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Abstract

This study presents the development of three new chiral stationary phases. Three new peptide chiral stationary phases with
a main chain of L-proline, L-phenylalanine, L-valine and L-leucine and different terminals of L-citrulline, L-lysine and L-tryp-
tophan immobilized on 3-aminopropyltrimethoxysilane modified silica gel were prepared; furthermore, successful analyses
and characterizations were conducted using Fourier transform infrared spectra, elemental analysis, and thermogravimetric
analysis. After this, the enantioselective performance of the three peptide stationary phases columns was evaluated. The
evaluation used nine racemic compounds under normal-phase high-performance liquid chromatography mode. Optimized
enantiomeric separation conditions were established. Under these conditions, the resolutions of flurbiprofen, naproxen, ben-
zoin, 1,1'-bi-2-naphthol and ketoprofen on the CSP-1 column were 1.61, 2.0, 0.62, 0.52 and 1.20, respectively. In addition,
the reproducibility of the CSP-1 column was also investigated. The results of the investigation illustrated that the stationary

phases have good reproducibility (RSD=0.12%, n=5).
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Introduction

Chirality is a common natural phenomenon that is also one
of the basic properties of natural materials. Most substances
in organisms such as proteins, polysaccharides and nucleic
acids are chiral, and the metabolic activities of organisms are
often associated with chirality [1]. Enantiomers have simi-
lar physicochemical properties in an achiral environment
and differ only through an optical one (rotation of polarized
light); however, when introduced in a chiral environment
such as the human body, they can exhibit totally different
pharmacokinetic (absorption, distribution, metabolism and
excretion) and pharmacodynamic (quantitative or qualitative
differences in pharmacologic or toxicologic effects) profiles
generating different therapeutic responses [2—4]. The separa-
tion of chiral compounds into single enantiomers is therefore
of great importance in many fields including pharmaceutical,

P< Zhengyue Ma
mazhengy @126.com

Key Laboratory of Pharmaceutical Quality Control of Hebei
Province, College of Pharmaceutical Sciences, Hebei
University, Baoding 071002, China

food additive, agrochemical, biological environments and
medicine [5].

Since 1980s, high-performance liquid chromatogra-
phy (HPLC) based on chiral stationary phases (CSPs) has
become the most effective and widely used method for enan-
tiomeric separation [6-9]. A CSP is very essential for chi-
ral HPLC which enables enantioseparation. Therefore, the
studies upon CSPs and chiral recognition mechanism were
always attractive in past decades [10-12]. Till now, there
have been numerous studies on natural CSPs including poly-
saccharides [13, 14], macrocyclic glycopeptides [15, 16],
proteins [17], cyclodextrins [18] and artificial CSPs such
as crown ethers [19, 20], chiral porous materials [21, 22]
and Pirkle-type materials [23]. Hence, the development of
more versatile CSPs with high enantioselectivity and low
cost continues to be a research focus.

Amino acids are a class of naturally occurring chiral
small molecules with special structures containing amino
and carboxyl groups, and some of them also have aromatic
structures, which enable them to form hydrogen bonds, elec-
trostatic interactions and ©—x interactions with chiral com-
pounds. For this reason, amino acids are often used as chiral
monomers in a wide range of chiral research. For example,
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seven CSPs with different numbers of proline units or differ-
ent linkage arms were prepared by Huang et al. It was found
that the separation capacity of the 53 analytes increased with
the number of prolines and that stationary phases containing
shorter arm lengths such as 3-methylaminopropyl silica had
better separation capacity [24]. New proline oligopeptide
CSPs containing two and four proline units, respectively,
were prepared by Li et al., and the separation performance
of 53 enantiomers was evaluated. It was found that the chiral
stationary phase containing four proline units was effective
in separating 31 of the enantiomers and was comparable
to the Whelk O2 column compared to the commercial col-
umns, although less so than the Chiralcel AD-H and OD-H
columns, indicating that this is a promising stationary phase
[25]. A series of ionic CSP of dipeptides and tripeptides
using a variety of amino acids (Phe, Leu) were prepared by
Buszewski et al., and their chromatographic performance
was evaluated using hydrophilic interaction chromatography
and reversed-phase liquid chromatography. It was found that
hydrophobic, electrostatic and hydrogen bonding interac-
tions play an important role in the enantiomeric recognition
of these stationary phases [26].

Herein, based on previous studies in our laboratory [27],
three new peptide CSPs were prepared with a main chain of
L-proline (L-Pro), L-phenylalanine (L-Phe), L-valine (L-Val)
and L-leucine (L-Leu). Compared to the CSPs previously
studied, valine and leucine with spatial resistance were intro-
duced in the main chain to increase the chiral recognition site
of the stationary phase. At the same time, the introduction
of different terminals including L-citrulline (L-Cit), which
forms a hydrogen-bonded urea group structure, L-lysine
(L-Lys), which forms a space-blocked aliphatic chain struc-
ture, and L-tryptophan (L-Trp), which forms a space-blocked
aromatic ring structure, and all three terminal amino acids
have a free amino group, all of which structures enhance the
enantiomeric separation of the stationary phase. Therefore,
in this paper, three new peptide CSPs with a main chain
of L-Pro, L-Phe, L-Val and L-Leu and different terminals of
L-Cit (CSP-1), L-Lys (CSP-2) and (L-Trp (CSP-3) immo-
bilized on 3-aminopropyltrimethoxysilane modified silica
gel (APS) were prepared. The chromatographic separation
performance of the three new chiral peptide columns was
evaluated by nine racemic compounds.

Materials and Methods

Chemicals and Reagents

All reagents and solvents were obtained from commercial
suppliers and were used without further purification. Amino

acid derivatives were purchased from LeYan reagent com-
pany (Shanghai, China), and 3-aminopropyltrimethoxysilane
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was obtained from Aladdin Chemicals (Shanghai, China).
Spherical silica gel (particle size, 5 pm; pore size, 120 A
and surface area 300 m? g~!) was purchased from Daisogel
Chemicals (Osaka, Japan). And all of racemic compounds
used were purchased from Aladdin Chemicals (Shanghai,
China).

Instruments and Methods

The infrared absorption spectrum was determined with
FTIR-8400 (Shimadzu, Japan), and the thermal stability
of the product was analyzed with STA 449 C simultaneous
thermal analyzer (Netzsch, Germany). The element analysis
was carried out by Vario III elemental analyzer (Elementar,
Germany). The stationary phase materials were loaded into
an empty column tube (150 mm X 4.6 mm) using a GLK100
column loader (Wuxi Galeck Chromatography Technology
Co., Ltd.). The HPLC experiment was performed by P230I1
system (Dalian Elite Analytical Instruments Co.).

Preparation of Chiral Stationary Phases
Preparation of 3-Aminopropyltrimethoxysilane Silica Gel

The synthetic route of the stationary phase is shown in
Fig. 1. A 6.6 mL of 3-aminopropyltriethoxysilane sample
was slowly added to a solution of activated silica gel (2 g)
in anhydrous toluene. The reaction solution was heated to
reflux under nitrogen protection for 12 h. Modified silica
(APS) was isolated by filtration and washed with toluene,
methanol and acetone and dried under reduced pressure.

Preparation of CSP-1

The synthetic route of the stationary phase is shown
in Fig. 1. N, N-diisopropylethylamine (DIEA; 3.0 g,
23.2 mmol) was added to a solution of L-Pro methyl ester
(2 g, 15.5 mmol) and Boc-L-Phe (4.5 g, 17.1 mmol) in dry
dichloromethane (30 mL) at 0 °C. After 10 min, O-benzo-
triazole-N, N, N', N'-tetramethyluronium tetrafluoroborate
(TBTU; 7.4 g, 23.2 mmol) was slowly added to the solu-
tion. The reaction mixture was allowed to warm to room
temperature overnight with stirring and monitored by thin
layer chromatography (TLC). The reaction mixture was
washed with 5% citric acid (15 mL X 2), aqueous 5% sodium
bicarbonate (15 mL X 2) and saturated brine (15 mL X2) in
turn. After this, the organic layer was dried over anhydrous
sodium sulfate and evaporated. The crude product was
purified by column chromatography [petroleum ether/ethyl
acetate (EtOAc)=4:1] to afford compound 1. Next, com-
pound 1 was added to a solution of hydrogen chloride gas in
methanol (4 mol L™1). The resulting mixture was stirred for
6 h at room temperature. After evaporation of the solvent in
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Fig. 1 Synthetic scheme for the preparation of CSP-1. a L-Pro methyl
ester, DCM, TBTU, DIEA, 0 C naturally warms to room tempera-
ture; b hydrogen chloride gas in methanol, 4 mol L™!; Boc-L-Val,
DCM, TBTU, DIEA, 0 °C naturally warms to room temperature;
¢ hydrogen chloride gas in methanol, 4 mol L™'; Boc-L-Leu, DCM,
TBTU, DIEA, 0 “C naturally warms to room temperature; d hydrogen

vacuum, the crude intermediate was obtained. It was used
without further purification for the synthesis of compound
2. The synthesis of compound 2, 3 and 4 refers to the syn-
thesis method of compound 1. Boc-L-Val, Boc-L-Leu and
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chloride gas in methanol, 4 mol L~!; Boc-L-Cit, DCM, TBTU, DIEA,
0 °C naturally warms to room temperature; ¢ NaOH, MeOH; f APS,
DCM, TBTU, DIEA, 0 ‘C naturally warms to room temperature; g
hydrogen chloride gas in methanol, 4 mol L™!; h activated silica gel,
3-aminopropyltriethoxysilane, anhydrous toluene, 110 °C

Boc-L-Cit were used instead of Boc-L-Phe. Then, aqueous
sodium hydroxide (1.7 g of sodium hydroxide in 15 mL
water) was slowly added to a solution of compound 4 in
methanol (30 mL) at 0 °C. The reaction mixture was left
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to warm to room temperature overnight with stirring. The
organic solvent was removed in vacuum, and the residual
aqueous solution was partitioned with EtOAc. Then, the
organic phase was extracted with water (15 mL X 2). The
combined aqueous extract was acidified to pH=5-6 with
aqueous hydrochloric acid (HCI, 1 mol L™!). The aqueous
phase was extracted with dichloromethane (20 mL %X 3). The
combined organic extract was dried over anhydrous sodium
sulfate and concentrated to produce the desired compound 5.

TBTU was slowly added to a solution of APS (2 g) and
compound 5 (1.6 g, 2.2 mmol, HPLC purity: 98.6%) in dry
dichloromethane at 0 “C. The reaction mixture was left to
warm to room temperature overnight with stirring. Com-
pound 6 was isolated by filtration and washed with dichlo-
romethane, methanol and acetone and dried under reduced
pressure. According to the literature [28], compound 6 was
added to a solution of hydrogen chloride gas in methanol
(4 mol L™Y). The resulting mixture was stirred for 12 h at
room temperature. CSP-1 was isolated by filtration and
washed with dichloromethane, methanol and acetone and
dried under reduced pressure.

Preparation of CSP-2 and CSP-3

CSP-2 and CSP-3 were prepared according to the above
CSP-1 preparation procedure. Replacement of L-Cit by (§)-
2,6-Di-Boc-aminohexanoic acid and Boc-L-Trp was done
to prepare the corresponding intermediates and CSP-2 and
CSP-3. (The specific synthesis route is shown in Fig. 1).

Sample Preparation

The chiral sample to be tested was dissolved in methanol at
a concentration of 1 mg mL™" and stored at — 20 °C.

Packing the Column

The empty column tube was first connected to the column
loading machine. The stationary phase material was dis-
persed with 20 mL of cyclohexanol/isopropanol (v/v, 1:1)
and poured into a stainless-steel column (4.6 X 150 mm).
The machine was run at 35 MPa pressure for 30 min using
methanol and isopropyl alcohol as the driving agent; then
the pressure was adjusted to zero and maintained in that
condition for 30 min.

Results and Discussion
Chiral Stationary Phase Design

Amino acids can form hydrogen bond, dipole—dipole and
7—x interaction with chiral reagents, and their derivatives
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have been widely used as chiral building block in CSPs.
In this experiment, four amino acids were selected as the
main chain for the chiral stationary phase of the peptide.
All four amino acids are hydrophobic, and Pro contains a
secondary amine and has a dihedral angle structure, Phe has
a phenyl ring, and Val and Leu contain isopropyl and isobu-
tyl, respectively. These structures create a spatial barrier for
the peptides and affect the recognition of chiral separation.
Therefore, good enantiomeric separation may be achieved by
the combination of the advantages of Pro, Phe, Val and Leu.
In addition, the introduction of aliphatic branched chains
with spatial barriers and urea structures can form hydrogen
bonds and aromatic ring structures with large spatial site
barriers at the capping terminal. Therefore, several chiral
selectors with main chains of L-Pro-L-Phe-L-Val-L-Leu and
different terminals of L-Cit, L-Lys and L-Trp as shown in
Fig. 1 were designed.

Characterizations of the Modified Silica Gel
Infrared Spectra

The functional groups of the synthesized stationary phase
materials were assayed by Fourier transform infrared spectra
(FT-IR). The overlaid FT-IR spectra of CSP-1, CSP-2 and
CSP-3 were illustrated in Figure S1 (see support informa-
tion for details). A strong absorption peak at 1105 cm™! was
assigned to the Si—O-Si stretching vibration in APS, CSP-1,
CSP-2 and CSP-3. An amide I absorption band at 1666 cm™!
(CSP-1), 1641 cm™! (CSP-2) and 1645 cm™! (CSP-3) and an
amide IT absorption band at 1538 cm™! (CSP-1), 1560 cm™!
(CSP-2) and 1562 cm™! (CSP-3) have been recorded in the
CSPs IR spectrum. Moreover, out-of-plane bending vibra-
tions of the benzene at about 686 cm™' and framing vibra-
tions of the benzene at 1454 cm~! (CSP-1), 1450 cm™'
(CSP-2) and 1446 cm™! (CSP-3) were also observed. The
absorption bands were characteristic of amide, benzene
rings, and their presence confirmed that the stationary phase
materials have been successfully synthesized.

Elemental Analysis

In addition, the successful preparation of CSPs was veri-
fied by the results of the elemental analysis (EA) shown in
Table 1. Firstly, the carbon content of silica gel increased
to 5.15% and the nitrogen content increased to 1.84% after
grafting APS on bare silica. This showed that APS was
bonded on bare silica. Compared with APS, the carbon,
nitrogen and hydrogen contents of CSPs were increased
to different degrees. This indicated that the peptides were
successfully received on silica gel. According to the for-
mula, the surface bonding amounts of the chiral stationary
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Table 1 Results of elemental analysis of APS, CSP-1, CSP-2 and
CSP-3

Sample C (%) N (%) H (%) Surface bond-
ing (mmol g~

APS 5.15 1.84 1.70 1.31

CSP-1 12.43 4.02 2.23 0.41

CSP-2 10.77 3.20 2.20 0.38

CSP-3 10.16 2.66 2.29 0.32

phases CSP-1, CSP-2 and CSP-3 were 0.41 mmol g_l,
0.38 mmol g~! and 0.32 mmol g™, respectively.

The calculation formula of the surface bonding is as
follows:

Bonding amount g (mmol g™")=10x (C; — Co)/(M x n),
C, and C, represent the percentage of nitrogen in the sta-
tionary phase and pure silica gel, respectively, C,=0, M is
the molar mass of nitrogen, and n refers to the number of
nitrogen atoms in the chiral selector.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was applied to evaluate
the thermal stability of these prepared CSPs between 50 and
800 “C. The results are given in in Figure S2 (see support
information for details). The results showed that silica gel
had good thermal stability with a weight loss of <1.6% until

Fig.2 The structures of chiral
analytes used in this study
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800 “C. The weight loss of silica gel to be about 100 ‘C was
attributable to the loss of physically adsorbed water on the
silica surface. Compared with silica gel, APS, CSP-1, CSP-2
and CSP-3 exhibited the characteristic that their weight of
samples was decreased with an increase of temperature. The
weight loss rate of APS was about 8.7% with increasing
temperature, due to the loss of 3-methoxyaminopropylsilane
bound to silica gel under the influence of the temperature.
In the same way, the weight loss ratio of peptide on the
CSP-1 reached approximately 20.3%. The weight loss ratio
of peptide on CSP-2 and CSP-3 was up to 21% and 19.6%.
In the temperature range of 300-500 ‘C, the substance on
the surface of the silica gel decomposed rapidly and the
material quality of CSPs rapidly decreases. In the range of
500-700 °C, the decomposition rate of the CSPs became
slow. This shows that the CSPs material stability was good
below 300 C. Compared with the thermogravimetric curve
of APS, it was shown that the CSPs materials were success-
fully prepared on silica gel.

Chromatographic Separations

In our case, enantioseparation performance of nine racemic
compounds (Fig. 2) including flurbiprofen, ketoprofen, nap-
roxen, loxoprofen, ibuprofen, benzoin, 1,1'-bi-2-naphthol,
naringenin and lansoprazole on both CSP-1, CSP-2 and
CSP-3 was determined by HPLC in normal phase mode
and reversed phase mode, respectively. It was found that the

(e}
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enantiomeric separation in the reversed-phase mode was not
as effective as that in the normal-phase mode. Therefore,
the following discussion focuses on the normal phase mode
and investigated in detail the chromatographic conditions,
including the isopropanol content and formic acid content
of the mobile phase and the effect of flow rate on retention
and resolution.

Separation of Enantiomers on Three Chiral Stationary
Phases

The chromatograms of these racemic compounds on the
CSPs are presented in Figures S3, S4 and S5 (see support
information for details), and chromatographic parameters
including k;, a and Rs of these chiral compounds are listed
in Table 2. Some typical chromatograms are shown in
Fig. 3. As shown in Table 2, on the CSP-1 column, enantio-
meric separation of flurbiprofen (Rs=1.61) and naproxen
(Rs=2.0) was achieved and partial enantioseparations of
benzoin (Rs=0.62), 1,1'-bi-2-naphthol (Rs=0 0.52) and
ketoprofen (Rs=1.2) were achieved. Baseline separation
of flurbiprofen (Rs=1.79) and ketoprofen (Rs=1.98) was
performed on the CSP-2 column, despite partial enanti-
oseparations for benzoin (Rs =0.46) and 1,1'-bi-2-naphthol

(Rs=0.54). On the CSP-3 column, partial enantiosepara-
tions of the enantiomers were achieved for 1,1’-bi-2-naphthol
(Rs=0.71) and flurbiprofen (Rs =0.72). The results showed
that the CSP-1, CSP-2 and CSP-3 exhibited different separa-
tion capabilities for these nine chiral compounds. The dif-
ference in separation performance may be caused by the
structure of the end of the capping terminal affecting the
chiral recognition ability of the CSPs.

When the mobile phase conditions are n-hexane/iso-
propanol/0.1% formic acid, isopropanol was chosen as the
organic phase to investigate the effect of the isopropanol
content on the enantiomeric separation with the same
amount of formic acid was explored. Figure 4a shows the
chromatogram of flurbiprofen at CSP-1 with increasing
isopropanol content. As exhibited in Fig. 4a, the retention
time of flurbiprofen was decreased with the increase of iso-
propanol concentration but the resolution of flurbiprofen
showed an increase first and decrease then with increas-
ing isopropanol content. The upward trend may be due to
increased separation of flurbiprofen enantiomers by CSP-1
with increased isopropanol content, and the downward trend
may be due to isopropanol occupying the hydrogen bond
site on the CSP-1, resulting in weaker recognition of flur-
biprofen enantiomers by CSP-1. Similarly, Fig. 4b shows

Table 2 Enantioseparation of

; CSP-1 CSP-2 CSP-3

racemic compounds on CSP-1,

CSP-2 and CSP-3 columns k, a Rs MP  k, a Rs MP a Rs MP
Benzoin 3.1 1.08 062 A 262 100 O A 22 1.00 0 D
1,1'-Bi-2-naphthol 526 1.05 052 E 337 104 046 E 1329 1.05 071 H
Flurbiprofen 2.0 129 161 C* 126 141 179 C 334 1.10 072 C
Ketoprofen 1.79 124 120 G 125 125 198 E' 228 1.00 O G
Naproxen 1.84 1.17 200 B 378 105 054 A .79 112 0 G

MP: mobile phases: A, n-hexane:isopropanol:formic acid=98:2:0.1; B,
n-hexane:isopropanol:formic
n-hexane:isopropanol:formic acid=88:12:0.1; F,
n-hexane:isopropanol:formic acid=280:20:0.1; H,

acid=95:5:0.1; C,
acid=90:10:0.1; E,
acid=85:15:0.1; G,

n-hexane:isopropanol:formic
n-hexane:isopropanol:formic
n-hexane:isopropanol:formic
n-hexane:isopropanol:formic

acid=93:10:0.1; D,

acid =70:30:0.1. Flow rate, 1.0 mL min~'; detection wavelength, 254 nm; injection volume, 5 pL

*Injection volume, 7.5 uL; flow rate, 1.0 mL min~!; *flow rate, 1.2 mL min~

Fig.3 Representative chromato- a
grams of naproxenon (a) CSP-1

and ketoprofen (b) on CSP-2.

Separation conditions asshown

in Table 2

1

- _ N

Time(min)
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Fig.4 Effect of isopropanol a CSP-1
content on the chromatographic
separation of flurbiprofen

(a), ketoprofen (b). Chroma-

90% isopropanol

SN

b CSP-2

90% isopropanol

tographic conditions: injec-
tion volume, 5 pL; column
temperature, 30 'C; detection
wavelength, 254 nm. Mobile
phases conditions as shown in
Table 2

94% isopropanol

96% isopropanol

94% isopropanol
>

96% isopropanol

0 2 4 6
Time(min)

the chromatogram of ketoprofen at CSP-2 with increasing
isopropanol content. As shown in Fig. 4b, the retention time
and resolution of ketoprofen showed the same trend as that
of flurbiprofen.

Effect of Flow Rate on Separation Performance

The kinetic factors cannot be ignored during the HPLC
separation process. Therefore, the effect of mobile phase
flow rate on the chiral separation of CSP-1 and CSP-2 was
investigated on the basis of the optimum separation condi-
tions for each analyte. As shown in Figure S6 (see support
information for details), on CSP-1 and CSP-2 column, the
k, values of each analyte presented a decreased trend as the
flow rate increased. That is, the retention time for each ana-
lyte decreased again with increasing flow rate. The effect
of flow rate on Rs of these chiral compounds is shown in
Fig. 5. On the CSP-1 column, the Rs values of benzoin,
1,1-bi-2-naphthol and naproxen showed an increase first

a
2.0 - i
D 0.8 ml/min
[ 1.0 mVmin
D 1.2 ml/min — |
1.5 4
1.0 4
} H_h H_H
0.0 -
benzoin 1,1'-Bi-2-naphthol flurbiprofen ketoprofen naproxen

Time(min)

and decrease then with increasing flow rate, but ketoprofen
showed the opposite trend. And the Rs values of flurbiprofen
showed an increasing trend with increasing flow rate. On the
CSP-2 column, the Rs values of flurbiprofen and naproxen
tended to decreased first and increased then with increasing
flow rate, but the Rs values of 1,1-bi-2-naphthol presented
increased first and decreased then. And the Rs values of
ketoprofen tended to decrease with increasing flow rate.

Effect of Acid Additives (Formic Acid) on Separation
Performance

For most racemic compounds, it is usually necessary to add
additives to the mobile phase to increase resolution. Due
to the presence of large number of ionizable groups on
the surface of CSPs, the structure may change at different
formic acid contents. Therefore, the formic acid content is
also a factor affecting the retention and separation of chiral
enantiomers.

2.0 1 3 08 mVmin
] 1.0 mUmin
3 1.2 mimin

0.5 4

1,1'-Bi-2-naphthol flurbiprofen ketoprofen  Raproxen

Fig.5 Effect of flow rate on Rs of chiral compounds on a CSP-1 and b CSP-2. Chromatographic conditions: injection volume, 5 pL; column
temperature, 30 °C; detection wavelength, 254 nm. Mobile phases conditions as shown in Table 2
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Under the same chromatographic conditions, 0.1% and
0.2% formic acid were added to n-hexane to investigate the
changes in k; and Rs of the chiral compounds on CSP-1 and
CSP-2 columns, respectively. As shown in Fig. 6a and c, on
the CSP-1 and CSP-2 columns, the k; values of each analyte
presented a decreased with increasing formic acid content.
It was speculated that the degree of protonation of the chiral
compounds increased with the increase of formic acid con-
tent, which weakens the interaction force between the chiral
compounds and the CSPs. Therefore, the formic acid content
has an important effect on the retention of these enantiomers.
Similarly, the formic acid content of mobile phase affected
the Rs of chiral compounds in HPLC. As shown in Fig. 6b,
on the CSP-1 column, the Rs values of benzoin, flurbiprofen,
ketoprofen and naproxen showed a decreasing trend with the
increase of formic acid content, but the Rs values of 1,1-bi-
2-naphthol showed slight increase. As shown in Fig. 6d, on
the CSP-2 column, the Rs values of flurbiprofen, ketoprofen
and 1,1-bi-2-naphthol showed a decrease with increasing
formic acid content, except for the Rs values of naproxen
which showed gradual increase. Compared with Fig. 6b
and d, the Rs values of benzoin, 1,1-bi-2-naphthol, flurbi-
profen and naproxen were higher on CSP-1 than on CSP-2.

- =30.1%
X =0.2%
4 4
=3
2 A —
0 : . -
benzoin 1,1°-Bi-2-naphthol Murbiprofen ketoprofen  naproxen
44
C =0.1%
_ ™ c0.2%
34 —
2
14
0

1.1"-Bi-2-naphthol flurbiprofen  ketoprofen  naproxen

& 1.04

The cause of this may be the effect of the capping terminal
structure of CSPs. Compared to CSP-2, the terminal urea
group of CSP-1 enhanced the spatial site resistance, 7—=z
interaction, hydrophobic interaction and hydrogen bonding
interaction between the analyte and CSP-1, thereby improv-
ing the chiral recognition of the chiral enantiomer by CSP-1.

Reproducibility of the Chromatographic Column

In order to prove that the CSP-1 column has good reproduc-
ibility, naproxen was chosen as testing sample. The repro-
ducibility was investigated on the CSP-1 column with 5 uL.
per injection and five manual injections. As shown in Figure
S7 (see support information for details), the RSD value of
the retention factor for the first peaking isomer of the CSP-1
was calculated with 0.12% (n=5).

Effect of the n-hexane Content in the Mobile Phase
on the Retention

When the mobile phase conditions are n-hexane/isopro-
panol/0.1% formic acid, the retention curves of the nine
stereoisomers (Fig. 2) on the three peptide CSPs were

0.1%
=0.2%

0.5/ —|_| |_|
0.0 beazoin  1.1'-Bi-2-naphthel  flurbiprofen

ketoprofen naproxen

=0.1%
=0.2%

1.51

Tl

LI'-Bi-2-naphthol flurbiprofen  ketoprofen naproxen

Fig.6 Effect of formic acid content on &, (a, ¢) and Rs (b, d) of chiral compounds on a, b CSP-1 and ¢, d CSP-2. Chromatographic conditions:
injection volume, 5 pL; column temperature, 30 ‘C; detection wavelength, 254 nm. Mobile phases conditions as shown in Table 2
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investigated. First, plots of the retention times (#y) of five
pairs of enantiomers with carboxyl groups against the n-hex-
ane content are presented in Fig. 7. The retention of the
five pairs of enantiomers with carboxyl groups ¢ analytes
exhibits obviously “U-shape” curve. In the normal phase
chromatography, the retention increases with the increase
of n-hexane content. Presently, such weird phenomenon is
unclear if considering their highly hydrophilicity property.
But it suggests the special selectivity of such column.

In addition, plots of the # of four pairs of other enanti-
omers against the n-hexane content are presented in Fig. 8.
As shown in Fig. 8, for the other compounds, the retention
time of racemic compounds increases with the increase of
n-hexane content. Therefore, according to the analyte char-
acteristics and chromatographic conditions, the U-shaped
curves of the retention against n-hexane can be regarded
as the balance function between the hydrophilic (hydrogen
bond) and hydrophobic interactions between prepared CSP-
1/2/3 and the analytes.

Increased retention of five pairs of enantiomers with car-
boxyl groups was observed at lower and at higher n-hexane
content in the mobile phase, indicating that different mecha-
nisms are most likely employed. The “three-point rule” is

8.
CSP-1
74
£
E %1
T
s
44
34
2 T
10 20 30 40 50 60 70 80 90 100
n-hexane content(%)
14+
134
121 CSP-3
114
~104
£
E 21
T 84
=
= 71
64
54
44 “~—_ > i
3 \‘““~—‘gp_, ‘ —*“\@w/""/é/

10 20 30 40 S50 60 70 8 90 100

n-hexane content(%)

considered to be the most suitable mechanism to explain
enantiomeric separation on amino acid-derived CSPs,
because the amino acids are small molecules. Therefore, at
a lower n-hexane content (<20%), it may be that isopropanol
impairs hydrogen bonding as it competes for the H-bonding
site with the analyte molecule. In higher n-hexane content
mobile phases (increased retention of stereoisomers starting
at 50% n-hexane content in the CSPs; Fig. 7), it may be that
hydrophobic interaction played a dominant role in CSPs.

Conclusions

Three new peptide CSPs with a main chain of L-Pro-L-Phe-
L-Val-L-Leu and different terminals of L-Cit, L-Lys and L-Trp
immobilized on APS were prepared, and the enantiomeric
separation ability of these columns was evaluated by nine
analytes under the normal-phase HPLC condition. Base-
line separation of flurbiprofen (Rs=1.61) and naproxen
(Rs=2.0) was achieved, and partial enantioseparations of
benzoin (Rs=0.62), 1,1'-bi-2-naphthol (Rs=0.52) and
ketoprofen (Rs=1.2) were achieved. The effect of chro-
matographic conditions on retention and separation was

CSP-2

h
3

Time(min)
£

10 20 30 40 50 6 70 8 90 100
n-hexane content(%)

- flurbiprofen
- ketoprofen
—— naproxen
—— loxoprofen
—+ loxoprofen

Fig. 7 Plots of the # of five pairs of enantiomers against the n-hexane content. Mobile phases: n-hexane/isopropanol/0.1% formic acid =20/80 to

90/10 (v/v)
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Fig. 8 Plots of i of four pairs of enantiomers against the n-hexane content. Mobile phases: n-hexane/isopropanol/0.1% formic acid=20/80 to

90/10 (V/v)

investigated in detail, and it was found that the enantiom-
ers were best separated when the mobile phase was low in
isopropanol (<10%) and high in hexane (>90%) and low in
formic acid (0.1%). From the comparison of CSP-1, CSP-2
and CSP-3, it was observed that they exhibited notable dif-
ference in enantioseparation. Further, it was indicated that
enhanced enantioselectivity is affected by the structure of
the capping terminal. For example, the capped terminal urea
group structure of CSP-1 increased the hydrogen bonding
force between the analyte and the CSP-1. Therefore, peptides
as CSP are worthy of further studying.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10337-023-04267-y.
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