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Chiral Stationary Phases Based on Aleuritic Acid as
Chiral Spacer Arms: Middle and Terminal Chiral Factors
vs. Chromatographic Separation Performance

Kun Li,* Xiaoxue Wang,* Shujie Xing,” Baoshan Tang,® Wenwen Zhang,**
Qingsong Zhu,* and Kunfeng Liu ?

The enantiomeric monomer of aleuritic acid was used as a spacer arm to
prepare chiral stationary phases (CSP1~3) for chiral selectors containing
only aleuritic acid, S-phenylglycinol (S-PGL), and R,R-diphenylethylene-
diamine (R,R-DPEDA). The Fourier transform infrared (FTIR), thermo-
gravimetry (TG), elemental analysis, and solid state nuclear magnetic
resonance (SSNMR) characterizations showed that the three stationary
phases were coupled depending on the route design, and the grafting ratio
was 12.4%, 78.2%, and 32.7%, respectively. The first specimen CSP1,
containing only aleuritic acid, was able to separate 4 of the 9 target
compounds. Separation of 6 compounds was achieved by the introduction
of the single chiral factor S-PGL’s (CSP2). After introduction of the double
chiral factor R,R-DPEDA (CSP3), separation of 8 compounds was
achieved. Although the grafting ratio of R,R-DPEDA in CSP3 was only
32.7%, and the increase in carbon content was only 3.08% compared with
that of CSP1, which was less than half of that of CSP2. Thus, CSP3
showed significantly higher separation selectivity. The difference in chiral
factors led to the reverse resolution order of enantiomers under certain
conditions for some compounds. The chiral spacer arm was shown to be
important in separation and in the preparation methods of novel structural
CSPs.
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INTRODUCTION

As human demand for optically pure monomers continues to grow, the awareness
of chiral separation has been gradually increasing (Qian et al 2023). Chiral
chromatography has become an important way to obtain enantiomers due to its high
efficiency, rapidity, convenience, and high reproducibility (Francotte 2001). The chiral
stationary phase in the chromatography column is one of the core separation factors of
chiral chromatography (Liu et al. 2023; Wang et al. 2024). In order to obtain chiral
stationary phase materials with wider adaptability, higher selectivity, and separation
efficiency, chiral stationary phase materials with different structural characteristics and
separation performances have been widely explored, which has become a research hotspot
in this field (Scriba 2012; Teixeira et al. 2019; Zhang et al. 2022). Chiral stationary phase
material is mainly composed of a support substance, a spacer arm, and a chiral selector
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(Felletti et al. 2023; Papp et al. 2024). Due to its good chemical stability, reactivity, and
structural strength, silica gel is widely used in chromatography and chiral chromatography
stationary phase substance (Bui et al. 2023; Nawrocki 1997; Sobanska 2021). In the
preparation of chiral stationary phase materials of various structural chiral selectors,
especially in the preparation of “brush type” (Pirkle type), amino and its derivatives,
peptides, cyclodextrin, cellulose, polysaccharide, chiral natural products, and
pharmaceuticals as stationary phase materials for chiral selectors, this approach has
achieved many research advances and promoted the development of preparation and
separation theory for chiral stationary phase materials (Wang ef al. 2021; Aboul-Enein et
al. 2022; Gongalves et al. 2022; He et al. 2022; Ohji et al. 2022; Ma et al. 2023).

During the preparation of the chiral stationary phase, the spacer arm is the bridge
between the chiral selector and the support substance (Pirkle and Murray 1993; Zhang et
al. 2021). At present, there is no consensus regarding the role of the spacer arm in chiral
recognition. Some scholars believe that the spacer arm of different lengths has a significant
effect on chiral recognition due to the channeling of the spacer arm (Berthod et al. 1993;
Ho Hyun and Hun Kim 2004; Thunberg et al. 2004). Studies have also shown that the
length of the spacer arm does not lead to a significant difference in the separation
performance of the chiral stationary phase (Lai and Ng 2003). In literature reports available,
chiral stationary phases (CSPs) have been prepared by achiral substances as the spacer
arms (Bargmann-Leyder et al. 1994; Thunberg et al. 2004). To the best of the authors’
knowledge, there have been no studies of preparation of CSPs based on chiral substances
as spacer arms. The preparation of chiral stationary phase materials by using chiral
substance as space arms is of great significance for further study of the role of spacer arms
in chiral separation processes and the exploration of chiral stationary phase separation
materials with special structures.

Aleuritic acid is a renewable and chiral polyhydroxy fatty acid derived from natural
shellac resin, namely 9.10,16-trihydroxyhexadecanoic acid, and the molecule is Ci16H3205
(Ali et al. 2024; Benitez et al. 2015; Benitez et al. 2016). The development and utilization
of aleuritic acid in many applications has been widely explored by previous researchers
(Ali et al. 2022; Li Kun 2019b). For example, Gaikar proposed a mathematical model for
the hydrolysis of seedlac and a purification method of aleuritic acid by Indion 850 polymer
resin (Nagappayya and Gaikar 2010). Gupta fabricated novel aleuritic tryptophan and tried
to synthesize (in situ) silver nanoparticles and utilized as high efficiency dye synthesized
solar cell (Gupta et al. 2018). Given that the 9,10-site consists of chiral carbons,
theoretically, aleuritic acid has two sets of enantiomers in the threo and erythro
configurations (Ames 1968). However, previous studies have found that the extracted
natural aleuritic acid contains only one enantiomer of the threo configuration (Li Kun
2019a). By supercritical fluid chromatography, the optical isomer monomer of aleuritic
acid of threo configuration was successfully prepared, providing raw materials for the
research and utilization of the separation materials for chiral characteristics of aleuritic acid
as the core.

Given that both ends of the molecular chain contain active sites, such as hydroxyl
groups and carboxyl groups, the aleuritic acid can be easily bonded to the support
substances of silica gel. As a vicinal diol type chiral moiety, the 9,10-site chiral hydroxyl
group in the chain not only provides an active site for introducing other functional groups,
but it also possibly enhances chiral recognition ability as a chiral factor. Therefore, this
study explored the preparation method of this novel stationary phase material with chiral
spacer arm with aleuritic acid as the main starting material. The effects of introduction of
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chiral selectors were investigated with different structure types at the end of the molecular
chain on separation performance. This study lays a foundation for further investigation of
the separating effect of spacer arm in chiral stationary phase, and preparation method of
chiral stationary phase with special structure.

EXPERIMENTAL

Materials

3-(Triethoxysilyl)propyl isocyanate (TPI, purity>95%, GC), 4-dimethylamino-
pyridine (DMAP, purity>99%, titration), (1R,2R)-(+)-1,2-diphenylethylenediamine
(DPEDA, purity>98%, GC), and (S)-(+)-2-phenylglycinol (PGL, purity>98%, GC) were
purchased from Tokyo Chemical Industry Co. Ltd. (Shanghai, China). 3,5-Dinitrobenzoyl
chloride (DNBC) (purity>99%, GC), N-hydroxysuccinimide (NHS) (purity>98%, GC),
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (purity>98%, GC)
were purchased from Aladdin Co. Ltd. (Shanghai, China). (+)-1-Phenylethanol
(purity>97%, GC), DL-mandelic acid (purity>99%, GC), (£)-2-chloromandelic acid
(purity>98%, GC), (+)-benzoin (purity>99.5%, GC), (+)-1-(4-chlorophenyl)-3-buten-1-ol
(purity>97%), (#)-1,1’-Bi(2-naphthol) (purity>99%, GC), DL-phenylalanine (purity
>98%, HPLC), (£)-baclofen (purity>98%, T), (£)-naringenin (purity>98%, HPLC), (+)-
Amlodipine (purity>98%, HPLC) all were purchased from Sigma-Aldrich Co. Ltd.
(Shanghai, China). Porous spherical silica (SG, 10 um) was purchased from Sepax
Technologies Co. Ltd. (Suzhou, China).

Methods
Preparation and determination of aleuritic acid enantiomers

Preparation of aleuritic acid enantiomer was carried out by supercritical fluid
chromatography (SFC). CHIRALPAK AY-H (3.0 cm [.D. x25 cmX5 um) column, carbon
dioxide and alcohol volume ratio 70:30 of mobile phase, 70 mL/min speed, 35°C column
temperature, 208 nm detection wavelength, 7.78 mg/mL injection concentration, 3 mL
injection volume every time.

Chiral determination of aleuritic acid was done by high performance liquid
chromatography and evaporative light-scattering detector (HPLC-ELSD). The use of an
ELSD was dictated by the absence of relevant chromophores in the aleuretic acid structure.
The column used was a DAICEL CHIRAL PAK IF (25 cm x 0.46 cm i.d., 5 pum), with 0.5
mL/min flow rate of mobile phase, 0.1% formic acid solution (40%): acetonitrile (60%) of
mobile phase composition, 30 °C column temperature. The parameter setting of ELSD
detector was evaporator temperature 70 °C, drift tube was kept at 60 °C, and carrier gas
(high purity nitrogen) rate was set at 1.6 L/min. The results show that aleuritic acid was an
enantiomer of threo configuration and the content of two enantiomers were 65.5% and
34.5%, respectively. Therefore, the enantiomeric excess (ee%) value of aleuritic acid was
31%.

Enantiomers of aleuritic acid prepared by SFC were as follows. 'H-NMR (500 MHz,
DMSO) 6x10: 11.97 (s, 1H, H-1), 4.32 (s, 1H, H-16), 4.14 (s, 2H, HOH-9, 10), 3.35 (4,
J=5.96, 2H, H-16), 3.18 (s, 2H, H-9, 10), 2.17 (t, J=7.2, 2H, H-2), 1.10~1.47(m, 22H, H-
3,4,5,6,7,8,11,12,13,14,15). 3C-NMR (126 MHz, DMSO) §x10°: 174.55 (C-1), 73.16 (C-
9, C-10), 60.77 (C-16), 33.70 (C-2), 32.59 (C-8, C-11), 32.26, 29.21, 29.16, 28.87, 28.61,
25.89,25.71, 25.61, 24.55 (C-3.,4,5,6,7,12,13,14,15).
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Preparation of CSPs based on aleuritic acid

The synthesis route of CSPs based on aleuritic acid is presented in scheme 1. The
16-hydroxy of aleuritic acid was used as the active site to react with isocyanate group of
TPI. Then the CSPs were obtained by stepwise coupled reaction. The whole point is that
CSP1 contained only 9,10-chiral carbon of aleuritic acid as chiral factors. Then, chiral
selectors with single (CSP2) and double (CSP3) chiral centre were introduced by amidation
with the terminal carboxyl of aleuritic acid.
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Scheme 1. Schematlc diagram of synthesis route of CSPs based on aleuritic acid

N-Hwdrox ysuccinimide

Synthesis method of CSP1

1.20 g (3.94 mmol) of aleuritic acid (Ale) and 0.975 g (3.94 mmol) of isocyanic
acid 3-(triethoxysilyl) propyl ester (TPI) were dissolved in 25 mL of previously dried N,N-
dimethylformamide (DMF) solution, and the reaction was performed at room temperature
for 24 h under stirring. After cooling, 4.0 g of spherical silica gel (SG) that had been
activated and dried beforehand was added, and 10 mL of anhydrous DMF was added. After
refluxing for 24 h, it was washed with 90% ethanol, methanol, deionized water, methanol,
respectively, and dried at 80 °C under vacuum, and SG-TPI-Ale was obtained. The product
obtained above was placed in a 100 mL round-bottom flask, and 40 mL of anhydrous DMF
was added. 3.635 g (15.76 mmol, 4 eq of hydroxy in aleuritic acid) of 3,5-dinitrobenzoyl
chloride (DNBC) was taken and dissolved in 10 mL of anhydrous DMF, and 36.35 mg
DMAP (1% Wt, DNBC) was added; under the condition of -20 °C, the nitrogen protection
reaction was conducted for 24 h, and it washed with DMF, methanol, deionized water, and
methanol, respectively, and then dried under vacuum at 80 °C to obtain CSP1.
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Synthesis method of CSP2

0.6 g of the above CSP1 sample and 0.358 g (1.87 mmol) of 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC) were placed in 30 mL of anhydrous
DMF. After reaction for 20 min, 0.179 g (1.55 mmol) of N-hydroxysuccinimide (NHS)
was added; the reaction continued for 20 min, and 0.321 g (2.34 mmol) of (S)-(+)-
phenylglycinol (PGL) was added; under the condition of -20 °C, the nitrogen protection
reaction was conducted for 24 h, and it was washed with DMF, methanol, deionized water,
and methanol, respectively, and then dried under vacuum at 80 ° C to obtain CSP2.

Synthesis method of CSP3

0.6 g of the above CSP1 sample and 0.358 g (1.87 mmol) of EDC were placed in
30 mL of 90% ethanol solution. After reaction for 20 min, 0.179 g (1.55 mmol) of NHS
was added; the reaction continued for 20 min, and 0.182 g (0.857 mmol) (/R,2R)-(+)-1,2-
diphenylethylenediamine (DPEDA) was added; under the condition of -20 °C, the nitrogen
protection reaction was conducted for 24 h, and it washed with 90% alcohol, methanol,
deionized water, and methanol, respectively, and then dried under vacuum at 80 °C to
obtain CSP3.

Characterization of CSPs

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR): Samples were analyzed using an ATR-FTIR spectrometer (Tensor-27, Bruker,
Germany) equipped with an ATR accessory. Spectral data were acquired in the
wavenumber range of 4000 to 400 cm™ with a resolution of 4 cm™ and 32 accumulated
scans.

Differential Scanning Calorimetry (DSC) Analysis: Accurately weighed samples
were analyzed using a differential scanning calorimeter (DSC 200 F3, Netzsch, Germany).
Measurements were conducted in the temperature range of 0 to 400°C at a heating rate of
10°C/min under a high-purity nitrogen atmosphere (purity>99.99%). Aluminum crucibles
were employed, with liquid nitrogen as the cooling medium. Purge and protective gas flow
rates were maintained at 80 mL/min and 50 mL/min, respectively.

Thermogravimetric (TG) Analysis: The prepared samples were analyzed using a
thermogravimetric analyzer (STA 2500, Netzsch, Germany). Measurements were
performed in the temperature range of 30 to 800°C at a heating rate of 10 °C/min, with a
sample mass of 5 to 8§ mg. Alumina ceramic crucibles were employed, utilizing liquid
nitrogen as the cooling medium under a high-purity nitrogen atmosphere (purity>99.99%).
Purge and protective gas flow rates were maintained at 100 and 80 mL/min, respectively.

Elemental Analysis: Accurately weighed samples (TPI-Ale, SG-TPI-Ale, CSP1,
CSP2, CSP3) were tightly encapsulated in tin foil and loaded into the autosampler.
Analyses were performed using an elemental analyzer (Flash 2000, Thermo Fisher
Scientific, USA) with the following parameters: 2 s injection time, 20 min run time per
sample, combustion chamber temperature of 900°C, hydrogen flow rate of 140 mL/min,
and carrier gas flow rate of 140 mL/min. The calibration standard employed was bis(tert-
butyl) benzothiophene (BBOT; molecular formula: C2sH26N20:-S).

Nuclear Magnetic Resonance (NMR): The reaction product of 3-(triethoxysilyl)
propyl isocyanate with aleuritic acid (TPI-Ale) was analyzed in deuterated dimethyl
sulfoxide (DMSO-d6) with tetramethylsilane (TMS) as the internal standard.

Solid-State NMR (SSNMR): Experiments were performed on an AVANCE III
wide-bore solid-state NMR spectrometer (Bruker, Germany) using a 3.2 mm dual-
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resonance high-resolution MAS probe. Acquisition parameters included: 5 kHz sample
spinning ratio, 2 ms cross-polarization contact time, and 1500 accumulated scans.

Calculation of grafting ratio: The formula for calculating the grafting ratio based
on the change of carbon content was as follows:

Gy = g—;‘ x 100% (1)

In formula 1, Gy represents the grafting ratio /%, Ca is the actual measured increased
percentage of carbon content /%, and Crt represents the theoretical increased percentage of
carbon content in the sample /%.

Chromatographic column packing method: A column with dimensions of 4.6 mm
LLD. x 150 mm was selected. The stationary phase consisted of 10 um spherical silica
particles whose surface had been modified through the aforementioned method. The
packing slurry was prepared using methanol/isopropanol (90:10, v/v) and packed under 40
MPa pressure. After column preparation, sequential washing procedures were performed
with methanol, isopropanol, methanol, water, and methanol (30 min each solvent) until
chromatographic baseline stabilization was achieved. Chiral resolution experiments were
initiated following confirmation of stable baseline performance.

RESULTS AND DISCUSSION

Preparation of CSPs with Aleuritic Acid as Chiral Spacer Arm
Structural characterization of TPI-Ale

The reaction product of isocyanic acid 3-(triethoxysilyl) propyl ester (TPI) and
aleuritic acid (Ale) was marked as TPI-Ale. As shown in Fig. 1, the molecular weight per
unit of charge of the product TPI-Ale was 551 m/z.
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Fig. 1. ESI source mass spectrometry of TPI-Ale

In the negative ion mode of ESI source mass spectrometry, the base peak of
molecular weight of 550 m/z in the product indicated a crosslinking reaction between the
isocyanate group and the hydroxyl group of the aleuritic acid. In the nuclear magnetic
carbon spectrum (Fig. 2), TPI-Ale showed an absorbance peak of carbonyl carbon in the -
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NH-COO-acylamino structure at §162.50, which corresponded to the results of mass
spectrometry in Fig. 1, indicating a reaction between isocyanate groups and the hydroxyl
group of aleuritic acid. In addition, in the TPI-Ale product, the absorbance peak of C-16
site hydroxyl carbon of 060.77 aleuritic acid almost disappeared, indicating that the
isocyanate group reacted with the C-16 site hydroxyl group of 660.77 aleuritic acid.

As compared with silica gel, the characteristic absorbance peak of the amidation-
modified chiral stationary phase at 3400 cm™ was red-shifted (Fig. 3). Based on previous
studies, the chiral CSP after red-shifting generally had better separating effect than before
(Zhang et al. 2014). The wavenumbers 2845 cm™ and 2920 cm! correspond to the
stretching vibration absorbance peaks of C-H bond of alkyl carbon chain, and as the
reaction proceeds, CSP2 and CSP3 show obvious blue-shifting.
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Fig. 2. ">*C-NMR of Ale and TPI-Ale

Structural characterization of CSPs with aleuritic acid as chiral spacer arm

CSP2 and CSP3 exhibited new characteristic absorbance peaks around 2954 cm!,
which are the results of mutual superposition of absorbance peaks between the =C-H bond
on the aromatic group of phenylglycinol (PGL) and diphenylethylenediamine (DPEDA)
and the C-H bond on the alkyl carbon chain. Due to the hydrogen bonding, the C=0
absorbance peak of the aleuritic acid optical monomer was red shifted to 1690 cm™. From
the TPI-Ale, the C=0 bond absorbance peak produced a distinct separation tendency, such
that the 1705 cm™ absorbance peak of the ester bond C=0, and amide bond C=O
absorbance peak were near 1662 cm’'.
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Fig. 3. FTIR of CSPs for aleuritic acid as chiral arm
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Fig. 4. SSNMR spectrum of CSPs for aleuritic acid as chiral arm

For CSP2 and CSP3, due to introduction of terminal amino group, amide bond C=0
absorbance peak near 1662 cm!, the deformation vibration absorbance peak of N-H at
1548 cm’!, and the stretching vibration absorbance peak of the C=C bond of the aromatic
group at 1459 cm™! were significantly enhanced, indicating the success of the derivative
reaction of terminal amidation.
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The solid-state nuclear magnetic '*C spectrum could further confirm (Fig. 4) the
structural changes of CSP2 and CSP3 obtained after CSP1 and terminal-derived chiral
selectors of different structure types. Compared with CSP1, CSP2 and CSP3 had distinct
separation tendency at the absorbance peak belonging to ester group C=0 carbon at 5175.8
and amide group C=0 carbon at $159.8 CSP2, especially CSP2 with higher grafting ratio
of S-PGL, which were structural characteristics of the terminal carboxyl group of aleuritic
acid in CSP1 reacting with different structures of arylamine to form a novel amide. §150.3
was the aryl carbon peak belonging to the 3,5-dinitrobenzoyl group. CSP2 and CSP3 had
unsubstituted aromatic carbon peaks belonging to S-PGL and R,R-DPEDA at 6141.6 and
0128.8, further indicating the two organic amine monomers reacted with the grafted
carboxyl group in CSP1.

Thermogravimetric Analysis of CSPs based on Aleuritic Acid as Chiral
Spacer Arm

The weight loss percentage in the thermogravimetric curve of aleuritic acid group
CSP material can reflect the changing process of organic matter content on the surface of
silica gel to some extent, and from the grafting of aleuritic acid to the surface of silica gel
(sample C to F in Fig. 5), its thermal weight loss percentage was shown in Table 1.
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Fig. 5. TG curves variation of CSPs for aleuritic acid as chiral arm

After deducting the ratio of thermal weight loss of bare silica gel, the approximate
grafting ratio of the three aleuritic acid group CSPs were changed significantly. Compared
with SG-TPI-Ale, the thermal weight loss percentage of CSP1 was increased by 4.69%
after derivatization with DNBC. With CSP1 as the starting material, the weight loss
percentage shown by the thermogravimetric curve of CSP2 and CSP3 was increased by
9.89% and 3.4%, respectively. The structural features of substituents in CSPs, particularly
aromatic moieties, exert a significant influence on the chiral separation performance of the
materials(Li et al. 2023; Shi et al. 2020; Shi et al. 2022). Based on the change in weight
loss percentage, the increase of thermal weight loss percentage represented the proceeding
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of the grafting reaction and the occurrence of the derivative reaction. The weight loss
percentage of CSP2 after S-PGL was derived at the end of aleuritic acid, and grafting ratio
of R, R-DPEDA was lower than that of S-PGL due to the steric hindrance of diamine.
However, it was clear that the weight loss percentage in the thermogravimetric curve alone
cannot accurately reflect the change in the grafting ratio of each derivatization step during
the preparation.

Elemental analysis results of the product are shown in Fig. 6. The figure shows that
the silica gel did not contain the N element, and the contents of C and H elements were
extremely low. As the grafting reaction proceeded, the elemental content of the reaction
product increased steadily. Among them, taking the carbon content as an example, the C
content reached 12.6% in CSP1, 20.3% in CSP2, and 15.7% in CSP3. The increase of
carbon content on silica gel indicated the occurrence of grafting reaction. The sum of the
contents of N, C, and H elements in CSP1, CSP2 and CSP3 was 16.7%, 25.8%, and 20.4%,
respectively, which was relatively in keeping with the weight loss percentage in the TG
curves of the three CSP samples, suggesting the reaction substrate was grafted to the
surface of the silica gel according to the experimental design route.
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Fig. 6. Elemental content variation of CSPs for aleuritic acid as chiral arm

Table 1. Heating Loss Ratio of Samples after Aleuritic Acid Was Grafted to Silica
Gel

Sample SG-TPI-Ale CSP1 CSP2 CSP3
Ration of thermal weight 17.62 22.31 32.20 25.71
loss/%
Ration of thermal weight 554
-~ . .
loss of silica gel/%
Ratio of net weight loss/% 12.08 | 16.77 | 26.66 | 20.17
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From the bonding of TPI-Ale organic molecules on silica gel, CSP1, CSP2, and
CSP3 only targeted one functional group and reacted with a substrate with a defined
structure, in which both CSP2 and CSP3 reacted with CSP1 terminal carboxyl groups as
active sites. It had been shown in the above-mentioned characterization results regarding
the structure and grafting ratio that the reaction occurred in preparation process of CSP
according to the path in Scheme.1. Then, the products and raw materials in each step had
a certain structural formula (assuming that SG-TPI-Ale and CSPs as single bonds were
bonded to the surface of silica gel). Therefore, the actual grafting ratio of the reaction at
each step can be accurately calculated based on the change in element content in each step.

Table 2. The Calculated Grafting Ratio of CSPs According to Elemental Analysis

Products SG-TPI-Ale CSP1
The structure | {760 cnwomo L ennn-m-geo :
grafted onto boer, g S ot g
silica gel ww«/é W:é &
Mr C24H4sNQOsSi C38H52N5018Si | CasHs3sNsO19Si Cas5Hs58N6O18Si
Mw 506.8 894.9 10141 983.1
Cr 288 456 552 540
Ci - 168 264 252
Cr - 12.58 9.88 9.43
Ca - 1.56 7.73 3.08
Gy - 12.40 78.24 32.67

Me- Molecule formula; Mw- Molecular weight; Cr-Molecular weight of carbon in the structure
formula; Ci- The increase of molecular weight of carbon; Ct- Theoretical increase percentage of
carbon content; Ca-Actual increase percentage of carbon content; Gy-Grafting yield

Based on SG-TPI-Ale, the detailed calculation process of the surface modification
reaction grafting ratio of the three chiral stationary phase materials is shown in Table 2.
The grafting ratio of CSP1, CSP2, and CSP3 was 12.4%, 78.2%, and 32.7%, respectively.
For the preparation process of the three stationary phase materials, the order of grafting
ratio was CSP2>CSP3>CSP1. The grafting ratio of DNBC to 9,10 site secondary hydroxyl
groups of aleuritic acid was the lowest, which may be related to the type of functional
groups and steric hindrance of vicinal diol involved in the reaction. The 9,10-site of
aleuritic acid was the secondary hydroxyl group, and the esterification reaction was lower
than that of the primary hydroxyl group (Heuser et al. 2002). In addition, the esterification
process of the ortho-dihydroxy group was affected by the double actions of the steric
hindrance of the ortho-hydroxyl group and the molecular chain (Watanabe et al. 1987).
Without considering the difference of different reaction types, CSP2 and CSP3 were
amidated at the terminal carboxyl group of the aleuritic acid, and due to small steric
hindrance, the reaction was easier to proceed. The grafting ratio of the amidation of the
amino compound S-PGL using a single chiral center was obviously superior to that of the
amino compound R,R-DPEDA using double chiral centers, which confirmed the TG test
results of CSPs. However, it is important to consider whether the level of grafting ratio
determines the quality of the separation effect. Obviously, a separation chromatography
test is needed to examine that question.
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Separation Test of CSPs Based on Aleuritic Acid as Chiral Spacer Arm

In order to investigate the separation performance of the different structures of
aleuritic acid group CSPs, the chiral hydroxyl (compound 1-3), amino (compound 4- 5),
chain (compound 1-5), cyclic (compound 7-9), and plane (compound 6) chiral compounds
of different structural types were selected in this study (Fig. 7). The separation performance
of the aforementioned nine structurally distinct chiral compounds was systematically
investigated. The results demonstrated that for stationary phase materials employing
aleuritic acid as the chiral spacer arm, enhanced chromatographic resolution was positively
correlated with increased configurational complexity of the chiral centers.

1 3 OH
Cl

Phenvlethanol Benzoin 1-(4-Chlorophenyl)-3-buten-1-ol

4

0 NHz
HO

Phenylalanin

Flavanone Naringenin

Amlodipine

Fig. 7. Compounds enantiomers separated by CSPs of aleuritic acid as chiral arm

Although the grafting ratio of R, R-DPEDA in CSP3 was only 32.7%, and the
increase of carbon content compared with CSP1 was only 3.1%, which was less than half
of CSP2, CSP3 showed significantly higher separation efficiency, and complete separation
of 8 chiral compounds had been realized. The introduction of the terminal single chiral
center (S-phenylglycinol) in CSP2 can facilitate the separation activity to some extent;
especially under the condition that the chiral factor had been fixed, it had significant effects
on improving the number of theoretical plates and separation effect of the chromatographic
column. The formula based on the number of theoretical plates of the chromatographic
column was,

— tR \2
N =554 x G 2
where, N represents the number of theoretical plates of the chromatographic column; #r is
the retention time of the chromatographic peak; and Whw2 is the half peak width of the
chromatographic peak. Three stationary phase materials (CSP1-3) demonstrating optimal
separation efficiency and peak morphology were selected for evaluation. The mobile phase
composition was maintained at phenethyl alcohol (Compound 1): methanol: 0.2%
ammonium acetate aqueous solution (20:80 v/v). Theoretical plate numbers were
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determined through equation (2), yielding values of 4,858, 6,656, and 5,439 plates/m for
CSP1, CSP2, and CSP3, respectively. The theoretical plate count followed CSP2 > CSP3 >
CSP1. This ranking correlates with chromatographic observations: both CSP2 and CSP3
achieved concurrent chiral separations (Fig. 8), though CSP2 exhibited superior resolution
compared to CSP3 (Table 3). The enhanced performance of CSP2 aligns with elemental
analysis data showing the highest S-PGL grafting ratio. These findings substantiate that
when chiral selectivity is structurally predetermined, increased chiral moieties density
facilitates compound separation. According to Dalgliesh’s “three-point adherence model”
(Dalgliesh 1952), in chiral selectors, the more structural types of chiral factors that
stationary phase can provide, the easier it was to produce stronger intermolecular forces
with the enantiomers of the separated compound, making it easier to achieve chiral
separation, which explained why CSP3 had the best separation selectivity. However, due
to the grafting ratio of R, R-DPEDA in this study, the adaptability of CSP3 to the same
compound was not strong enough; although CSP3 showed a stronger separation activity
and tendency for the flavanone (compound 7) than the CSP1 and CSP2, effective
separation and baseline separation of the three compounds were not achieved.

CSP1

|
‘ CSP1
\ csp2 |

A CcsP2

CsP3 CSsP3

—_———————————————————— . . . . . . . .
2 0 2 4 6 8 10 12 14 16 18 2 0 2 4 5 8 10 12 14
Time/min Time/min

_J‘L—&

CSP3

CSP3

T T T T T T T T T
6 ‘2 i; é é 1‘0 1‘2 1‘4 0 2 4 6 8 10 12 14 2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time/min Time/min Time/min

Fig. 8. The chiral separation chromatogram of compounds 1,2,3,5,9 by CSP1-3

Additionally, of note, CSP1 containing only the chiral factor of aleuritic acid still
had a higher separation activity, and complete separation of 5 of 9 chiral compounds
(compounds 1, 3, 5, 6, 9) was realized. It can be seen that for the chiral stationary phase
based on of aleuritic acid as the chiral spacer arm, the spacer arm played the role of a chiral
selector due to the presence of 9,10 site chiral hydroxyl groups, indicating that the
preparation of stationary phase materials with aleuritic acid as the chiral spacer arm had
a good structural basis for chiral separation. And it had further research value and
application prospect in the further construction of novel chiral stationary phase materials
with chiral spacer arms.
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Fig. 9. The chiral separation chromatogram of compounds 4,6,7,8 by CSP1-3

O;gN’éL NO, cl
CSP2/CSP3 R-Baclofen

Fig. 10. Three-point interaction model diagram of the peak order for chiral separation of baclofen
by aleuritic acid based CSPs

The three CSPs achieved complete separation of eight compounds (Table 3 and Fig.
9), demonstrating that the separation materials employing aleuritic acid as a chiral spacer
arm exhibited favorable chromatographic performance. However, it was visually observed
from the separation chromatogram that the three CSPs showed significant differences in
the separation activity of different chiral compounds. For example, CSP1 could not achieve
chiral separation of benzoin (compound 3), phenylalanine (compound 5), and naringenin
(compound 8). By contrast, CSP2 not only was about to achieve the separation of benzoin,
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but it also had better separation degree than CSP3. For phenylalanine, only CSP3 was able
to achieve the separation. For baclofen, although the three CSPs had achieved chiral
separation, the order of peaks was completely different, and when separation was
conducted by CSP1, the R-configuration first peaked, and then the S-configuration peaked.
After the chiral factor was derived at the terminus, the separation order of CSP2 and CSP3
was opposite to that of CSP1. This can be understood based on the “three-point interaction
model” proposed by Pirkle and associates (Pirkle and Murray 1993; Pirkle and Welch
1992). According to Dalgliesh (1952), the separation of enantiomers was due to the
stationary phase and the separated materials being able to form at least three forces. At
least one of them was a force with chiral structural characteristic. The formation of a new
diastereomeric complex by virtue of the interaction between the stationary phase and the
separated compound allowed the separation of the enantiomers only when the difference
in retention factor & value between the two enantiomers was large enough. If the stationary
phase and the R-configuration compound produced an attractive action, then 4i,s < ki, r, and
the S-configuration was eluted first. However, if the stationary phase and the R-
configuration compound were repulsive, then ki, s>ki, r, and the R-configuration was eluted
first. The separation mechanism of CSP1 and CSP2/CSP3 for baclofen can be represented
by the three-point interaction model in Fig. 10.

In this study, the origin of the difference in retention factor values is attributed to
the spatial location of the chiral factors. CSP1 contains only the 9,10-vicinal diol chiral
center in the middle segment of aleuritic acid. This site forms stronger hydrogen bonding
or dipole—dipole interactions with S-baclofen, resulting in a stronger retention of the S-
enantiomer ( ki, s>ki, r), and thus the R-baclofen is eluted first. In contrast, CSP2 and CSP3
bear additional aryl amine chiral centers (S-PGL or R,R-DPEDA) at the terminal position.
These terminal moieties exhibit superior steric matching and n—= stacking interactions with
the R-enantiomer, leading to stronger retention of the R-form ( 4i, s<ki,r), thereby reversing
the elution order. For CSP1, given the chiral factor only had the 9,10-site chiral center of
aleuritic acid, the 9,10-site chiral center and S-baclofen formed a complex by
intermolecular forces, so the R-baclofen was eluted first; whereas for CSP2 and CSP3, due
to the introduction of the amino-terminal chiral center, the terminal chiral factor had
stronger intermolecular interaction with R-baclofen, and the R-configuration had stronger
retention on CSP2 and CSP3, and thus S-baclofen was eluted first. Based on the
enantiomeric separation of baclofen, the chiral activity produced in CSP1 was the 9,10-site
ortho-dihydroxy of aleuritic acid, while the terminal bonding chiral compound played the
role in CSP2 and CSP3. Thus, the mode of action (A, B, C) or the applied force for the
different enantiomers of chiral compounds between CSP1 and CSP2 and CSP3 was
significantly different.

CONCLUSIONS

Based on aleuritic acid as the chiral spacer arm, the CSP1 containing only aleuritic
acid as the chiral factor was successfully prepared by stepwise coupling, and the terminus
used S-PGL and /R, 2R-DPEDA as chiral selectors for CSP2 and CSP3, and the three novel
aleuritic acid chiral stationary phases were prepared. The TG, FTIR, EA, and SSNMR
characterization of the prepared CSPs showed that the three stationary phases were coupled
according to the route design, and the grafting ratio of CSP1, CSP2, and CSP3 was 12.40%,
78.2%, and 32.7%, respectively.
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Of the 9 chiral compounds with separation activity, CSP1 achieved successful
separation of 4 compounds, accounting for 44.4%; CSP2 successfully achieved separation
of 6 compounds, accounting for 66.7%; CSP3 achieved successful separation of 8
compounds, accounting for 88.9%. It can be seen that the CSP with the optical monomer
of aleuritic acid as the chiral spacer arm had a certain separation activity, based on which,
the introduction of the terminal chiral factor can significantly improve the separation
activity; among them, the R, R-DPEDA with double chiral centers showed the most
significant improvement. The grafting ratio was only 32.7%, and the increase of carbon
content compared with CSP1 was only 3.08%, which was less than half that of CSP2, but
CSP3 obviously showed higher separation efficiency. The chiral resolution sequence of
enantiomers of baclofen was inverse for CSP1 and CSP2/CSP3 due to the difference of
chiral factors which determined the interaction of groups between CSPs and enantiomers.
This novel chiral stationary phase material based on aleuritic acid as chiral spacer arms has
further research value and good application prospects.
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  N = 5 . 54 × (       t  R    W   h 2 ) 2


    G Y =     C A    C T × 100 %

