.
Consequentl¥¥¥#he size of the binding cavity formed by the selectors on the final CSP is
expected Wr o evaluate the effect of the immobilization strategy on enantioselectivity,
we analyzEsets of acids bearing various protecting groups. We show that for certain
analytes;ﬁof immobilization and the size of the linker formed upon immobilization

play a ¢ in the chiral recognition process. Our findings will help to create highly

selective m specific analytes.

2. MA LS AND METHODS
Technical grade and HPLC grade solvents were purchased from VWR (Vienna,
Austria), @arl Roth (Karlsruhe, Germany) and LachNer (Neratovice, Czech Republic).

Dichloron@used for synthesis was dried by distillation from phosphorous pentoxide

before use. micals used for synthesis and mobile phase additives were obtained from
SigmaAlg'ch or Fluka (Vienna, Austria). Silica gel for flash chromatography was
purchasw[erck (Darmstadt, Germany). HPLC silica (spherical fully porous particles:
5 pm size,lEporosity) was purchased from Daiso Fine Chem, Diisseldorf, Germany and
3-mercapto or 3-azidopropyl-modified in-house. NMR spectroscopy was performed
on an Ag 0-MR DDR?2 spectrometer operating at 400.13 MHz for 'H and 100.62 MHz
for °C. Chemical shifts are referenced internally to the residual nondeuterated solvent. 2D

NMR spectra were obtained using standard sequences as supplied by the manufacturer. The

This article is protected by copyright. All rights reserved.
4



selector coverage of the modified silica gel was determined by elemental analysis using a
Perkin-Elmer 2400 instrument. Selector coverages were calculated based on nitrogen content.

Chr graphic measurements were carried out using an 1100 Series HPLC system
from Agﬂmlogies equipped with an autosampler, a binary pump, degasser, solvent
tray, mflltsmvelength detector and switching valve for six columns. Chromatographic
data were g@equiggd and processed with ChemStation (Agilent Technologies), and evaluation
was carrieQith Microsoft Excel 2010. The flow rate was 1 mL/min and as a detector
signal theW\gth 254 nm was chosen. The void volume was determined by injection of
methanolic solufton of acetone. The sample injection volume was set to 5 pL and sample
concentrati 1-2 mg/mL in methanol. Elution was performed in isocratic mode using a
mobile pﬁposed of methanol (MeOH)/acetic acid (98:2 v/v) and ammonium acetate
(0.5 w%) #Ra @ ic analytes used for the evaluation of the novel AX-type CSPs were either

comm ilable (Sigma—Aldrich, Bachem) or synthesized in-house according to

published pr res.

2.1 Synthiis of the selectors

Se@or the studied CSPs (Figure 1) were prepared by two different synthetic

pathways. , the respective alkaloid was activated with 4-nitrophenylchloroformate and
subseque& reacted with the appropriate amine. Second, the respective alkaloid was reacted
directlyH alkylisocyanate to form the target selectors (for details please see

Supplementary [@formation). Commercially available CSPs Chiralpak QN-AX (1a) and

Ui

Chiralpak (1b) bearing quinine and quinidine-based selector, respectively, were used

as referen
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2.2 Immobilization of selectors

To evaluate the rate of immobilization, we used selectors possessing a double and
triple br, only the triple bond in the carbamate part (Vb), only the cinchona double
bond (VI multiple bond (VIIb). The synthesis of selectors and details on

1mmob1112§10n procedures are given in the Supporting Information (1-3).

2.3 Analyt d in the chromatographic evaluation of CSPs
SiWSPs are chiral anion exchangers, racemic acids are ideal analytes to test
chiral recogmflj properties. Specifically, we determined chromatographic properties of

monomeﬂ&benzyl esters of N-protected aminophosphonic acids (APAs, series PI in

Figure 2) otected leucine derivatives (series LE in Figure 2).
3. AND DISCUSSION
3.1 Synt spects — immobilization of selectors with different multiple bonds

ince some of the selectors possess both a double and a triple bond, it was necessary
to determffie, if immobilization procedures are specific enough to yield only the intended
CSPs (Figq or immobilization by the triple bond, we envisioned a Huisgen 1,3-dipolar
cycloadditiom™*This azide-yne reaction is considered to be selective and tolerant to other
functionalroups. However, it has already been shown that a double bond can also react with

an azid ing a triazoline ring [19-21]. On the other hand, the improved copper(I)-

{h

catalyzed azide-§ne click-reaction proceeds selectively between an azide group and a

U

terminal tri d, while it leaves other functional groups intact [22, 23]. A radical reaction

is more

A

to control and not only the double bond, but also the triple bond of the

selectors can react with a thiol group [24, 25]. We determined the rate of immobilization of
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each type of multiple bond to confirm that double bond immobilization is fast and efficient
enough to provide the CSPs with free triple bond (3a,b and 5a,b,Figure 1).
Ifw me the constant concentration of the formed radical species, immobilization
adopts ﬁration kinetics. Thus, the decrease of selector concentration is non-linear.
 E— , . : .
Moreoversthe saturation of the silica support surface with the selector leads to steric
hindrance Qwer immobilization of next selector molecules. It is therefore reasonable to
a

assume th etermination of concentration decrease of a selector bearing a double bond

ora triplewm a double and triple bond or no multiple bonds provides good estimation

of the radica ction selectivity (see Supporting Information, section 3.1). The results
indicate Es obtained by the radical immobilization of selectors possessing both
multiple mprise molecules bonded exclusively by the double bond, while the triple

bond appd@rsito Be less prone to engage in the radical reaction. It is conceivable that the triple
bond s ct in the later stages of the immobilization reaction, but the decrease in
selector conc;tion is difficult to follow at the later stages of the reaction due to excessive
solvent evaporation. Therefore, the differences observed in chromatographic behavior of the

studied (!Es are discussed throughout the paper referring to radical immobilization by

double bo@sively.
3.2 Ch@phic performance of chiral anion exchangers

Hed CSPs are chiral anion exchangers in nature and are typically operated
under pol@ic mobile phase conditions. Since the newly prepared materials are
analogues o ercially available Chiralpak QN-AX, previously optimized mobile phase
conditiﬁznantioseparaﬁon of acidic analytes were adopted [8]. Thus, the screening
was performed in a mobile phase consisting of MeOH/AcOH (98/2, v/v) mixture with

ammonium acetate (0.5 w%). Such conditions ensure protonation of the more basic
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quinuclidine nitrogen of the chiral Cinchona part of the selectors, while the analytes are

either fully deprotonated (series PI, pK, ~ 1) or reversibly deprotonated (series LE, pK, ~

In Qﬂc mobile phase conditions, chiral separation is driven by the ion-

H I . . . . .
exchange gechamsm. The analytes primarily interact with selectors by electrostatic

4.5).

attraction, Qis responsible for retention of analytes. Chiral recognition is realized by
additional 1 tions, such as m—m, steric, and hydrophobic interactions. Hydrogen bonding

also play rifin the recognition process. Note that this interaction is slightly disfavored

S

due to the proticgnvironment of the mobile phase used in this study.

U

3.3 Enan

1

tion of N-protected aminophosphonic acids derivatives

ARAs @ esent important building blocks for phosphopeptidomimetics, which are

d

intensi compounds with high potential in treatment of various diseases including

cancer [26, hus, the production of enantiomerically pure building blocks is of high

N

interest for the synthesis of various drug candidates. To evaluate the effect of different

protecting§groups on chiral separation of APAs (Table 1), we used benzyloxycarbonyl (Z)

1

and fluor: yloxycarbonyl (Fmoc) N-protecting groups as well as methyl and benzyl

O

ester modi ns. One analyte (PI-6) possessed an unprotected phosphonic acid unit. A

free, stro cid group could be detrimental to enantioseparation, since two acidic groups

1

would one protonated group within the selector.

3.3.1 Ena aration of N-protected aminophosphonic acids derivatives on quinine-

a idine-based chiral stationary phases

Aut

Depending on the overall structure of the selector and its spatial organization, the

analyte may or may not fit into its binding pocket. Thus, very straightforward conclusions can
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be drawn from the interaction between variously protected analytes and differently

immobilized selectors. Since the QN-based and QD-based CSPs usually exhibit pseudo-

{

enantiomer avior, trends in the enantioseparation of APAs are similar for both families

of CSPs. small differences caused by different spatial arrangements of the

[
respectivegeinchona alkaloids can be seen (Table 1).

Thegestad APAs can be divided to aliphatic (PI-1 to PI-6) and aromatic (PI-7 to PI-9)

C

derivatives. e case of the commercially available reference CSP (Chiralpak QN-AX),

increasin th¥of the aliphatic chain disrupted interactions between the selector and the

S

respective analy®g. Retention times became shorter and we observed decreasing selectivity

U

and resoluti C-5 compared to C-4 and C-3, resulting in coelution of enantiomers in case

i

of PI-3 (5 toms). However, replacing the N-protecting Z group with the Fmoc group

led to drafiha rease in selectivity and resolution in case of PI-4 compared to PI-3. Since

i
Q
:a

the F possesses a larger aromatic unit, it is assumed that enhanced [I[][]

interactions he selector take place. Due to the highly polar mobile, [1[][] interactions
are in particular strengthened. However, the steric effect should also be considered. A minor
improvenﬁt of enantioseparation was also observed upon the introduction of a benzyl ester
unit inste ethyl ester group. As expected, PI-6 with two free hydroxy groups was
only partia arated. Aromatic APAs derivatives (PI-7 to PI-9) showed better retention as
well as seszivit; and resolution values than aliphatic APAs. As observed earlier for PI-4, the
introduwnoc protecting group instead of the Z protecting group increased retention,
enantiosel@and resolution (see PI-7 and PI-8, Table 1). However, with increasing
flexibility o inophosphonic acid, selectivity and resolution values decreased (compare
PI-8 an able 1). Thus, it can be concluded that substances with flexible groups bind

less effectively in the cavity of the tert-butylcarbamoyl quinine selector. This is probably due

to less preferred conformational states of the analytes. In comparison to Chiralpak QN-AX,
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the Chiralpak QD-AX column was better for the enantioseparation of alkylphosphonic acids

PI-1-PI-3. Slightly higher resolution of Fmoc-protected APAs on QD-AX was also observed.

{

On the othe d, acid PI-5 was not resolved, which can be caused by the non-ideal steric fit,

when the zyl unit is connected directly to the chiral centre.

Thg second stationary phase based on allylcarbamoyl quinine (nPr-DHQN) was

efficient fogthomgnantioseparation of all samples, except for PI-9. Also in this case, gradually

G

reduced se ty and resolution was observed for analytes PI-1-PI-3, respectively. The

effect of

S

tecting group was not as pronounced as in case of Chiralpak QN-AX. The

replacement o methyl ester group with the benzyl unit proved more beneficial (compare

U

PI-4 and PL ble 1). Interestingly, PI-6 with free phosphonic acid unit was very well

{:

resolved. atic APAs PI-7 and PI-8 were also well separated, while PI-9 was only

partially €solived These results indicate that the binding cavity of the selector is located

d

betwee tic plane of the selector and the silica solid surface. Thus, the analytes that

fulfill steric ements interact similarly with the selector (R>4), while PI-9, which is too

W

large and flexible, is only partially separated. The above-mentioned small difference in

spatial a ement of quinidine in #nPr-DHQD (in comparison to respective quinine-based

1

selector) 1 enantioseparation of all APAs. Additionally, in this case, the introduction

O

of the FmocC-pfotecting group caused a significant enhancement of selectivity and resolution

h

of PI-4 a [-8 and facilitated the chiral resolution of PI-9, which was not fully resolved

t

with th alogue.

For Prg-QN, all analytes except for PI-6 were baseline separated with short retention

i

times (k<2) st of them. This hints at enhanced steric repulsion between the selector and

the ana

A

ile the main enantioselective forces within the quinine scaffold remain
unchanged. It is interesting to note that, similarly to #nPr-QN, the largest improvement in

selectivity and resolution was achieved by the replacement of methyl with benzyl in the ester
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group. On the other hand, the Prg-QD column was not very efficient and only three analytes
were baseline separated, all of which possessed the Fmoc protecting group. Partial resolution
was observ r PI-5 (benzyl ester group) and PI-6 (both hydroxy units free). This effect
cannot be low coverage (220 pumol/g) or bad packing of the stationary phase,
. H . ) .

since the ime column performed very well in the separation of protected leucines, vide infra.
It seems tuorientation of the respective selector (in particular its propargylcarbamoyl
unit) is not or the enantioseparation of APA monomethyl esters (PI1-3 and PI5-7).

Iman the selector of Prg-QN by the triple bond instead of double bond gave

rise to Tam- SP (4a in Fig. 1). The performance of this CSP was poor for aliphatic
APAs, while it slightly improved for aromatic APAs. Similar to other CSPs, the introduction
of Fmoc 1 ester groups led to an improvement of chromatographic performance.

Interestin@aest results were obtained for PI-6 (a=1.34, R=4.22), for which also long
retentiQati observed. This indicates that both hydroxy groups in the free phosphonic
unit engage g@dattractive interaction with the selector. The difference in the spatial
arrangement of QN- and QD-based selectors is evident also in this case. While the aliphatic
APAs we%resolved a~ 1.15, R ~ 2.40), the acid PI-6 was not separated. Moreover,
retention @the analytes were longer than for Tam-QN, which indicates that Tam-QD
interacts more strongly with the majority of the tested APAs.

Difect comparison of the aforementioned steric effects imposed by different
immobhwategies can be made for the last two CSPs (6a and 6b in Fig. 1). Both DCL-
QN (5a a@nd Tam-DCL-QN possess carbamoyl parts of similar size. While that of
DCL-QN ¢ ly rotate, that of Tam-DCL-QN is a part of the linker to the silica support
and thus move freely. These conformational constraints are reflected in retention
factors of the analytes, which are higher on Tam-DCL-QN. This is most probably due to

insertion of the analytes into the binding cavity blocked at one side by the silica support.
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Generally, the short retention times and good selectivity values obtained on DCL-QN CSP

enable its use in fast screening of APAs. Importantly, this CSP was efficient in the separation

{

of minor 1 ities present in the samples, which was not achieved with the commercial

column ( r both selectors, analyte size is a crucial parameter, since PI-9 with the

[
spacious Hsnoc protecting group and flexible benzyl group of the arylphosphonic acid was not

separated (dgigumg 3B, Table 1). Similar results were achieved with DCL-QD and Tam-DCL-

G

QD. Howeveédthe chromatographic parameters were less uniform than in case of QN-based

S

selectors. ngthe previous cases, the introduction of the bulky Fmoc group led to the

significant ncrease of selectivity and resolution values leading to baseline and partial

U

separation -9 on DCL-QD and Tam-DCL-QD, respectively. The worst resolved analyte

i

was agai hich was, probably due to insertion between the aromatic plane of the

selector anid t W ica support, partially resolved on Tam-DCL-QD.

d

uinine- and dihydroquinine-based selectors showed highly similar
chromatogra ehavior for the separation of the given set of APAs. On the other hand,
quinidine- and dihydroquinidine-based selectors sometimes offered higher selectivity and

resolutionSalues (e.g. PI-4 or PI-8) and were capable of separating analytes not resolved on

the QN-an®e. g. PI-9 on DCL-QD).
34 En@tion of N-protected leucine derivatives

Mkable selectivity of cinchona alkaloid-based CSPs towards N-protected

leucines (in partlsular 3,5-dinitrobenzoylleucine) has been reported previously, for example

in [28]. Ba this knowledge, we prepared a series of different N-protected leucine
derivativ tested the chiral recognition properties of the novel selectors for these
analytes (Table 2).
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In agreement with the previous findings, the commercial CSPs Chiralpak QN-AX and

Chiralpak QD-AX exhibited remarkable selectivity and resolution values throughout the LE

series. Gen higher selectivity values were obtained for QN-AX in comparison to QD-
AX, whil olution was in most cases found for the QD-AX column. The highest
. — . . . .

selectivitygvalues were found for analytes with electron-withdrawing substituents on the

aromatic meir protective groups (LE-6—LE-9). Reduced chromatographic performance

was obse LE-10 with three electron-donating methoxy groups. It is likely that not
only electwect, but also steric hindrance of the methoxy groups plays a significant role

in the interacfloswith the selectors. Additional reduction of selectivity and resolution was

observed fo limide protected LE-2.
Cojlsi le reduction of retention, selectivity and resolution was observed for LE-1

and LE-3 @LE-S. There are two factors to which this behavior can be ascribed. First,

nd longer distance of the aromatic unit from the chiral centre in case of Z—
and Fmoc- ing groups (LE-3 and LE-4, respectively) probably lead to reduced n—n
interactions.

econd, the non-substituted benzoyl unit (LE-1) most probably does not offer

efficient /8 interactions with the selectors compared to the substituted aromatic units. In

[

addition, effect of this group is also reduced. On the other hand, pentafluorophenyl

O

is a highly ron-deficient aromatic unit (LE-5). Thus, its interaction with the Cinchona

h

aromatic ety should be preferred. The reduction of chromatographic parameters observed

in our s can be explained by the fluorophilic effect of this protecting group [29],

L

which probably diminishes the strength of concerted enantioselective interactions.

U

The s of various protecting groups introduced above for the commercial
columns found also for the novel CSPs. The best results were again achieved for
leucines bearing substituted benzoyl units (LE-5 through LE-10). The commercial column

Chiralpak QN-AX showed higher selectivity than QD-AX for all studied analytes from LE

This article is protected by copyright. All rights reserved.
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series, but the opposite is true for the rest of the studied CSPs. All QD-based CSPs
outperformed their QN-based analogues in the LE separations. This phenomenon can be
ascribed to ight difference in the spatial arrangement of the respective diastereoisomers
(quinine iiac) with respect to their carbamoyl units. While they can be regarded as
(pseudo-) gnantiomeric for most purposes, which is important for broad applicability, certain
applicatiow the PI and LE series) reveal their diastereomeric relationship through
significant erences in the chromatographic performance, in particular the

enantioselw

Generall§g, shorter retention times were achieved with selectors possessing bigger

carbamoyﬁ comparison to the commercial columns. Since the QD-based CSPs were

more effi iilg the enantioseparation of the analytes, such CSPs could be used for fast

screening ms (Figure 4).

3.5 Elution

ince many of the leucine derivatives were synthesized in our laboratory from
commerci!lz available enantiomerically pure D- and L-leucine, it was possible to investigate
the elutio f the respective enantiomers. Therefore, in case of LE-7 an L-enantiomer-

enriched m ¢ was prepared, while in case of LE-9, the elution order was verified by

h

injectin le D enantiomer. It was found that D enantiomers elute first on DCL-QN, while

on DC

L

enantiomers elute first (Figure 5). The same elution order was observed

throughout the $eries of CSPs for all LE analytes, independent of the immobilization

G

procedure e ed. These results are consistent with previous results for QN- and QD-

A

based ion ers and provide further proof for the pseudoenantiomeric behavior of the

CSPs based on quinine and quinidine [8].
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3.6 Influence of selector loading on chromatographic parameters

Since nPr-QN and nPr-QD CSPs performed similarly to the commercial materials and

{

12

even outper ed them for the PI series, we decided to study the effect of reduced selector

loading. in an earlier publication that for selectors immobilized by the carbamate
[
unit usinggclick-chemistry, the optimum selector loading is approximately 300 pmol/g and

higher loadingmlcads to reduced chromatographic performance [16]. It is reasonable to

C

investigate with rather low selector coverage, as low selector loading reduces the

overall pr ol costs of the respective CSP. Therefore, we prepared an “nPr-QN_2” CSP

S

with the selectorfoading of 157 umol/g, and compared its performance with the original nPr-

t

QN (loadin mol/g). To gain a broader view of the effect of an analyte structure on the
chromato igmperformance of the CSPs, a different analyte set was used (see ESI, Fig.

36).

ah

d, a direct comparison of retention times showed that on the nPr-QN_2 the

analytes are rally less retained. The ratio of retention times nPr-QN/nPr-QN 2 was

i

determined to be 1.63+0.41, which corresponds well with a selector loading ratio of 1.82.

Selectivity§was generally higher for the low loaded phase (see Supporting Information,

3

Fig.S7), w @ resolution the trend was not that pronounced (see Supporting Information,

Fig.S8). The higher efficiency of the low loaded CSP was further documented by smaller

q

theoret] eight for the majority of the analytes (see Supporting Information, Table

{

S1). B hese results, it can be concluded that for Cinchona-based selectors

immobilized by fhe carbamate unit using the thiol-ene process, lower selector coverage is

U

preferable.

A
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4. CONCLUDING REMARKS

While researches can choose from a wide variety of commercially available chiral
stationary s, the demand for novel, highly specific CSPs remains strong. The
pharmace\atry is a major driving force due to strict regulations regarding the
stereoczexs?lpurity of drugs and drug precursors of interest. In this study, we demonstrated
that novel gghirah anion exchangers structurally related to commercial QN-AX and QD-AX
are capale)lving certain chiral aminophosphonic acids with higher selectivity than the
benchmar Py The performance of the novel CSPs can be easily tuned by the type of

immobilization Ghemistry that affords bonded selectors with different overall flexibility. It

US

should be at the immobilization chemistry does not influence the elution order of

1

protected analytes, which is driven by the Cinchona scaffold. In addition,

immobilizZgti the carbamoyl unit leads to CSPs that are highly efficient despite low

d

selecto Immobilization of selectors bearing two or more multiple bonds also offers
new strategi the synthesis of cross-linked CSPs. All these aspects need to be taken in
account, when designing novel Cinchona anion exchangers that are envisioned to be used for

enantiose;ﬁation (analytical or preparative) of a specific analyte.
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Table 1

Enanti

stationary

enantiogler o, enantioselectivity coefficient, R, resolution.

:

P

of N-protected aminophosphonic acids derivatives on quinine-based chiral

nder polar organic mode conditions. k2, retention factor of second eluting

CSpP -AX nPr-DHQN Prg-QN Tam-QN DCL-QN Tam-DCL-QN

Analyte 2 R k2 « R k2  « R k2  « R | k2 « R k2  « R
PI-1 3 1.69(2.17 130 542|095 1.16 2.31(0.80 1.09 1.10/0.83 1.38 4.10|1.18 1.30 2.34

PI-2 1 7 097|211 127 498|095 1.17 242(0.74 1.09 1.07|0.87 1.36 3.78|1.16 1.26 2.04

PI-3 A8 1. 0.0012.07 1.17 248|096 1.17 2.48|0.70 1.09 1.08{0.95 1.38 3.80(1.21 1.27 2.16

PI-4 92 9.90(3.04 1.24 485|141 121 3.66(096 1.19 2.16|1.36 1.25 3.49|1.89 1.32 2.82

PI-5 7 250(3.74 145 836|1.65 1.34 533|071 1.10 1.06|0.95 1.38 4.43|2.07 126 245

PI-6 343 1 1.2614.46 127 550|1.62 1.07 1.06(2.27 1.34 422|1.64 122 3.66(3.54 137 298

PI-7 : 28 444|488 126 587|2.03 1.13 258|175 1.15 2.76|1.43 1.09 1.53]0.50 1.31 0.82

PI-8 0 14.15(7.56 129 6.64|3.15 1.25 5.06(232 121 3.87|2.88 1.41 746|457 146 4.28

PI-9 !.98 136 4.98(3.80 1.03 0.83|1.41 121 3.66(126 1.13 1.73|nd. 1.00 0.00|nd. 1.00 0.00

CSp AX nPr-DHQD Prg-QD Tam-QD DCL-QD Tam-DCL-QD
Analyte R k2 o R k2 o R k2 o R k2 o R k2 o R
PI-1 m2 2.3012.06 1.20 4.31| nd. 1.00 0.00| 1.23 1.16 2.62|1.03 1.21 242| 124 145 2.80

PI-2 'l 11 2.07|2.02 1.13 3.02| nd. 1.00 0.00| 1.13 1.15 241|1.10 1.16 2.03| 1.22 1.40 2.59

PI-3 8 148198 1.11 249| nd. 1.00 0.00| 1.06 1.14 220(1.20 1.16 1.99| 1.27 1.41 2.70

P-4 . 89 12.91(3.44 153 11.06| 2.26 1.47 4.61| 1.54 127 477|247 1.54 7.39| 2.11 1.50 3.57

PI-5 .00 0.00]3.51 1.24 5.72| 2.01 1.07 0.71| 1.59 1.20 3.50|2.23 1.21 3.18| 2.16 1.44 3.39

PI-6 7 0.763.37 1.08 2.07| 2.23 1.06 0.63| n.d. 1.00 0.00| n.d. 1.00 0.00| 234 1.16 1.21

PI-7 537 126 536|492 1.16 429| nd. 1.00 0.00| 3.37 1.25 530|2.08 1.06 1.00| 2.19 1.08 0.64

PI-8 10.88 2.01 15.86|8.81 1.53 12.55| 591 148 573| 4.72 1.28 575|5.44 1.70 10.37| 5.32 1.68 5.17

6.164.07 1.14 3.58| 2.83 1.29 330| 1.54 127 4.77|2.64 124 3.76| 233 1.07 0.61

PI-9 §i7 1.34
n.d. = not etfflned, the respective analyte was not enantioseparated
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Table 2

Enantiow of variously protected N-protected leucine derivatives on the quinine and
quinidine @ hiral stationary phases. k2, retention factor of second eluting enantiomer, o,

enantlogelectlwtx coefficient, R, resolution.

CSp
Analyte | k2

Q
Z

nPr-DHQN Prg-QN Tam-QN DCL-QN Tam-DCL-QN
k2 a R k2 a R k2 « R k2 « R k2 o R

LE-1 2.08 2
LE-2 |19.24 39
LE-3 121 1

223 1.69 11.00/096 1.62 8.27 [0.64 1.28 3.01 [0.69 137 4.12 | 1.00 1.35 4.99
16.51 227 19.27|4.61 2.05 1490|335 1.61 8.60 |3.00 1.83 11.46| 7.27 2.15 14.56
161 1.09 172 10.75 1.13 1.60 [nd. 1.00 0.00 |nd. 1.00 0.00 | nd. 1.00 0.00
LE-4 2.66 1 3.18 138 7.3 |136 1.33 547 |0.89 1.17 206 |1.18 1.24 342 | 1.64 121 3.52
LE-5 144 1 146 125 4.06 |0.61 1.14 1.67 [nd. 1.00 0.00 |nd. 1.00 0.00 | nd. 1.00 0.00
LE-6 |23.56 1592 41. 2470 890 45.27|6.93 5.77 36.44|3.52 339 21.83 1343 3.06 2242 | 577 3.14 23.37
LE-7 542 9 3.86 441 2721|158 3.90 20.30|0.60 2.16 7.52 |0.79 2.79 11.35| 090 231 2.24
LE-8 |10.54 O. 8.69 4.49 32.75|2.78 336 23.64|130 2.06 11.14|1.55 2.15 13.66| 2.17 2.11 14.10

ALISE

LE-9 |10.77 10} . 899 482 33.63|3.07 3.69 26.11|1.33 220 11.83 |1.75 2.35 15.16 | 2.43 2.28 16.77
LE-10 | 5.08 6. 514 397 2625|242 3.64 23.03|1.21 223 11.47|1.53 2.63 1577 | 2.15 2.53 15.87
CSpP QD- nPr-DHQD Prg-QD Tam-QD DCL-QD Tam-DCL-QD

Analyte | k2 am k2 o R k2 o R k2 o R k2 o R k2 o R
LE-1 2.84 2.14™1F 198 190 14.17 | 1.33 1.86 246 | 090 137 564 | 088 156 555| 097 1.51 1.14
LE-2 |[11.53 13.23 2.85 27.17| 845 3.20 23.29|5.53 1.87 13.52|524 249 1584| 440 154 7.18
LE-3 1.85 1.2 1.29 1.16 3.00 [ 092 1.19 2.85 | nd. 1.00 0.00 |0.75 1.15 1.52| 0.76 1.08 0.89

LE-4 | 3.55 1.63 245 149 650 | 1.76 143 7.47 (127 1.19 321 [ 159 1.37 501 | 1.54 131 4.43
LE-5 1.84 125 134 574 | 081 131 399 | nd. 1.00 0.00 | 0.62 1.17 1.49 | 059 1.08 0.87
LE-6 |19.92 8.88 44.84 |19.07 10.21 53.12 |10.64 7.56 42.07|5.69 4.10 30.51|4.63 3.40 22.83| 5.77 3.76 21.98
LE-7 | 5.07 596 3394 | 3.65 529 33.07|229 5.11 26.75|0.87 248 11.80|1.19 3.62 13.71| 0.89 2.89 11.19
LE-8 |10.01 5.35§.37.26 | 7.34 522 38.74 | 4.06 4.19 29.57|2.01 245 17.16|2.19 2.50 14.51| 2.15 2.47 14.29
LE-9 [12.06 6.6 . 7.72  5.70 39.68 | 4.74 4.89 32.97|2.01 2.57 17.80|2.39 2.82 19.08| 2.43 2.73 16.72
LE-10 | 5.22 4.1 5.14 5.03 3563 | 3.18 4.46 29.17|1.83 2.73 17.37|2.23 3.41 17.54| 2.13 3.10 16.07

Chromato onditions: flow rate 1 mL/min, temperature 25 °C.

OF

Auth
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Figure captions

Figure Whiral stationary phases used in the study. Quinine-based stationary phases

are deno quinidine-based stationary phases are denoted QD, DH stands for

dihydroform. Prefixes stand for structural parts connected to quinine/quinidine scaffold:
I

nPan-proMZpropargyl; Tam=triazolomethylene; DCL-dichlorophenyllinker. Selector

coverage @pective chiral stationary phase is given in parentheses.

- A

/\/\Q

~ OCH,

<
QN-AX - 1a (280 pmol/g) nPr-DHQN - 2a (286 mmol/g)
QD-AX - 1b (290 pmol/g) nPr-DHQD - 2b (250 mmol/g)

CH;

Tam-QD - 4b %,

Prg-QN - 3a (220 pmol/g) Tam-QN - 4a (250 pmol/g)
Prg-QD - 3b (180 pmol/g) Tam-QD - 4b (220 pmol/g)

H
cl N\(O
. cl
Tam-DCL-QN - 6a
Tam-DCL-QD - 6b \N

DCL-QN - 5a (200 pmol/g) Tam-DCL-QN - 6a (200 pmol/g)
DCL-QD - 5b (240 pmol/g) Tam-DCL-QD - 6b (230 pmol/g)

OCH,
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Figure 2. Analytes used to evaluate the stereodiscriminatory properties of the library of

CSPs. PI-1-PI19: Aminophosphonic acid derivatives, LE-1-LE-10: Leucine derivatives.
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Figure 3. Enantioseparation of selected analytes from PI series: (A) using Chiralpak QN-AX;

(B) using DCL-QN-5a in polar organic mode (mobile phase MeOH/AcOH, 98:2 v/v, with

ammonium ﬁte 0.5% (W%). Flow rate was set to 1 mL/min and temperature to 25°C.

A B
PI-9 | PI-9
I\ j L PI-8
V PI-8
. j & PI-5 FL5
' PI-3 PI-3
4 PI-1 Pl-1
/ yd . . i ,
20 min 0 10 15 20 min

Figure 4cseparat10n of 3,5-dichlorobenzoylleucine (LE-8) on different CSPs, (a)

Chlralpakm, (b) nPr-QD, (c) Prg-QD, (d) Tam-QD, (e) DCL-QD, (f) Tam-DCL-QD

inset d%r method time.
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Figure 5. Enantioseparation of LE-9 and LE-7 on (A) DCL-QD and (B) DCL-QN. Sample

concentration was 2 mg/mL, flow rate was set to 1 mL/min, temperature to 25°C. Detection

wavelengt! ﬁO nm was used.
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