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Abstract: This review systematically summarizes the novel preparation methods of cyclodextrin-
based chromatographic stationary phases and their applications for chiral recognition in separation
techniques such as capillary gas chromatography and high performance liquid chromatography.
Aiming at the current situation that enantiomers of chiral compounds present significant differences
at the pharmacological, pharmacodynamic and toxicological levels, the core value of
chromatographic chiral separation technology in the field of drug discovery and development is
emphasized. By analyzing the unique cavity structure and excellent stereoselective properties of
cyclodextrins, the mechanism of its action as a chromatographic stationary phase was elaborated.
Combined with the typical applications of different derivatized cyclodextrin stationary phases in
drug analysis, environmental testing and biological samples, the value and potential of cyclodextrin
stationary phases in stereoisomer separation are systematically demonstrated.

1. Introduction

With the advancement of related disciplines, chiral compounds have found increasingly
extensive applications in pharmaceuticals [1], fragrances [2], and pesticides [3]. Particularly, chiral
drug research has emerged as the central focus in chiral science [4,5]. Currently, most chiral drugs
are still administered as racemates. However, although enantiomers share identical physicochemical
properties, their differential interactions with biomolecules lead to distinct biological activities. This
characteristic not only highlights the crucial role of chiral substances in biological systems but also
drives the demand for developing high-efficiency and low-toxicity pharmaceuticals. Chiral
separation analysis constitutes not only a key technology but also an imperative requirement for
ensuring drug safety and environmental security. Existing separation techniques include
crystallization [6], chromatography [7], liquid membrane separation [8], and chiral extraction [9],
among which chromatographic methods employing chiral stationary phases have been
demonstrated as the most effective separation approach [10,11].

Cyclodextrins (CDs) are cage-like oligosaccharides formed by D-glucopyranose units linked
through a-1,4-glycosidic bonds, with common a-, 3-, and y-CDs containing 6-8 glucose units
respectively. Their structural characteristics include: a hydrophobic inner cavity formed by glycosidic
bond oxygen atoms, and a hydrophilic exterior decorated with hydroxyl groups (see Figure 1). Each
glucose unit contains five chiral centers, resulting in 5n chiral sites for an n-unit cyclodextrin,
providing advantageous conditions for chiral resolution. In chromatographic separation,
enantiomers form inclusion complexes by entering the hydrophobic cavity, enabling isomer
separation through differential complex stability [12], thus earning recognition as “second-generation
supramolecular compounds”. Physical parameters of native cyclodextrins are detailed in Table 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Schematic shape and size of CDs.

Natural cyclodextrins often require chemical modification due to limitations such as high
melting points and poor film-forming properties. Their hydroxyl groups at 2-, 3-, and 6-positions
demonstrate differential reactivity: the 6-position hydroxyl group exhibits the strongest
nucleophilicity, the 2-position shows the highest acidity, while the 3-position suffers from significant
steric hindrance. This reactivity hierarchy enables selective modification, typically prioritizing the 6-
position hydroxyl with potential extension to 2- or 3-position hydroxyls under specific conditions,
thereby facilitating the preparation of diverse derivatives [13,14]. The cyclodextrin framework
contains multiple stereoisomeric centers, with twisted glucose unit arrangements forming unique
chiral cavities in three-dimensional structures [15]. This stereochemical differentiation allows
derivatives to establish inclusion complexes with chiral molecules through intermolecular
interactions including hydrophobic effects, hydrogen bonding, and van der Waals forces [16,17],
enabling enantioselective recognition. Cyclodextrin-derived chiral stationary phases developed
based on these characteristics can construct asymmetric separation environments with specific
selectivity, currently finding extensive applications in chromatographic chiral separation [18-24].

Table 1. Cavity dimensions and physicochemical properties of native cyclodextrins.

- . - W
. Glucose Molecular Ca‘.nty (.Zav1ty Cavity Specific Optical at.el:
Cyclodextrin . . Height Diameter Volume . Solubility
Unit Weight o o 2 Rotation ([«]%p)

(A) (A) (A3 (g/100mL)
a-CD 6 973 79+0.1 4.70~530 174.0 +150.5° 14.5
p-CD 7 1135 7.9+0.1 6.00~6.50 262.0 +162.5° 1.85
v-CD 8 1297 7.9+0.1 7.50~8.30 427.0 +177 .4° 23.2

This review focuses on cyclodextrin-based chiral stationary phases (CD-CSPs) and their
chromatographic applications. Chromatographic techniques, characterized by high sensitivity,
strong reproducibility, and broad applicability, have become a critical approach for separating
racemic mixtures. Researchers are dedicated to advancing chiral chromatographic column stationary
phases by developing novel stationary phase materials, innovating synthetic processes, and
optimizing preparation methodologies to enhance separation efficiency.

2. Chiral Resolution Mechanisms of Cyclodextrin Derivatives

The position and type of substituents on cyclodextrin molecules directly influence their chiral
selectivity; however, no definitive substituent-selectivity correlation has been established. To achieve
efficient separations, it is imperative to thoroughly elucidate the underlying chiral resolution
mechanisms. Lipkowitz et al. [25] employed molecular dynamics simulations to investigate the
spatial localization of chiral recognition in cyclodextrin derivatives, yet the chiral resolution
mechanisms of these derivatives remain incompletely understood. Current research proposes the
following primary mechanisms:


https://doi.org/10.20944/preprints202503.0632.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2025 d0i:10.20944/preprints202503.0632.v1

3 of 20

2.1. Mechanism of Inclusion Complexation

Armstrong et al. [26] experimentally confirmed that cyclodextrin molecules and solute
molecules can form size-matched inclusion complexes. The stability of these complexes is
predominantly governed by van der Waals forces and hydrogen bonding, with differences in solute
molecular volume, shape, and thermodynamic parameters (AH and AS) serving as critical factors for
separation.

2.2. Conformation-Induced Recognition Mechanism

Venema et al. discovered that when chiral molecules interact with 2,3,6-position modified
cyclodextrin stationary phases, the latter undergo conformational adjustments to achieve
stereochemical matching with solute molecules, thereby enhancing intermolecular interactions.

2.3. Association Mechanism

Bradshaw proposed two distinct association modes: nonpolar molecules are separated via
cavity-inclusion binding, while polar molecules form external associations with cyclodextrins
through dipole-dipole interactions and hydrogen bonding. In practice, chiral resolution often results
from synergistic interactions of multiple mechanisms.

2.4. Host-Guest Synergy Mechanism

Konig et al. emphasize that hydrogen bonding, dipole interactions, and van der Waals forces
collectively influence the chiral recognition process, with multiple intermolecular interactions
between the host and guest forming the stereoselective basis.

2.5. Multimodal Interaction Mechanisms

Temperature significantly impacts separation performance, with selectivity of derivatives
converging at elevated temperatures (>90°C) while impurities may improve separation efficiency at
lower temperatures. Studies demonstrate that randomly substituted tert-butyldimethylsilyl (TBS)
cyclodextrins exhibit significantly superior separation capability (16/24 pairs) compared to site-
specifically substituted counterparts (6/24 pairs). However, as the purity-performance relationship
has not been fully elucidated, practical applications prioritize functional performance over purity
control.

3. Cyclodextrin-Derived Stationary Phases in Gas Chromatography

The selection of chiral stationary phases constitutes the core of chiral separation in gas
chromatography. Since the advent of the first gas chromatography chiral column, cyclodextrin (CD)-
based stationary phases have progressively become the mainstream choice. Their advantage lies in
the ability to prepare diverse derivatives through the introduction of acyl, alkyl, hydroxyalkyl, and
other functional groups, forming versatile stationary phase systems with multiple molecular
recognition sites that have been successfully applied to chiral separation of pesticides and various
other compounds. Research on cyclodextrins as gas chromatography stationary phases originated in
the 1960s, but underivatized cyclodextrins exhibited limited practical application due to their high
chemical reactivity. The groundbreaking study by Koscielski and Jurczak (1983) reignited interest by
proposing their derivatives as packed column stationary phases for separating positional isomers
and enantiomers. Compared to other chiral stationary phases, the uniqueness of cyclodextrin systems
resides in their broad-spectrum separation mechanisms based on inclusion effects, hydrogen
bonding, and diverse intermolecular interactions. Modified cyclodextrin derivatives combine high
thermal stability, large specific surface area, and optimal pore characteristics, perfectly meeting the
requirements of gas chromatography stationary phases. Recent research focuses include the
development of novel cyclodextrin derivatives, construction of composite stationary phases based on
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metal-organic framework (MOF)/covalent organic framework (COF) materials, and innovative
applications of column coupling techniques. These advancements further demonstrate the broad
application prospects of cyclodextrin systems as new-generation high-selectivity chromatographic
stationary phases.

3.1. Cyclodextrin-Derived Stationary Phases

Functional group substitution of cyclodextrin hydroxyl groups can significantly enhance
molecular recognition capability. Due to variations in substitution degree and positions, most
derivatives exhibit random substitution characteristics, forming mixtures containing multiple
isomers [15]. Among these, multi-substituted derivatives introduce additional interaction sites,
enabling diversified chiral recognition modes.

The chiral selectivity of 3-CD primarily originates from the synergistic effects of 2- and 3-
hydroxyl groups. The 3-position substituents, oriented toward the cavity interior, play a critical role
in stereoselectivity [27]. The Kartsova group [28] constructed PEG-3000/p3-CD composite stationary
phases, employing solvation parameter models to quantitatively evaluate interaction mechanisms
with organic compounds, revealing regulatory effects of polar groups on separation performance.
Chaise et al. [29] developed dual-path synthesis strategies (see Figure 2): The indirect method
achieves precise substitution via a-CD ring-opening reconstruction, while the direct method employs
v-CD selective protection-deprotection sequences for directional modification. The Shen team [30]
designed novel B-CD derivatives show in Figure 3, introducing pyridyl groups at the 3-position to
enhance van der Waals interactions and pentylation at 2/6-positions to reduce melting points. This
stationary phase combines strong inclusion capacity with hydrogen bond acceptor properties,
significantly enhancing chiral separation selectivity. Costa et al. [31] developed four types of ionic
liquid stationary phases (synthetic procedure shown in Figure 4), achieving baseline separation of
racemic esters, lactones, and epoxides (see Figure 5). Experimental results demonstrate that the
unique charge distribution and multiple interaction sites in ionic liquids synergistically enhance
enantiomer recognition capability.

Ring Elongation

Indirect method T %
opening

a-CD or B-CD
e Monomodified y-CD
(1)Selective . Ona\'\'l.at\on
protection Deprotection M
Direct method > »
(2)Transformation
y-CD

Figure 2. Strategies for synthesizing single-modified y-CD by direct and indirect methods [29].
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Figure 3. Scheme for the synthesis of pyridinyl p-CD derivatives [30].
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Figure 4. Synthesis routes of four new ionic liquid cyclodextrin derivative stationary phases [31].
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Figure 5. Chromatographic parameters of enantiomeric separation of eight compounds (10-17) in an ionic liquid

cyclodextrin stationary phase column [31].

3.2. MOF/COF-Cyclodextrin Stationary Phases

The application of cyclodextrin-based chiral stationary phases (CD-CSPs) in gas
chromatography (GC) is more constrained compared to high-performance liquid chromatography
(HPLC), primarily due to GC's stringent thermal stability requirements for stationary phases and the
fabrication challenges of capillary column coatings. Recent advancements in novel porous materials,
including metal-organic frameworks (MOFs) [32,33], covalent organic frameworks (COFs) [34],
porous organic cages [35,36], and metal-organic cages (MOCs) [37], have brought breakthroughs to
chiral separation technologies.

Yang et al. [38] demonstrated that hybrid CSPs prepared by integrating 3-CD derivatives with
chiral MOFs exhibit significantly enhanced enantioselectivity through synergistic effects,
outperforming single-component materials. The development of covalent organic framework (COF)
materials provides innovative solutions to address GC column preparation difficulties. These
crystalline materials, constructed from organic units via reversible covalent bonds, feature highly
ordered architectures with precisely tunable pore dimensions, shapes, and arrangements, coupled
with exceptional specific surface areas and chemical stability. Tang et al. [39] developed a 3-CD-based
COF chiral stationary phase, synthesized through acid-catalyzed condensation of heptyl (6-amino-6-
deoxy)-3-CD with terephthalaldehyde in Figure 6. Its permanent chiral cavities and high thermal
stability demonstrated superior selectivity in GC separation of racemates. Chen et al. [40]
innovatively employed liquid DBD plasma technology to synthesize 3-CD-COF composites within 4
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hours in Figure 7. This material combines the high-surface-area interface of COFs with the chiral
recognition advantages of B-CD, with chromatograms from fabricated columns (see Figure 8)
confirming remarkable separation efficiency for multiple enantiomers.
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Figure 6. Synthetic route to B-cyclodextrin covalent organic framework (3-CD COF) [39].
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Figure 7. Synthesis of CD-PlasmaCOF-1 and CD-PlasmaCOF-2 using plasma-induced polymerization combined
with a post-synthesis modification strategy [40].
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Figure 8. Enantiomeric separation of (a) alanine and (b) valine; (c) glutamine and (d) serine on CD-PlasmaCOEF-
1 and CD-PlasmaCOF-2 coated GC columns [40].

3.3. Column Coupling Technology

Chromatographic column coupling technology significantly enhances gas chromatographic
separation efficiency by serially connecting complementary selectivity columns, -effectively
overcoming the limitations of single-column separation efficiency [41,42]. This technique has recently
achieved critical breakthroughs in chiral separation through synergistic enhancement of separation
performance by combining different stationary phases. The Tian team [43] employed a tandem
configuration of Cyclosil-B chiral columns (stationary phase: 2,3-di-O-methyl-6-O-tert-
butyldimethylsilyl-3-cyclodextrin) with BGB-175 chiral columns (stationary phase: 2,3-diacetyl-6-
tert-butyldimethylsilyl-y-cyclodextrin) in gas chromatography-mass spectrometry (GC-MS),
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successfully achieving high-efficiency separation of eight chiral menthol isomers in natural mint
plants.

4. Cyclodextrin-Derived Stationary Phases in High-Performance Liquid
Chromatography

High-Performance Liquid Chromatography (HPLC), evolved from gas chromatography (GC),
is a rapid separation technique distinguished by its ability to analyze thermally labile and non-
volatile compounds without requiring sample vaporization. Compared to GC, HPLC not only
enables multidimensional separation through adjustments of stationary and mobile phases but also
offers advantages in analysis speed, sensitivity, and broad applicability. Currently, HPLC has
matured into the preferred method for chiral compound separation, identification, and quantitative
analysis. The most common approach for preparing cyclodextrin-based chiral stationary phases (CD-
CSPs) involves immobilizing CDs onto silica gel via physical coating or covalent bonding.

The physical coating method [44] involves adsorbing cyclodextrin derivatives directly onto silica
gel surfaces. While straightforward (e.g., Wang et al. [45] successfully prepared a novel stationary
phase by coating silica gel with cationic cyclodextrins, show in Figure 9), this method suffers from
limitations such as low mechanical strength and restricted applicability in normal-phase
chromatography, resulting in limited research and application.

oTs [\ or [\
(HOJs OH HO R0
\ /* ( )a-—-\ /—NVN_R‘ [{ h_\ /—N\/N_Rﬂ

—_— _—

v
(HO)g (HO{4 (Rioﬁ
(1) @)

(1a) R'=-CH, (2a)R'=-CHy  R? = -CONHCgHs

(1) R = -n-actyl (2b)R'=-CHy  R?= -CONH(CH3)CqHs
(2¢) R' = -n-octyl RZ=-CONHCgHs
(2d) R'= -n-octyl R? = -CONH(CHa)2CsHs

Figure 9. Synthesis route of novel cationic functionalized cyclodextrins by physical coating method [45].

The covalent bonding method chemically anchors cyclodextrins to silica gel, offering superior
stability (compatible with diverse mobile phases) and extended lifespan. Typically, spacer arms are
used to covalently link the reactive hydroxyl groups of cyclodextrins or their derivatives to silica gel
surfaces, with the most reactive 6-hydroxyl group preferentially reacting with the spacer. Since
Fujimura pioneered the amino-bonding strategy in 1983, research has focused on developing novel
bonding arms and optimizing separation performance, driving innovative applications of CD-CSPs
in chiral resolution of amino acids, aromatic alcohols, and other chiral compounds. Reported bonding
arms include carbamate [46—48], urea [49,50], ether [51-53], and thioether [54-56] linkages.

4.1. Ether-Linked Cyclodextrin Derivative Stationary Phases

In 1984, Armstrong’s research group pioneered the development of structurally stable ether-
bonded cyclodextrin stationary phases. By substituting the hydroxyl hydrogen of cyclodextrin with
sodium hydride and linking it to a coupling agent, they immobilized the cyclodextrin onto a silica
matrix. This stationary phase successfully achieved chiral resolution of dansyl amino acids and
barbiturates under reversed-phase chromatographic conditions. Li et al. [57] reported mono-6-deoxy-
(2,4-dihydroxybenzylimino)-cyclodextrin (MDHB-CD) as a novel chiral selector, demonstrating
excellent performance in the separation of various chiral compounds (see Figure 10). Chen’s research
team [58] utilized a long-chain spacer arm to covalently bond mono(6A-N-1-(2-hydroxyl)
phenylethylimino-6A-deoxy)-p-cyclodextrin (L-PGCD-CSP) onto silica surfaces in Figure 11. The
resulting novel chiral stationary phase exhibited superior enantioselectivity for multiple enantiomers
in reversed-phase chromatographic systems. Despite the favorable stability of ether-bonding
strategies [59], uncertainties in the hydroxyl bonding sites (C-6, C-2, C-3) of cyclodextrin molecules
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and the number of bonded arms have limited the preparation reproducibility of such stationary
phases, necessitating further improvements.
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Figure 10. Synthesis route of ether-bonded MDHB-CD chiral stationary phase [57].
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Figure 11. Synthesis principle of ether-bonded L-PGCD-CSP columns [58].

4.2. Aminocarbamate-Bonded Cyclodextrin-Derived Chiral Stationary Phases

Zhong et al. [60] and subsequent research teams [61-65] developed multimodal CD-CSPs
systems through portal functionalization of cyclodextrins (e.g., methylation, hydroxypropylation,
and aryl carbamoylation). For instance, hydroxypropylated CD-CSPs successfully resolved rigid
molecules such as dihydropyridines, while naphthylethyl carbamate derivatives (m-basic) achieved
effective chiral resolution of pesticides (e.g., dichlorvos) and pharmaceuticals (e.g., tropicamide)
under normal/reversed-phase conditions. Studies confirmed that these stationary phases operate via
a three-point recognition mechanism, involving cavity expansion, enhanced inclusion complexation,
and synergistic interactions such as hydrogen bonding, dipole-dipole, and m-7 interactions. Recent
advancements focus on novel carrier design: Ai et al. [66] synthesized submicron mesoporous silica
carriers loaded with phenylcarbamoylated cyclodextrins through optimized protocols, show in
Figure 12, while Zhang et al. [67] innovatively prepared [-cyclodextrin-silica hybrid monolithic
columns (see Figure 13) via an alkoxysilane co-condensation “one-pot” strategy, achieving high-
efficiency separation of 13 racemates in capillary chromatography in Figure 14. Both approaches
enhanced stationary phase performance by refining carrier morphology and bonding strategies.
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Figure 12. Synthesis route of phenylcarbamoyl-p-CD modified mesoporous silica particles CSP [66].

*F (OH)g _
~N. 7/ ol F7 | R
~ Ssi—g O
(OH)s (OH)s (RO), 0, —(©R
OTS\ / /\/“\ / \ )5 0/‘?. \SIINV (OR)14
VS /
— > (OH)14 ) / \O\ ~0 (')H
\ \ Fon' & o s P on
O/ \ 14
(OH)a (OHhre N o 2 -
[iP
/o\g{,o\ . /O‘Sl{/\ HO/ o— S,
o /o /o HO NOR)4

A

Figure 13. Scheme for the preparation of a capillary column of mono(64-N-allylamino-64-deoxy)-Ph--CD [67].
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Figure 14. Enantiomeric separation of chiral compounds on a mono(64-N-allylamino-64-deoxy)-Ph-f-CD silica
hybrid monolithic column [67].

4.3. Urea Bond Linkages Cyclodextrin Derivative Stationary Phases

The key to preparing urea bond-linked stationary phases via the Staudinger reaction lies in the
selective reaction between azido-functionalized [-cyclodextrin and aminated silica under CO;
conditions. Ng’s team [68] successfully constructed a cyclodextrin stationary phase connected by a
single urea bond (see Figure 15) through precise control of reaction conditions under
triphenylphosphine catalysis. This phase not only exhibited excellent chemical stability but also
significantly enhanced chiral recognition capabilities due to its hydrogen bond donor properties.
Notably, the hydroxyl-sensitive nature of this reaction system limits its application in the
modification of certain derivatized cyclodextrins. Building on this, Lin et al. [49] innovatively
immobilized hepta(6-azido-6-deoxy-2,3-di-O-(p-chlorobenzyl carbamate))-{3-cyclodextrin onto silica
via multiple urea bonds in Figure 16, achieving successful enantioseparation of metal-based chiral
benzene complexes. However, residual amino groups on the silica surface from incomplete reactions
may interfere with the separation process through hydrogen bonding interactions.
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Figure 16. Synthesis route for urea-bonded MCDP chiral stationary phases [49].

4.4. Thioether-Bonded Cyclodextrin Derivative Stationary Phases

Click chemistry, first proposed by the Sharpless team in 2001, encompasses two core reactions:
“azide-alkyne” and “thiol-ene” [69]. The former generates a 1,2,3-triazole heterocyclic structure via
the reaction of azide compounds with alkynes, while the latter forms thioether bonds through the
interaction of thiols with alkenes. Both reactions are characterized by mild conditions, high efficiency,
and minimal byproducts. Among these, the “thiol-ene” reaction [70,71] has seen increased
application in recent years due to its metal catalyst-free nature and the exceptional stability of
thioether bonds [72,73].

Liang et al. [55,56] pioneered the use of the “azide-alkyne” click reaction to prepare CD-CSPs
with triazole-bonded arms, successfully resolving chiral molecules such as benzoin and (3-blockers.
Their work demonstrated that polar triazole arms enhance chiral recognition. Yao’s team [74]
developed a monocationic 3-CD-CSP via the “thiol-ene” reaction in Figure 17, which exhibited
excellent resolution for conventional molecules (e.g., dansyl amino acids) and achieved the first
efficient separation of isoxazoline derivatives. Wang’s group employed thioether bond modulation
strategies to create a mono(6-thiol-6-deoxy)-3-CD-CSP [75] and multi-thioether-bridged CD-CSPs
[76], show in Figure 18, revealing complementary chiral recognition capabilities between the two.
Zhou et al. [77] combined B-CD with C18 to fabricate a mixed-mode CSP (see Figure 19),
demonstrating multidimensional separation performance in reversed-phase, hydrophilic, and ion-
exchange chromatographic systems. Zhang et al. [78] synthesized a novel p-3-chloro-4-
methylphenylcarbamoylated-3-CD-CSP via thioether bonding in Figure 20, which showed strong
resolution for timolol. Huang’s team [79] introduced a benzoylated CD-CSP modified with long
hydrophobic chains in Figure 21, significantly improving the separation of drugs like propranolol. Li
et al. [80] designed an allylimidazolium-bridged bis-p-CD stationary phase, with molecular docking
revealing that synergistic interactions underpin its high-efficiency resolution of 35 racemates. Wen's
group [81] utilized COF-modified silica technology to construct a Sil-COF-f3-CD composite via thiol-
click chemistry (synthesis process shown in Figure 22), where the spherical structure markedly
enhanced separation efficiency in Figure 23. Zeng et al. [82] developed a bis-triazole-bridged 3-CD
stationary phase (BCDP, see Figure 24), which achieved the separation of 35 chiral pesticides and
pharmaceuticals through multi-cavity interactions (hydrogen bonding, m-m stacking, etc.),
highlighting a unique synergistic inclusion mechanism.
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Figure 23. Chiral enantiomers, (a) 2-phenylpropionic acid and (b) 1-phenyl-1-propanol, were
chromatographically separated on a Sil-COF column, a Sil-COF-CD stationary phase, and a commercial 3-CD
column, respectively [81].
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Figure 24. Synthesis route of bis-triazole bridged B-cyclodextrin chiral stationary phase (BCDP) [82].

4.5. Bridged Cyclodextrin Derivative Stationary Phases

Bridged cyclodextrins (BCDs) are novel supramolecular systems constructed by connecting
multiple cyclodextrins via bridging groups. Studies have demonstrated that their multi-cavity
cooperative inclusion effects can enhance binding constants (Ks) from <105 L/mol for monomers to
>1011 L/mol, reaching enzyme-like levels [83]. These systems exhibit significant potential in artificial
enzymes, drug carriers, and molecular recognition [84-86]. Although hydroxyl derivatization can
introduce chiral recognition sites, current (3-CD derivatives generally suffer from two critical
limitations: (1) depletion of edge hydroxyl groups leading to the loss of hydrogen-bonding
recognition sites, and (2) overcrowded substituents blocking the cavity and weakening inclusion
capabilities. Furthermore, existing bridging strategies show limited improvements in separation
performance, likely constrained by synthetic complexity and insufficient stability of the stationary
phases.

To address these issues, the research team led by Liu Yu at Nankai University [87-89]
systematically investigated the multi-recognition mechanisms of bridged cyclodextrins. They
revealed that the “pseudo-cavity” formed by synergistic interactions between the bridge and the
original cavity significantly enhances spatial recognition capabilities, effectively overcoming the
limitations of single cyclodextrin cavities (see Figure 25). Building on this, Shuang Yazhou et al. [90]
innovatively designed a distyryl diamide-bridged bis-B3-CD stationary phase with conjugated m-aryl
groups in Figure 26, achieving efficient resolution of multiple classes of chiral drugs and expanding
the scope of pharmaceutical analysis. In recent advancements, Liu et al. [91] developed a 4-
chlorophenyl isocyanate-modified ethylenediamine-bridged (B-CD dimer stationary phase (CPI-
EBCD, see Figure 27), which successfully separated 12 chiral compounds under reversed-phase
chromatographic conditions. Its enhanced stability and reproducibility provide new insights for
designing chiral separation materials.
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Figure 25. Synthesis routes of bridged oxalamide bis(2-benzoic acid) carboxylate linking bis(3-CD) and its metal
Cu? or Ni* [87].
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Figure 26. Synthesis route of stilbenediamide-based bridged bis-f3-cyclodextrin stationary phase (SBCDP) [90].
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Figure 27. Synthesis routes of bridged 3-CD (CPI-EBCD)-bonded chiral stationary phases [91].

4.6. Cyclodextrin-Based Chiral Stationary Phases Utilizing Chiral Porous Materials

The evolution of porous materials has progressed through inorganic materials, inorganic-
organic hybrid materials, to purely organic materials. While traditional inorganic porous materials
(e.g., molecular sieves, zeolites) exhibit well-defined structures and high stability, they suffer from
challenges in functional modification. The latter two categories, however, overcome this limitation
through flexible organic ligand design, emerging as research hotspots due to their structural
tunability and functional diversity. Recent breakthroughs have been achieved in cyclodextrin-based
chiral porous materials for stationary phases. In 2017, Yan et al. [92] pioneered the use of y-CD MOF
as an HPLC chiral stationary phase, successfully separating aromatic alcohols and validating the
feasibility of CD MOFs in chiral separation. In 2021, Li et al. [93] developed a diphenyl carbonate
cross-linked y-CD MOF (CL-CD-MOF) that outperformed traditional C18 columns in separating
xylene isomers under both normal- and reversed-phase modes, demonstrating unique three-
dimensional shape recognition capabilities. In 2022, Zheng et al. [94] constructed a (-CD-COEF-
functionalized silica stationary phase (COF@CD@SiO2) via a one-pot method in Figure 28, achieving
efficient and rapid separation of six enantiomers. Although these chiral porous materials remain in
their early developmental stages, their hierarchical pore structures and host-guest synergistic
mechanisms reveal significant application potential.
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Figure 28. 4-10 Synthesis roadmap for COF@CD@SiO: [94].

5. Conclusions

Cyclodextrin (CD) derivative-based stationary phases demonstrate significant advantages in
chromatographic separation, offering innovative platforms for gas chromatography (GC) and high-
performance liquid chromatography (HPLC) due to their unique cavity structures and chiral
recognition capabilities. In GC, CD stationary phases efficiently separate chiral compounds and
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volatile stereoisomers through host-guest inclusion interactions, particularly exhibiting exceptional
resolution for terpenes, alcohols, and related substances. In HPLC systems, these materials achieve
baseline separation of chiral drug enantiomers under reversed-phase, normal-phase, and polar
organic modes, while also enabling high-efficiency analysis of complex systems involving
polar/nonpolar compounds and biomacromolecules. Their structural modifiability further extends
application boundaries, demonstrating critical value in chiral drug separation, environmental
pollutant analysis, and biomacromolecule detection. This provides innovative solutions for complex
sample analysis.
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