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A B S T R A C T

Designed more than thirty years ago in order to improve and maximize the discrimination capability of native
polysaccharides, cellulose- and amylose-based selectors have shown excellent and unequalled performances for
the enantioseparation of chiral compounds. The successful story of these chiral selectors relies on a multi-site
high-ordered chiral platform which is held up by intramolecular hydrogen bonds (HBs), and makes the polymer
able to host and discriminate enantiomers. In this environment, both achiral and stereoselective intermolecular
noncovalent interactions play a pivotal role, and HBs, halogen bonds (XBs), dipole-dipole, π-π stacking, steric
repulsive, and van der Waals interactions underlie adsorption process and formation of transient diastereomeric
assemblies between the polymer and the enantiomer pair. In the last decades, advances in computational chem-
istry and spectroscopic techniques have improved knowledge of noncovalent interactions, contributing to decode
their functions in chemical systems. Significantly, over time the growing interplay between experimental and
theoretical approaches has contributed to unravel intermolecular forces underlying selector-selectand association
and to understand recognition patterns. On this basis, this review summarizes seminal and representative studies
dealing with noncovalent interactions that function in HPLC enantioseparations promoted by cellulose benzoates
and phenylcarbamates of amylose and cellulose. The importance of integrating theoretical and experimental ap-
proaches to profile mechanisms and interaction patterns is highlighted by discussing focused case studies. In
particular, the advantageous utilization of electrostatic potential (V) analysis and molecular dynamics (MD) sim-
ulations in this field is evidenced. A systematic compilation of all published literature has not been attempted.

© 2020

1. Introduction

Noncovalent interactions were first described by J. D. van der Waals
in the 19th century, his studies providing a notable and influential con-
tribution to the comprehension of molecular cohesion and intermolec-
ular forces [1]. During the time, the concept has been defined by sev-
eral authors focusing on the inherent difference between covalent and
noncovalent bonds [2-4]. In both cases, bonds originate from a primary
interaction between atoms and molecules which leads to the formation
of a covalent bond and a new molecule, or a noncovalent bond and a
new molecular assembly [3]. On the basis of their essential function
of connecting atoms and molecules, noncovalent interactions control
molecular binding and recognition, allowing for the development of di-
verse applications of supramolecular chemistry [4]. Indeed, depending

⁎ Corresponding author. Tel.: +39 079 2841218
E-mail address: paola.peluso@cnr.it (P. Peluso)

on the structural features of the interacting parts and medium proper-
ties, ionic interactions, hydrogen bond (HB), σ- and π-hole bonds, anion-
and cation-π, π-π stacking, dipole-dipole, hydrophobic, steric repulsive,
and van der Waals (vdW) interactions can occur at intra- and intermol-
ecular level, originating and regulating formation, properties, functions
and applications of supramolecular complexes, assemblies and clusters
in gas, liquid and solid phase [5].

In the last decades, huge progresses have been made in the under-
standing [6] and measurement of molecular interactions [7]. Signif-
icantly, advancements in crystal engineering, analytical methods and
computational chemistry have allowed for a deeper profiling of nonco-
valent interaction nature and functions [3,8,9]. As a consequence of the
recognized relevance of noncovalent bonds in chemistry, physics, and
biology, the International Union of Pure and Applied Chemistry issued
focused recommendations on hydrogen [10], halogen [11], and chalco-
gen [12] bonds.

Noncovalent interactions also play a key role in enantioseparation
science, where they are the essential elements of the code by which
chiral selector and selectand enantiomers connect to each other to per

https://doi.org/10.1016/j.chroma.2020.461202
0021-9673/© 2020.
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form the enantiomer distinction [13,14]. In this field, HPLC enantiosep-
arations on polysaccharide-based chiral stationary phases (CSPs) still re-
main the most used for the resolution of racemic mixtures, these selec-
tors being extremely popular due to their versatility and separation per-
formances [15-18]. Indeed, the complex structure of the polysaccha-
ride-based selectors represents a multivalent adaptable chiral platform
which contains different recognition sites with functions as both Lewis
bases and acids [19]. A dynamic and reversible process moving the
enantiomers from the mobile phase (MP) to the chiral polymer surface
enables the formation of two transient diastereomeric complexes, which
are characterized by different free energy (ΔΔG°) and lifetime. Conse-
quently, enantiomers are eluted outside the chiral column in different
times, with an enantiomer elution order (EEO) dependent on the prefer-
ence of the selector toward one of two enantiomeric three-dimensional
structures. At molecular level, the distinction process is based on the
ability of the polysaccharide-based selector to recognize the enantiomers
of the analyte by means of HBs and halogen bonds (XBs), dipole-dipole
and π-π stacking, vdW and hydrophobic forces, and steric repulsion, the
strength of these interactions being dependent on selector and analyte
structure, and MP. Indeed, on the basis of its structure and polarity, the
MP can favour or disfavour selector-analyte interactions through solva-
tion effects. Thus, selector, analyte, and MP determine noncovalent in-
teraction patterns underlying chiral recognition and affect ΔΔG° and its
enthalpic and entropic terms, according to the Gibbs-Helmholtz equa-
tion (1):

(1)
This structural complexity, and the occurrence of multiple intermol-

ecular forces which act between selector and selectand in a solvated
environment, represent the key of the success of polysaccharide-based
CSPs. On the other hand, the high level of intricacy makes the identifi-
cation of noncovalent interactions underlying chiral recognition mech-
anisms a challenging and still open issue [20,21]. To tackle this task,
integrating theoretical and experimental studies represents a modern

and useful approach to profile the enantiodistinction process [22,23].
The interplay between chromatographic, thermodynamic, extrathermo-
dynamic, spectroscopic, X-ray diffraction (XRD), and computer-aided
studies has been contributing more and more to develop structure-reten-
tion and structure-selectivity models with adequate degrees of reliabil-
ity [2,24,25]. In the last decade, these combined approaches have been
fruitfully applied to explore chiral recognition mechanisms occurring on
polysaccharide-based and other chiral selectors such as cyclodextrins,
cyclofructans, macrocyclic glycopeptides, proteins, and small chiral se-
lectors [20,21,25]. Among computational approaches, molecular dy-
namics (MD) simulations [22,23] have proven to be a powerful tool
furnishing intriguing details on enantiodiscrimination at a microscopic
level. Moreover, recently electrostatic potential (V) analysis allowed for
identifying and studying XB and other interactions in HPLC environment
[26-28].

Given this context, noncovalent interaction functions in enantiosep-
aration processes promoted by cellulose benzoates and amylose and cel-
lulose phenylcarbamates in HPLC environment are described herein.
First, some introductory concepts on selectors, noncovalent interactions,
and approaches to study HPLC recognition mechanisms are summarized.
Then, seminal and more recent studies are discussed, which were per-
formed a) to explore and model the high-ordered structure of polysac-
charide-based selectors, and b) to evaluate the contribution of intermol-
ecular noncovalent contacts to analyte adsorption and discrimination.
Since excellent reviews on polysaccharide-based CSPs have been re-
cently published [17,18], aspects concerning applications, enantiosep-
aration method development, instrumental issues and immobilization
technologies are not discussed in this article.

2. Brief description of amylose- and cellulose-based chiral
stationary phases

Cellulose benzoates and phenylcarbamates of cellulose and amylose
(Fig. 1), bearing one or two electron-donor or electron-withdrawing
substituents on the aryl ring, were designed and prepared by Okamo

Fig. 1. Structures and column tradenames of cellulose tribenzoates, and amylose and cellulose tris(phenylcarbamate)s which are commercialized as CSPs.
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to's group in 1980s [29-33] in order to improve and maximize the dis-
crimination capability of native polysaccharides. Later, in 1990s a new
series of polymers containing substituents of different nature was devel-
oped [34-36], and over time some of these polymeric selectors have
shown excellent and unequalled performances for the enantioseparation
of chiral compounds [15,17]. On these bases, several chiral columns are
today commercially available, which contain silica supports functional-
ized with the polymeric selector that is covalently linked or physically
adsorbed (Fig. 1).

Actually, several polysaccharides such as cellulose, amylose, inulin,
curdlan, chitin, chitosan, xylan and dextran were considered [29], but
to date only cellulose and amylose derivatives have shown suitable per

formances to be commercialized. Moreover, despite the fact that both
chitosan and chitin derivatives showed promising performances for
enantioseparation [37,38], no theoretical exploration has been at-
tempted so far in order to understand their recognition mechanisms to-
wards enantiomers [21].

As depicted in Fig. 2 for the amylose tris(3,5-dimethylphenylcarba-
mate) (ADMPC) as a representative example [39], in amylose- and cel-
lulose-based selectors, the polysaccharide backbone is the essential ele-
ment because conformational chirality depends on the peculiar helical
twist generated by specific glycosidic linkages in cellulose (β-1,4) and
amylose (α-1,4) polymeric chains. The native polysaccharide is modi-
fied at two different levels through a) a polar layer containing carba

Fig. 2. Image of ADMPC oligomer (12-mer) adapted and graphically modified (Chimera 1.13.1 [40]) from the structure released from Ref. [39]: (a) bidimensional drawing, (b) tridimen-
sional, viewpoint along the chain axis, (c) viewpoint perpendicular to the chain axis, (d) electron density surface. Colours: aryl group (green), N-H (blue), C=O (red).
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mate or benzoate groups which are close to the polymer backbone (N-H
coloured in blue, C=O coloured in red), and able to exert polar interac-
tions, and b) a hydrophobic layer containing substituted aromatic rings
(coloured in green), which are located at the periphery of the polymer,
and able to exert π-π interactions (Fig. 2a). The result of this derivatiza-
tion is the radial expansion of the polymer in a direction perpendicular
to the backbone axis (Fig. 2b), and the transfer of the chiral information
from the molecular to a conformational level to generate a chiral poly-
meric groove (Fig. 2c,d) which is able to host a chiral molecule, and
recognize, and differentiate its enantiomers.

Among several other atoms or groups evaluated as substituents,
methyl and chlorine proved to be the best electronic modulators in-
side the polymeric system. Consequently, the most commercialized se-
lectors contain methyl, chlorine or both as substituents, which are the
key to the different selectivity of the corresponding CSPs. Indeed, the
electronic properties of the polar layer (carbamate or benzoate) and its
ability to exert polar interactions are tuned by changing type and posi-
tion of both methyl- and chloro-substituents onto the terminal aromatic
ring [16,34-36]. Thus, a multitude of noncovalent interactions can po-
tentially occur into the groove but, actually, only some of them act to
recognize the enantiomers of a given chiral analyte, depending on its
particular structure, size and shape which is the sum of geometry and
electronic distribution. In this regard, it is worth mentioning that non-
covalent interactions operating in this class of polymers can be also ex

Table 1
Type, direction, and angular dependence of noncovalent interactions working in polysac-
charide-based CSPs.

Type Direction Angular dependence

Hydrogen bond (HB) Attractive Directional
Halogen bond (XB) Attractive Directional
π-π interaction Attractive Directional
Dipole-dipole Attractive Directional
van der Waals induction force a Attractive Directional
London dispersion force b Attractive Non-directional
Hydrophobic interaction Attractive Non-directional
Steric hindrance Repulsive Non-directional

a permanent dipole-induced dipole
b induced dipole-instantaneous dipole

Fig. 3. Scheme of HBs between analytes and carbamate moiety of polysaccharide-based
selectors.

ploited to discriminate non-enantiomeric compounds which are difficult
to separate with conventional achiral materials [41-43]. In addition,
polysaccharide-based CSPs have been successfully used for preparative
enantioseparation due to their high loading capacity which increases the
productivity of the separation process [44]. Indeed, the high density of
chiral selector molecules per surface unit allows for an elevated simulta-
neous number of noncovalent interactions acting to discriminate analyte
molecules [45]. Thus, the efficient network of noncovalent interactions
promoted by cellulose- and amylose-based CSPs lends them the highest
loading capacity among all chiral materials used for preparative appli-
cations.

3. Noncovalent interactions in polysaccharide-based selectors

Noncovalent interactions which can drive association of enantiomers
and polysaccharide-based selectors are summarized in Table 1 [46,47].

HBs occur either between positively polarized hydrogen atoms of
carbamates N-H (selector) as HB donors and negatively polarized HB
acceptors of analytes, either between oxygen atoms of benzoate or car-
bamate C=O (selector) as HB acceptors and positively polarized HB
donors of analytes (Fig. 3), with distances ranging typically from 2.8 to
3.2 Å [39,48].

XBs have been found in polysaccharide-based selectors occurring
between the carbamate C=O and a halogen atom of analytes which
behaves like Lewis acid through the region of lower electron density
called σ-hole (Fig. 4a), and located on the elongation of C-X bond
[27,49]. The strength of the XB depends on halogen type following
the order I > Br > Cl, and typical distances have been observed in
the range 2.8-3.5 Å [27,50]. On the other hand, halogen can behave
as HB acceptor toward the carbamate hydrogens N-H by means of the

Fig. 4. (a) General scheme of XB and HB on halogen site; (b) hydrophobic surface of iodopentafluorobenzene; (c) typical angular features of XB and HB.
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higher electron density region located around the σ-hole, as well as hy-
drophobic site, specially in polar solvents (Fig. 4b). Both HB and XB are
directional interactions with a strong angular preference (Fig. 4c).

π–π Interactions are attractive and involve π-clouds centred on aro-
matic rings belonging to both analyte and polysaccharide structures.
Like HBs, these interactions are also based on complementarity, there-
fore they occur between a negatively polarized π-cloud as a π-donor
(π-basic ring) and a positively polarised π-cloud as a π-acceptor (π-acid
ring). Dipole-dipole interactions are attractive and involve regions hav-
ing a dipole moment. Carbamate and benzoate carbonyls represent the
main dipolar sites in the polysaccharide-based CSPs. Induction and dis-
persion forces are the weakest noncovalent interactions. However, these
forces contribute to the hydrophobic effect playing a significant role in
reversed-phase elution mode and some entropy-driven processes [46].
Finally, noncovalent interactions can behave in a repulsive manner,
short-range repulsion due to steric hindrance being originated by over-
lap of the electron distribution. It affects discrimination due to the fact
that atoms, functional groups and molecules occupy a space which can-
not be occupied by other molecular entities.

Several other features characterize noncovalent interaction patterns
in multivalent polysaccharide-based selectors: i) phenomena of positive
and negative cooperativity can limit the additivity of single interac-
tions [4,8,48]; ii) many typical interactions can be considered multi-
point interactions in their nature such as dipole-dipole and π-π interac-
tions [25]; iii) conformational features of the interacting partners affect
noncovalent interaction efficacy; iv) when a molecule interacts with an-
other molecule, its electronic density is perturbed to some extent by the
electric field of the other molecule [51]. This induced polarization may
significantly influence each further interactive contact, affecting interac-
tion additivity also in this case.

In addition, type of operating noncovalent interactions can be sig-
nificantly modulated by changing the MP. In general, three elution
modes can be exploited, which are the normal phase (NP), the po-
lar organic (PO), and the reversed-phase (RP) [52,53]. Under NPLC,
the interaction capability of the CSP is governed by polar interac-
tions. Using PO conditions, namely acetonitrile or alcohols, allows to
properly modulate the strength of polar and hydrophobic interactions
which increase and decrease, respectively, following the order
methanol → ethanol → 2-propanol [54,55]. Solvents of medium polar-
ity (nonstandard solvents) such as dichloromethane, tetrahydrofuran,
ethyl acetate, and methyltert-butyl ether can be used on immobilized se-
lectors [56], whereas these solvents cannot be used with coated poly-
mers. Under RP elution conditions, namely using aqueous MPs [57,58],
the polymer can behave as a non-polar CSP and its interaction capabil-
ity can be governed by hydrophobic interactions. However, as polysac-
charide-based CSP contain carbamate and ester substructures along with
hydrophobic regions, hydrophilic interactions can also occur with wa-
ter-containing MPs. Therefore, based on analyte features, CSP structure,
and water-containing MP composition, polysaccharide-based CSPs may
behave as hydrophilic interaction liquid chromatography (HILIC)-like
stationary phases, showing behaviour opposite to the RP mode due to
a fine balance between HBs and hydrophobic contacts as the content of
water changes [18,59-61].

As the EEO describes the preference of the selector towards one
of two enantiomeric three-dimensional structures, factors influencing
discrimination mechanism at molecular level such as CSP, MP type
and composition, and temperature, can also impact EEO. Significantly,
phenomena of EEO reversal dependent on these factors disclose that
changes in discrimination mechanism occur. In this regard, it is worth
mentioning that interesting examples of EEO reversal dependent on na-
ture and content of PO modifiers and additives in the MP and on temper-
ature were described in literature [53,62-65]. In particular, EEO rever-
sal dependent on the content of water in aqueous-organic MP has been
reported revealing the dual behaviour of the CSP as HILIC-type and RP
sorbent [61].

In this complex scenario, information on chiral recognition mecha-
nisms can be available by using orthogonal techniques which can fur-
nish complementary evidences on the enantioseparation event at macro-
scopic and microscopic level. Most studies started from the experimental
chromatographic evidences, and empirical recognition models could be
derived by evaluation of the effect of MP nature, structure of polysaccha-
ride derivative and analyte on retention and selectivity [30,34,66,67].
Thermodynamic quantities estimated by van't Hoff analysis also provide
meaningful information at macroscopic level in order to derive the en-
thalpic and entropic contributions to the enantiodiscrimination [18].
Nevertheless, van't Hoff analysis does not allow for determining individ-
ually achiral and chiral features of enantioseparation and their actual ra-
tio in the discrimination process [68,69]. Going beyond the boundaries
of pure chromatographic studies, spectroscopic methods [39,70], XRD
[71] and molecular modelling [22,23,39,72,73] have been fruitfully
used for the purpose along with extrathermodynamic approaches such
as entropy-enthalpy compensation (EEC), linear free energy relationship
(LFER), and linear solvation energy relationships (LSER) [25,74-76].
Among all possible approaches, significant information on noncovalent
interactions at microscopic level have been gained by spectroscopic and
computational methods [21-24].

Nowadays, molecular modelling has become more and more faith-
ful to simulate enantiomer distinction, in particular, due to the avail-
ability of molecular mechanics (MM) methods adaptable to the study
of large systems, the improvements of software and hardware tools,
and the availability of friendly computational platforms. In this context,
docking, MD, and V analysis provide important information to visualize
analyte-polymer association and to identify type, topology and geomet-
rical parameters of noncovalent interactions underlying complex forma-
tion. Developed at the beginning to explore and understand protein-lig-
and contacts in medicinal and pharmacological chemistry [48,77], these
techniques have also found fruitful application in other fields such as
chiral chromatograpy. On one hand, docking presents a very low com-
putational cost, allowing exploration of a vast conformational space in a
short time. On the other hand, a problem emerges from the poor flexi-
bility of the modelled polymer which is not permitted to adjust its con-
formation upon analyte binding. On the contrary, MD simulations are
time-consuming but they treat simulation in a flexible way, and the ef-
fect of MP can be properly accounted for by parametrizing the solvent
explicitly. On this basis, a useful multistep approach consists in the fol-
lowing sequence: a) docking for a preliminary exploration about poly-
saccharide-enantiomers binding possibilities, b) MD simulation in order
to account the dynamic nature of enantioseparation, c) refinement of
low-energy selector/enantiomer complexes at quantum mechanics (QM)
level in order to obtain accurate energetic information. However, inter-
esting energetic information could be also extracted from MD trajectory
data set. Indeed, during MD production the molecular system is free to
run for a period of time and the process is iterated for thousands of
steps in order to bring the system to an equilibrium state, saving all
the information about the atomic positions, velocities, and other vari-
ables as a function of time. The set of data emerging from the MD ex-
periment is the trajectory which describes coordinates and energies of
the chiral partners in the system and their variation with time. In most
studies focused on cellulose- and amylose-based derivatives as selectors
[70,78-80], the interaction energy (Eint) between enantiomer and selec-
tor is calculated on the basis of the energies of the selector-enantiomer
complex, the selector and the enantiomer (eq. 2)

(2)

where the Eint term derived from the contributions of the vdW and the
electrostatic (es) interaction terms eq. 3). The term EvdW in turn is com-
posed of repulsive (rep) and dispersive (disp) energy (eq. 4,(6)

(3)
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(4)
where

(5)

(6)

In equations (5,6), qi and qj represent electric charge of atoms i
and j, respectively, ε0 is the dielectric constant, and rij is the interatomic
distance computed from the Cartesian coordinates. The parameters Aij
and Bij are repulsive and attractive terms dependent on outer shell elec-
trons and atom polarizabilities, respectively. The interaction energy val-
ues calculated for each selector-enantiomer complex allow for gaining
information to rationalize the experimental EEO by visualizing the mol-
ecular reasons of the stereopreference of the selector toward one of the
two enantiomers and involved noncovalent interactions.

Recently, V analysis proved to be very promising to gain insights on
noncovalent interaction function in polysaccharide-based CSPs by eval-
uating the electron density on molecular regions involved in the nonco-
valent contacts [26,28,79]. In fact, as the enantioseparation is a phe-
nomenon involving surface contacts between selector and analyte, the
V analysis of the interacting partners in their unperturbed state can be
advantageously used to predict and rationalize noncovalent interaction
strength and direction by mapping V on electron density isosurfaces and
generating V isosurfaces (VS), the most used isodensity contours being
0.001 or 0.002 au [81]. Given a molecule, the V(r) at each point r in
the surrounding space, is created by each nucleus (first positive term)
and electron (second negative term) of the molecule and given by equa-
tion 7

(7)

where ZA is the charge on nucleus A located at RA, and ρ(r) is the elec-
tron density function. Thus, the sign of VS may be positive or negative
depending on the dominant contribution, which is positive and nega-
tive from nuclei and electrons, respectively. The interesting feature of
V is that it is a real physical property, and the evaluation of its varia-
tions on the molecular isosurfaces accounts for the shape of the mole-
cules which is the sum of geometry and electronic distribution. More-
over, V gives information on specific regions of the molecules, such as
lone pairs and π-clouds. In particular, regions with high (nucleophile)
and low (electrophile) electron density can be identified by the minima
(VS,min) and maxima (VS,max) values of VS, respectively. Given the enan-
tiophore concept [82], calculating VS allows for achieving important in-
formation on the 3D-shape of the enantiophore systems, on site geom-
etry and expected directionality of the noncovalent interactions poten-
tially involved in the enantiodistinction process. As representative ex-
amples, in Figure 5 calculated VS of DFT energy-minimized structures
of Tröger base (1) and trans-stilbene oxide (2) are reported [26]. In this
case, a more negative VS,min value was calculated on the nitrogen surface
in 1 (VS,min (N)= -151.2 kJ/mol) with respect to VS,min of the oxygen in
2 (VS,min (O)= -141.0 kJ/mol). Compound 1 showing higher retention
(k1 = 1.61) than 2 (k1 = 1.04) on cellulose tris(3,5-dimethylphenylcar-
bamate) (CDMPC) under NP elution conditions, the V analysis confirmed
that a HB between the HB acceptors of the analytes and the polymer
contributes to retention of both 1 and 2 on CDMPC.

Moreover, even if VS is an achiral descriptor, it can account for those
interactions governing enantioseparation because individual intermolec-
ular interactions between the enantiomers and the CSP are achiral [76],
while they differentiate the enantiomers on the basis of stereoselective
cooperative patterns.

Fig. 5. VS calculated for compound 1 (VS,min (N)= -151.2 kJ/mol) and 2 (VS,min (O)=
-141.0 kJ/mol) employing the DFT method with the B3LYP functional and the 6-31G** as
basis set. Colours roward red depict negative potential, while colours toward blue depict
positive potential and colours in between (orange, yellow, green) depict intermediate val-
ues of potential.

Another advantage of using V is that it is less sensitive to the choice
of basis set and computational methods than the calculation of interac-
tion energy [24,83]. On this basis, even Hartree-Fock (HF) procedure
can be used for larger molecules to profile trends and correlate with ex-
perimental data such as retention and selectivity values. In this regard,
we recently found that correlation between VS,max values calculated for
a series of halogenated analytes and both retention and selectivity is not
very sensitive to functional (B3LYP vs. M06-2X) and basis set (6-311G*
vs. def2-QZVP) [24].

Descriptors related to V and molecular surface properties [84] have
been used in some quantitative structure-property relationships (QSPR)
approaches such as 3D-QSPR comparative molecular field analysis
(CoMFA) and comparative molecular similarity index analysis (CoM-
SIA). However, applications of these methodologies have been reported
for polysaccharide derivatives [85,86] in smaller degree compared to
low-molecular weight selectors [87-89].

4. Intra- and intermolecular noncovalent interactions

From the first studies reported by Ichida [90] and Okamoto [29-33]
describing the utilization of polysaccharides derivatives as chiral selec-
tors for enantiomer separation, three main features emerged:

i) cellulose benzoates and phenylcarbamates of amylose and cellulose
showed high degree of chiral recognition toward several classes of
racemates [90,29,32];

ii) the high-ordered structure of polysaccharides appeared crucial for
effective chiral discrimination, and the chiral recognition ability in-
creased as the conformational regularity of the polysaccharide-de-
rivative [19]. In particular, the phenylcarbamate derivatization
favoured conformational regularity, and polysaccharide phenylcar-
bamate-based CSPs were able to enantioseparate Tröger base (1)
and trans-stilbene oxide (2) used as test probes. On the contrary,
phenylcarbamate of β-cyclodextrin adsorbed on silica gel as chiral
stationary phase produced no enantioseparation for compounds 1
and 2, using n-hexane/2-propanol 99:1 as MP [29]. In addition,
Okamoto and co-workers also used starch in place of amylose as chi-
ral support [32]. This material consists of 20-25% of amylose and
75-80% of branched amylopectin. In this study, starch tris(3,5-di-
methylphenylcarbamate) supported on silica gel exhibited lower
chiral recognition ability compared to ADMPC as CSP, this result be-
ing probably due to the detrimental impact of branched amylopectin
on the conformational regularity of the polymeric material.

iii) HBs and dipole-dipole interactions between the stationary phase and
racemic compounds played an important role for chiral discrimina-
tion.

Therefore, two series of noncovalent forces control functions and
patterns in polysaccharide based CSPs: a) intramolecular HBs
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which maintain the high-ordered structure of the polymer, and b) inter-
molecular noncovalent interactions which control selector-selectand as-
sociation.

4.1. Intramolecular hydrogen bonds and high-ordered structure of
polysaccharide-based selectors

In 1987, Vogt and Zugenmaier reported the X-ray analysis of a CTPC
fibre which featured as a left-handed threefold 3/2 helix (Fig. 6a,b)
[91]. This high-ordered structure is characterized by dihedral angles at
the glycosyl linkages defined by H1-C1-O-C4’ (ϕ) and H4’-C4’-O-C1 (ψ)
equal to 60° and 0°, respectively (Fig. 6c).

Moreover, the side-groups at the 2- and 3-positions and that at the
6-position of the adjacent glucose unit are close to each other, with
s-trans conformation between the carbonyl carbon and the ether oxygen
on the side chain. Interestingly, a distance of 2.724 Å was observed be-
tween the N-H proton and the carbonyl oxygen, a value which is typi-
cal for HBs (Fig. 6d). The same left-handed 3/2 helical motif was also
reported for cellulose tris(4-chlorophenylcarbamate) [92] by means of
X-ray analysis.

Computational models of polysaccharide derivative oligomers have
been constructed by several groups over time as virtual platforms to per-
form MM energy minimization of selector-analyte complexes either by
docking or by MD simulations of the selector-selectand association. For
cellulose-based CSPs, the first model was built by Okamoto's group on
the basis of known crystallographic structure provided by Vogt and Zu-
genmaier for CTPC [91]. In this regard, it was reported by light scat-
tering and viscometry analysis that CTPC may mantain a helical struc-
ture also in solution [93]. On this basis, the computational model of
CTPC [72] was built by means of a protocol consisting of a) full en-
ergy minimization of one unit of CTPC containing MeO groups at the
terminal 1- and 4- positions, and b) construction of an octamer (8-mer)
formed by the optimized units, assigning to the glycosyl dihedral angles
the values derived from the X-ray structure reported by Vogt and Zu

genmaier [91]. On this basis, a structure similar to a left-handed three-
fold 3/2 helix was obtained for the modelled 8-mer according with the
crystallographic structure. Coherently, this model showed HBs between
the N-H protons of the carbamate moieties at the 6-positions and the
carbonyl oxygens at the 2-positions, with a distance of 2.634 Å which
is slightly shorter compared to the distance found in the X-ray struc-
ture. Then, cellulose tris(5-fluoro-2-methylphenylcarbamate) [92] and
CDMPC [94] were constructed starting from left-handed threefold 3/
2 helix of CTPC, by introducing the proper substitution on the phenyl
rings.

In 2002, Okamoto and co-workers proposed a left-handed 4/3 heli-
cal structure as the most probable for ADMPC on the basis of 2D NOESY
spectroscopy studies and computational modelling [70]. In this case,
the initial structure of ADMPC was constructed by using the structure of
amylose triisobutyrate postulated on the basis of X-ray analysis reported
by Zugenmaier and Steinmeier [95], and a unit of ADMPC was obtained
by changing the isobutyrate to 3,5-dimethylphenylcarbamate at the 2-,
3-, and 6-positions, and introducing MeO groups at the 1- and 4-posi-
tions. After minimization, this monomeric unit of ADMPC was used to
construct a dimer, and the glycoside bond was parametrized using -68.5°
and -42.0° as dihedral angles for ϕ and ψ (Fig. 7), respectively. These
values were determined by focused 2D NOESY experiments performed
with low-molecular weight ADMPC (polymerization degree ̴ 100). This
type of ADMPC could be studied by NMR due to its solubility in CDCl3,
whereas high-molecular weight fragments are insoluble. Then, the op-
timized unit was used to construct the final 12-mer oligomer charac-
terized by a left-handed four fold 4/3 helix. Interestingly, the assigned
structure was in accord with the results of Wenslow and Wang, who had
identified a helical structure with less than six folds through structural
analysis of ADMPC by solid-state NMR [96].

It is worth mentioning that in 1996, Wainer and Booth had gener-
ated a model for ADMPC starting from the conformational search of
a glucoside dimer [97]. On this basis, the angles defining the glyco

Fig. 6. (a) Left-handed threefold 3/2 helix of CTPC, viewpoint perpendicular to the helix axis, (b) viewpoint along the chain axis, adapted from Ref. [91]; (c) the glycosyl linkage in CTPC;
(d); drawing of intramolecular HB in CTPC.
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Fig. 7. Dimer structure of ADMPC. Two dihedral angles define the glycoside bond: ϕ (H1-C1-O-C4’) and ψ (H4’-C4-O-C1).

side bond were found to be ϕ = -28° and ψ = -13.8°, and a polymer
consisting of 20 monomeric units was built.

The modelled structures of CTPC, CDMPC and ADMPC (Fig. 8) pre-
sent, as a common motif, a high-ordered structure held-up by intramol-
ecular HBs between adjacent carbamate moieties. However, structural
variations concerning both backbone and side chain affect the shape of
the cavities available for the enantiomers. Indeed, the aromatic rings of
CDMPC are arranged differently with respect to the phenyl ring of CTPC
probably due the steric hindrance exerted by the methyl groups. Anal-
ogously, as the backbone changes from cellulose to amylose, the glyco-
side geometry changes, impacting helical type and cavities arrangement
along the helical axis.

In 2007, Franses and co-workers studied the effects of the back-
bone and side chain on the chiral cavity of CDMPC and ADMPC by us-
ing attenuated total reflection infrared spectroscopy (ATR-IR), XRD, 13C
cross-polarization/magic-angle spinning (CP/MAS) and MAS solid-state
NMR, and DFT modelling [98]. In this study, it was found that the
strengths of the intramolecular HBs between C=O and N-H of the carba-
mate moiety of ADMPC and CDMPC are different. For CDMPC, cavities
are slightly bigger than for ADMPC due to the differences in the polymer
backbones, producing weaker intermolecular HBs in the cellulose-based
polymer. The XRD results showed different packing arrangements for
CDMPC and ADMPC in the solid state, resulting in different contacts of
the adjacent polymer chains. For CDMPC, a larger distance between two
adjacent chains compared to ADMPC was observed due to weaker in-
termolecular HBs. These differences in the packing arrangements of the
polymer chains produce different nanostructures of the chiral cavities.
Through DFT modelling a planar conformation was predicted for both
ADMPC and CDMPC side chains.

In 1987, Steinmeier and Zugenmaier reported also for cellulose
tribenzoate (CTB) a left-handed 3/2 helical structure [99]. Computa

tional models for CTB were reported by Francotte [100] and co-work-
ers in 1991, and later, by Grinberg's group [101]. Cellulose trisbenzoate
does not present as many HB interactions sites such as cellulose carba-
mates, this derivative lacking N-H sites.

In 1990s, Okamoto and Chankvetadze studied by 1H NMR and FT-IR
the effects of structural variations of polysaccharide derivatives on in-
tramolecular HBs between adjacent carbamate moieties [34-36]. Re-
cently, these studies have been reviewed by Chankvetadze [16,17],
therefore only representative results concerning cellulose
tris(3,5-dichlorophenylcarbamate) (CDCPC), cellulose
tris(3-chloro-5-methylphenylcarbamate) (CCMPC), and CDMPC are
briefly reported herein in order to illustrate the concept (Fig. 9).

In Figure 9b, the 1H NMR spectra of the N-H region of the phenyl-
carbamate derivatives of cellulose are pictured for CDCPC, CCMPC,
and CDMPC. The N-H proton chemical shifts of the derivatives were
found dependent on the substituents on the aryl rings. The N-H reso-
nance at the lowest field was assigned to the N-H proton at the 6-po-
sition [34,36]. By comparing the three spectra snapshots, it is ob-
served that the chemical shifts of the N-H resonances shift downfield
as the acidity of N-H increases. Recently, our group calculated at DFT
level the V maxima associated with the electropositive regions centred
on N-H hydrogens (Fig. 9a) [24], and VS,max values increased as the
electron-withdrawing properties of the substituents on the aryl rings,
in line with the NMR trend observed by Okamoto and Chankvetadze.
Moreover, the authors confirmed the formation of intramolecular HBs
between adjacent carbamate moieties in polysaccharide phenylcarba-
mates by IR spectroscopy focused in the NH region of the phenyl-
carbamates (Fig. 9c). The IR analyses indicated that electron-donat-
ing substituents on the phenyl ring (CDMPC) favoured intramolecular
HB formation, whereas the presence of electron-withdrawing chlorines
(CDCPC) on the phenyl ring was detrimental for intramolecular con

Fig. 8. Optimized structures of (a) cellulose phenylcarbamate (CTPC), cellulose 3,5-dimethylphenylcarbamates (CDMPC), and amylose 3,5-dimethylphenylcarbamates (ADMPC) adapted
from Refs. [94,70]. Viewpoint is along the chiral axis.
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Fig. 9. (a) Structure of CTPCs and calculated VS,max on N-H [24], colours roward red depict negative potential, while colours toward blue depict positive potential and colours in between
(orange, yellow, green) depict intermediate values of potential; (b) 1H NMR spectra of CDCPC, CCMPC, and CDMPC, adapted from Ref. [36], NH proton at the 6-position is indicated with
the red point; (c) IR spectra of CDCPC, CCMPC, and CDMPC, adapted from Ref. [36].

tacts. As shown in Figure 9c, FT-IR spectroscopy provided clear in-
formation about the ratio of the two types of situations involving the
N-H hydrogen of polysaccharide phenylcarbamates. Indeed, two diverse
bands at different wavelengths around 3500 cm−1 are associated with
the two molecular situations. Similar trends were observed for methyl-
and chloro-substituted phenylcarbamates of amylose [35].

Different factors can affect intramolecular HBs and the high-ordered
structure of polysaccharide benzoates and phenylcarbamate derivatives.
The structure of cellulose benzoates and, consequently, their chiral
recognition is more influenced by the conditions used for the prepara-
tion of the packing material than the corresponding phenylcarbamates.
This difference is probably due to the different conformational stabili-
ties between cellulose benzoates and phenylcarbamates [102]. Immo-
bilization procedures can also alter the structure of polysaccharide de-
rivatives because most of covalent immobilization technologies require
under-derivatized polysaccharide in order to link it covalently to the sil-
ica surface. Recently, the topic has been comprehensively reviewed by
Chankvetadze [18].

The effect of solvent on the high-ordered structure of polysaccharide
derivatives has been investigated in some studies. In 2001, Wenslow and
Wang reported 1H/13C CP/MAS solid-state NMR for monitoring the ef-
fects of several n-hexane mixtures containing ethanol, 2-propanol, and
other alcohols as modifiers on the structure of commercial ADMPC-poly-
mer-coated silica beads [96]. The CP/MAS spectrum of dry ADMPC
displayed broad and amorphous-like carbon peaks representing back-
bone and side-chain carbons with no evidence of solvent incorporation.
Treating the sorbent with n-hexane, solvent incorporation was clearly
evident by solvent peaks present in the CP/MAS spectrum. The intro-
duction of 2-propanol or ethanol, as alcohol modifiers in the n-hexane
MP, produced the displacement of the incorporated n-hexane solvent
accompanied by increased crystalline character of the polymer. In par-
ticular, 2-propanol proved to displace the incorporated n-hexane mole-
cules more efficiently than ethanol. Similar results were obtained later
by Franses and co-workers by exploring sorbent-solvent interactions for
ADMPC with ATR-IR, XRD, CP/MAS and MAS NMR and DFT model-
ling [71,103]. The molecular modelling of complexes formed by sol-
vent and a single modelled side chain allowed for predicting the IR
wavenumbers, the HB interaction energies and the HB distances of the
polymer side chains with n-hexane, methanol, ethanol, and 2-propanol.
These results showed that the polymer rods form intra-rod HBs and con-
tain many nanometer-sized cavities. IR results showed that the poly-
mer has a wide distribution of intramolecular HBs. After absorption
of a polar solvent, the structure of the polymer changed, whereas the
absorption of n-hexane left the polymer essentially unchanged. The
OH groups of the alcohols make strong HB complexes with the C=O
and N-H groups of the polymer. Acetonitrile interacted with the poly-
mer through dipole-dipole interactions, while n-hexane showed only
dispersion interactions with the polymer. According

with the results obtained by Wenslow, 13C CP/MAS solid-state NMR con-
firmed that the polar solvents change the distribution of the intramol-
ecular HBs inside the polymer, producing changes in the polymer crys-
tallinity and side-chain mobility. On this basis, the authors hypothesized
that the polymer helical rods are re-organized upon absorption of al-
cohol or ACN, with the repeat distance between the helical rods upon
such reorganization increasing as the solvent molecular size. This ob-
servation appears to be in accord with the 12-mer ADMPC structures
obtained by Murad and co-workers through MD simulation performed
by using pure methanol and the mixture n-heptane/2-propanol 90:10
as explicit solvents (Fig. 10) [104]. The configurations of ADMPC in
different solvents had qualitatively the same left-handed helical na-
ture, but their dimensions varied in different solvents. Representative
structures of ADMPC in methanol (Fig. 10a) and n-heptane/2-propanol
90:10 (Fig. 10b) were generated by using clustering analysis from the
last 20 ns of a 100 ns simulation of the system consisting of one
ADMPC polymer and solvent molecules treated explicitly. Each mole-
cule from top to bottom showed to have pitches with four monomers
in each pitch in agreement with the 4/3 left-handed helical structure.
Significantly, the average configuration of the 12-mer ADMPC in n-hep

Fig. 10. Average structures of ADMPC in methanol (a) and n-heptane/2-propanol 90:10
(b), adapted from Ref. [104]: the backbone atoms are represented with vdW spheres and
the derivatives are represented with sticks. Hydrogen atoms are in white, carbon atoms
are in cyan, nitrogen atoms are in blue, and oxygen atoms are in red.
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tane/2-propanol 90:10 was longer (39.88 Å) than in methanol (35.25
Å), proving a solvent-dependent structural change of the polymer. More-
over, in accord with the results obtained by Wenslow and Wang, the
2-propanol molecules had a higher density at a closer distance to the
backbone of ADMPC than methanol.

In 2008, Grinberg and co-workers reported the first study of ADMPC
and CDMPC by vibrational circular dichroism (VCD) [63,105]. The
comparison between experimental and theoretical VCD spectra showed
that the two polymers undergo conformational changes as the polar-
ity of the MP changes. In particular, spectra comparison evidenced the
structural dfference between the two selectors. Indeed, an intramolec-
ular CH3-π contact was evidenced for the ADMPC, whereas the struc-
ture of CDMPC subunit showed all the phenyl side chain substituents far
apart from each other.

Recently, Németh and Horváth observed isothermal hysteresis phe-
nomena of retention and enantioselectivity on ADMPC using mixtures
of 2-propanol and methanol [106]. On the basis of chromatographic re-
sults and van't Hoff analyses, the authors concluded that the only real-
istic mechanism to account for the hysteresis is a hindered transition of
the high-ordered stucture of ADMPC. These results and the proposed hy-
pothesis are in accord with previous results proving the strong tendency
of polar solvents to be adsorbed on the polymer surface.

Temperature also affects chiral recognition pattern of polysaccha-
ride derivatives. Several authors studied temperature-dependent effect
on polysaccharide selectors, such as Ogura on cellulose triacetate [107],
Marchal on cellulose tricarbamate [108], Grinberg on cellulose
tris(4-methylbenzoate) [101], and Wang on ADMPC [109,110]. Very
recently, Chankvetadze and co-workers noted opposite EEO under the
same experimental conditions for the enantioseparation of ketoprofen
on coated ADMPC before and after heating the column until 70°C [65].
The change in chiral recognition pattern could be due to a chemical or
structural change in the chiral selector, chiral analyte, both of them or
to enthalpy-entropy compensation. The authors hypothesized a temper-
ature-dependent phase transition of the polymer which was confirmed
by differential scanning calorimetry, observing transition start at tem-
peratures as low as 30°C.

4.2. Intermolecular noncovalent interactions underlying
enantiodiscrimination

Enantiodiscrimination is the result of a multi-step process consisting
of selectand adsorption (binding), diastereomeric complex formation (se-
lection) and discrimination (function). On this basis, the polysaccharide
selector discriminates the enantiomer pair by means of different nonco-
valent interaction set. Each single noncovalent interaction exhibits a sta-
bilization power of the selector-enantiomer complex rather small. How-
ever, the sum of different interactions may cooperatively produce the
energy gain which determines the enantiodiscrimination extent. In ad-
dition, interactions with the achiral support may also affect adsorption
of the analyte. Moreover, as reported in the previous paragraphs, sol-
vents have specific stereoelectronic properties and occupy a room inside
cavities and ravines of the selectors, therefore MP may impact retention
and selectivity by changing polymer structure, through solvation effect
on analyte, and by stabilizing or destabilizing noncovalent interactions.

On the basis of the observations of Feibush [111], noncovalent in-
teractions promoting enantiodiscrimination have sometimes been clas-
sified as a) leading (non-stereoselective) interactions which drive poly-
mer-analyte association and determine the retention of a pair of enan-
tiomers on a CSP, and b) secondary stereoselective interactions which de-
termine enantiorecognition [25,63]. In this regard, it is worth point-
ing out that individual intermolecular interactions between the enan-
tiomers and the CSP are achiral, whereas patterns consisting of mul-
tiple interactions may be stereoselective. In this perspective, depend-
ing on the 3D-constitution of each enantiomer, interactions may pos-
itively cooperate producing an extra-stabilization for the diastereoiso

meric complex which releases the second elute enantiomer. On the con-
trary, negative cooperation may occur between noncovalent interaction
set producing an energetic destabilization of the other diastereoisomeric
complex which releases the first eluted enantiomer. This concept makes
it logic to use achiral descriptors to evaluate both retention and selectiv-
ity [112,113].

The most popular model which explains chiral recognition in terms
of noncovalent interaction cooperativity is the three-point interaction
model proposed by Dalgliesh in 1952 [114]. Nevertheless, as evidenced
by Del Rio and co-workers [112], the three-point interaction mech-
anism functions better for systems with few degrees of freedom and
which do not present multiple binding modes with the CSPs.

On the other hand, in 1990s Wainer and co-workers proposed that
chiral recognition on polysaccharide benzoates and phenylcarbamates is
not due to ‘point’ interactions but to ‘molecular interactions’ through
a conformationally-driven process [97]. On this basis, Wainer classified
polysaccharide-based CSPs as Type II, “where the primary mechanism for
the formation of the solute-CSP complex is through attractive interactions but
where inclusion complexes also play an important role” [115]. Thus, the
conformationally-driven mechanism consists of three steps: a) distribu-
tion of the solute to the stationary phase through HBs, b) conformational
adjustments of the solute and insertion in the CSP, c) stabilization of the
solute/CSP complex through electrostatic interactions [116].

Taking into account the peculiar role of the steric fit in chiral recog-
nition events promoted on polysaccharide-based selector, descriptors
such as globularity and flexibility were shown to impact retention and
selectivity on both cellulose and amylose phenylcarbamates [26,76].

Even if in the past computation approach was considered time-con-
suming and potentially unreliable with polymeric CSPs [75], nowadays
molecular modelling has become more and more popular in order to ex-
plore enantiodiscrimination at microscopic level, and in the last decade
non conventional enantioseparations have been also modelled contribut-
ing to increase quality and amount of molecular information theoreti-
cally accessible. As considered by Lipkowitz [117], modelling of enan-
tioselection in chromatography involves the concept of potential energy
surface, which determines the shape of the molecule, its dynamic fea-
tures and interaction capability. In particular, for MD, the evolution
of computational techniques and means allowed increased simulation
times from picoseconds to nanoseconds. This is particularly important
for modelling polysaccharide derivatives in order to reach stable selec-
tor-analyte equilibria over the simulation time. On the other hand, the
intrinsic structural complexity of polysaccharide-based CSPs and the de-
pendence of their recognition ability by their supramolecular structure
are factors which make modelling enantiodiscrimination with these chi-
ral selectors a challenging process [23,44]. In addition, the three-dimen-
sional structure of polysaccharide-based CSPs is not well defined, thus
this fact continues to make simulation of chiral chromatography setting
involving these polymeric CSPs rather complicated.

In 1991, a pioneering study by Camilleri and co-workers modelled
the enantioseparation of oxiracetam and related molecules on CTPC
[118]. In the same year, Francotte and Wolf modelled CTB with the aim
to address the structural features of the polymer and understand inter-
action mechanism, demonstrating that the sugar residues forming the
polymer backbone participate in chiral discrimination [100].

In the years 1994-2002, Okamoto's group performed a series of stud-
ies on the chiral recognition of polysaccharide derivatives towards sim-
ple racemates (Fig. 11a) by using chromatography, NMR spectroscopy,
and computational studies. These studies were described in detail by
Lipkowitz [117], therefore they are briefly summarized herein. The
tris(4-trimethylsilylphenylcarbamate) of cellulose, which is soluble in
chloroform, was used to discriminate the enantiomer pair of trans-stil-
bene oxide 2 [119,120] through NMR spectroscopy. In this case, the
methine protons of 2 appeared splitted into singlets and the signal of
(SS)-(-)-enantiomer was shifted downfield, confirming the chromato-
graphic EEO (RR-SS) observed with the same selector un
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Fig. 11. (a) Structures of compounds 3-7; (b) proposed mechanism of binding showing HB sites for benoxaprofen (8).

der HPLC conditions. In 1995, the enantioseparation of 2 and the
trans-1,2-diphenylcyclopropane (3) on CTPC were comparatively mod-
elled through MD by using a 8-mer CSP [72]. HBs involving the oxirane
ring and π-π stacking involving aryl rings on both analyte and selector
were found to be important noncovalent interactions. Later, the NMR in-
vestigation was extended to the tris(5-fluoro-2-methylphenylcarbamate)
[92]. Focusing on compounds characterized by axial chirality, the au-
thors showed that the fluorinated selector resolves enantiomers such
as 1,1’-bi-2-naphthol (4) and 2,2’-dihydroxy-6,6’-dimethylbiphenyl (5)
with high α > 3, and that, accordingly, large chemical shift differ-
ences between the signals of each enantiomer could be evidenced by
1H and 13C NMR. These findings were supported by MM energy min-
imization performed by using a 8-mer CSP. In 1999, the enantiosep-
aration of benzoin (6) was modelled by using 9-mer of CDMPC and
CTPC for MM energy minimization [94]. In 2002, the enantiosepara-
tion of 1-(9-anthryl)-2,2,2-trifluoroethanol (7) was studied on ADMPC
[70]. HPLC analyses in CHCl3 performed on a chemically bonded CSP
(EEO = R-S) and NMR experiments in CDCl3 demonstrated that (S)-7 is
close to the H1, H2, and H4 protons of the glucose in the chiral groove
of ADMPC through intermolecular HBs between the OH proton of the
analyte and probably the carbonyl oxygen of the carbamate group. In
this regard, a modelled ADMPC was used for MM energy minimization
of the (S)-7/ADMPC complex, confirming the existence of a HB between
the analyte and the carbonyl oxygen of the carbamate group at the
2-position of ADMPC. The distance between hydrogen and oxygen was
found equal to 1.968 Å. Moreover, the anthryl ring was favourably posi

tioned close to the H1, H2, and H4 protons in accord with NMR and
HPLC experiments.

These first studies demonstrated the pivotal role of the carbamate
moieties of the polysaccharide derivatives in chiral recognition. The
structural simplicity of the analytes studied in these first investigations
(Fig. 11a) is probably due to the need of obtaining clear responses re-
lated to specific descriptors located on elemental frameworks. Over time
advancements in spectroscopic techniques and computational methods
allowed for studying more complex analyte structures.

In this regard, it is worth mentioning the study of Wainer and
co-workers [97], where the enantioseparation of a more complex an-
alyte was modelled by using a 20-mer ADMPC as the virtual selector.
The authors docked the enantiomers of benoxaprofen (8) on ADMPC
(Fig. 11b), assuming that the molecule is optimally docked when the
maximum number of possible HBs is formed in combination to the low-
est achievable interaction energy. The EEO of 8 being R-S, it was ob-
served that when (S)-8 was docked in the ravine in its lowest energy
conformation, three simultaneous HBs were formed without significant
molecular deformations. On the contrary, the docking of (R)-8 in the
groove produced significant steric interactions between the solute and
the stationary phase and the same HBs could not be obtained. Therefore,
even though the two enantiomers form identical HBs, the two diastere-
omeric complexes differ in their stabilities leading to chiral discrimina-
tion. On this basis, the calculated α (1.52) was found to be consistent
with the experimental selectivity (1.82).
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In 1997, Grinberg and co-workers modelled the enantioseparation of
diol 9 and hydroxy ester 10 on a 6-mer of cellulose tris(4-methylphenyl-
benzoate) as built CSP [101] (Table 2). The interactive energy (Eint)
was determined by calculating the difference between the minimized en-
ergy of the docked molecules and the energy of the undocked molecules.
Subtle changes in the structure of the two analytes indicated that π-π in-
teractions do not contribute to enantioselectivity. HB was observed to
be a primary factor in the separation. Even though the chromatographic
values do not agree with those obtained from MM energy minimizations,
they showed the same trends (Table 2). Significantly, the authors con-
sidered that the disagreement in the values could depend on the fact
that the MM calculations were performed by assuming gas phase condi-
tions and with only a single short chain of cellulose. This comment high-
lighted the importance of solvent parametrization in modelling enan-
tioseparation in order to account for solvent effects, and the need to use
polymer frameworks of proper length in order to avoid the influence of
the terminal groups of the framework.

In 2007, Wirth and co-workers [39] explored the enantiorecogni-
tion mechanism of p-O-tert-butyltyrosine allyl ester 11 on ADMPC by
combining NMR experiments (1H and 2D NOESY) and MD simulations.
At chromatographic level, 11 showed selectivity factor α = 16, with a
strong binding of the L-enantiomer (EEO, D-L). In Figure 12, a snap

Table 2
Chromatographic parameters, ΔΔG° and calculated ΔEint for enantiodiscrimination of
9 and 10 on cellulose tris(4-methylbenzoate) [101]. a

Analyte α ΔΔG° [cal/mol] ΔEint [kcal/mol]

9 1.48 -251.6 -28.6
10 1.32 -178.2 -5.6

a n-hexane/ethanol 45:55

Fig. 12. 1H NMR spectra variations of peaks a,b,c for the following samples (each with
ethanesulfonic acid added) (adapted from Ref. [39]: A, O-tert-butyltyrosine (11) allyl es-
ter alone; B, D-11 plus ADMPC; C, L-11 plus ADMPC; D, ADMPC alone.

shot depicting 1H NMR spectrum of peaks a,b,c of compound 11 alone in
CDCl3, with the addition of ethanesulfonic acid, is reported (A), and the
1H resonances of the analyte are narrow. Moreover, Figure 12D shows
the spectrum for ADMPC in CDCl3 solution in the presence of ethane-
sulfonic acid. In Figures 12B and 12C the NMR spectra for the D- and
L-enantiomers, respectively, in the presence of ADMPC and ethanesul-
fonic acid are reported. On this basis, it can be observed that in Fig-
ure 12B the peaks a,b,c of compound 11 still show the spectral charac-
teristics of the isolated molecule (A), therefore most D-enantiomers of
the analyte seemed to be in the unbound state. On the contrary, for the
L-enantiomer (C), the 1H NMR resonances were greatly broadened rea-
sonably due to a strong interaction with the polymeric material ADMPC.
It is interesting to mention that in the absence of ethanesulfonic acid, no
discernible broadening in the NMR spectrum of either enantiomer with
ADMPC was observed, this result being consistent with chromatography
behaviour, which showed that acid was necessary to achieve high enan-
tioselectivity.

The 2D NOESY analysis confirmed the presence of a stronger com-
plex between ADMPC and the L-enantiomer. In particular, it is worth
mentioning that analyte/selector proton proximity found by 2D NMR
analysis was used to address the initial placement of the enantiomer
in the ADMPC complexes. For the MD simulation study, a 12-mer of
ADMPC was used on the basis of the model reported by Okamoto's
group [70]. A production run of 200 ps was performed, which gener-
ates 20 frames, each of which was subsequently minimized. The min-
imization process is useful to remove any unphysical geometries and
finds the nearest minimum-energy structure. The polysaccharide back-
bone was fixed but the phenyl chains were allowed to move freely,
and the solvent was treated implicitly by setting the dielectric con-
stant to 4.8. From a close inspection of the energy-minimized structures
of the selector/analyte complexes (Fig. 13), HB-driven interaction pat-
terns were observed for both enantiomers. Indeed, HBs were found be-
tween the protonated amine group of 11 and the electronegative car-
bonyl oxygen of the ADMPC. In this study, the convention that a HB
is formed when the distance between H and O is less than 3 Å was
adopted [39]. The amine group of the L-enantiomer showed a strong
coordination with the three carbamate oxygens (Fig. 13c, interactions
A’, B’, C’ with distances of 2.010 Å, 2.016 Å, and 2.883 Å, respec-
tively). Such interactions are present for the D-enantiomer (Fig. 13b,
A, B, C), but only B exhibited distance lower than 3 Å (2.770 Å). In
addition, the L-enantiomer has a HB between its ether linkage and the
NH group on the ADMPC carbamate side chain (D’, 2.867 Å). It is
worth mentioning that the authors argued that the strongest interac-
tions are possible for the L-enantiomer because it is able to fit bet-
ter into the ADMPC pocket (Fig. 13d) by folding over itself to max-
imize the contacts. On the contrary, the D-enantiomer (Fig. 13a) re-
mained relatively linear because the energetic cost of maximizing the
amine-carbonyl interaction is greater. The presence of the enantiomers
perturbed the structure of the polymer differently. Even though this
study still represents a seminal contribution in the field of chiral recog-
nition processes promoted by polysaccharide-based CSPs, the used MD
method presented some drawbacks such as limited production time (200
ps) and frame number (20), and the implicit treatment of solvent, prob-
ably related to limited computational power available at that time.In
2008, Franses and co-workers studied the impact of 13 structurally sim-
ilar chiral solutes containing HB donors and acceptors, and aryl rings
as elemental frameworks, on their HPLC retention and enantioresolu-
tion by using CDMPC as selector [121]. The HB between the functional
groups of the solute and the C=O and N-H groups of the polymer were
probed with ATR-IR for binary sorbent-solute systems. The CDMPC IR
amide band wavenumbers changed significantly, indicating HBs of the
polymer with the solutes. On the basis of HPLC data, IR data, and MD
simulations performed by using a built 9-mer CDMPC, the interaction
patterns were found to be consistent with the three-point attachment
model, and support the hypothesis that significant enantioresolution
requires at least three different synergistic interactions which can be
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Fig. 13. Images of energy-minimized structures D-11/ADMPC (a,b) and L-11/ADMPC (c,d) complexes adapted and graphically modified (Chimera 1.13.1 [40]) from the structure released
from Ref. [39]: (a,d) electron density surface view, (b,c) close-up view. HBs are indicated with red dotted lines.

a combination of steric hindrance, HB, or π–π interactions. The same
combined approach was applied by the group to explore the key inter-
actions of 2-amino-1-phenyl-1-propanol (12) with ADMPC and CDMPC
[122]. It was hypothesized that the observed enantioselectivity in
ADMPC was due to having three simultaneous interactions (two HBs
and one π–π) of the polymer with (-)-12 versus two interactions (one
HB and one π–π) with (+)-12. It is worth mentioning author's obser-
vations about the fact that the MD-predicted enantioresolutions for the
sorbent-solute systems (without solvent) were significantly higher than
those observed in HPLC (with MP). One reason could be that in the
MD simulations only the enthalpic contributions to the retention were
considered, thus only a qualitative agreement may be expected because
some factors such as solvent effects, entropic contributions, and the con-
tributions from achiral sites of the CSP were underestimated.

In 2009, Grinberg and co-workers used a combined approach involv-
ing HPLC and VCD analyses, and DFT calculations to understand the
mechanism underlying the enantioseparation of two aromatic α-substi-
tuted alanine esters (13) on ADMPC and CDMPC [63]. In particular,
by comparing VCD spectral differences of the two CSPs in the presence
of the two analytes, detailed interactions involving different functional
groups were identified, and the reversal of EEO on ADMPC associated
with increasing solvent polarity was explained. Later, the same group
applied this combined approach for studying of the enantioseparation of
hexa-3,4-diene-3-ylbenzene (14) on CDMPC [123]. Van't Hoff plots for
the retention factors showed that the retention of the two enantiomers is
dominated by the enthalpy, while the plot for the selectivity is entropy
driven. This suggested that the enantioselectivity is a result of inclusion
of the enantiomers in the cavities of the selector. VCD spectra, along
with DFT calculations supported the chromatographic findings.

In 2010, Zhou and co-workers modelled by MD simulation the chiral
recognition of metalaxyl (15) and benalaxyl (16) on a 36-mer ADMPC in
the presence of modified silica gel surface as the virtual CSP [124]. The
chiral recognition was found to be mainly controlled by HBs. Neverthe-
less, the reliability of the final outcomes is affected by the absence of sol-
vent, the simulation being performed in vacuum. Recently, Murad and
co-workers proposed MD simulations of a series of enantioseparations
using multiple ADMPC polymer strands (18-mer) coated on amorphous
silica slab, treating the solvent explicitly [125]. Even though this study
describes an interesting approach to design a model closer to a real sys-
tem, the benefit of modelling the achiral support is not fully validated
by the obtained results. Indeed, in some cases the modelled ADMPC/
silica slab setting produced similar results with respect to the modelled
ADMPC alone [126].

Despite the pivotal role of HBs in chiral recognition promoted by
polysaccharide derivates, hydrophobic, π-π stacking, and vdW interac-
tions also exhibited a prominent role in certain processes.

In 2012, Alcaro and co-workers explored the recognition mechanism
of the enantioseparations of a series of pyrazole derivatives, demonstrat-
ing that analyte structural properties strongly impact the recognition
pattern [127]. First, the enantioseparation mechanism of compounds
17 and 18 (Fig. 14a) on Chiralcel OJ-H (cellulose tris(4-methylben-
zoate)) was studied by combining experimental analysis and molecular
modelling. By using ethanol as MP, very high enantioselectivity was re-
ported for both 17 (k1 = 4.6, k2 = 336.0, α = 73.2) and 18 (k1 = 9.1,
k2 = 723.7, α = 79.8), with R-S as EEO in both cases.

In this study, the polysaccharide-based selector was modelled start-
ing from the left-handed threefold 3/2 helix CTPC model described by
Okamoto's group [72] and built on the basis of the structure obtained
by Vogt and Zugenmaier by X-ray [91], replacing the carbamate by the
benzoate moiety. A combined theoretical approach was used to explore
the nature of selector-enantiomers association, which consisted of a)
docking analysis by using a 4-mer oligomer as virtual selector (Fig. 14b,
red units), and b) MD simulation (60 ns, ethanol as explicit solvent) by
using a 16-mer oligomer (Fig. 14b, red 4-mer + 12 yellow units). In
order to prevent unrealistic distortions of the OJ-H CSP, the sugar ring
atoms were restrained in their position by means of a constant force
equal to 200 kcal/mol. On the basis of this protocol, it was observed that
the chiral recognition of 17 and 18 on Chiralcel OJ-H is driven by hy-
drophobic and π-π stacking interactions rather than by HB contributions.
Indeed, the thioamide moiety, the pyrazole nitrogen, and the ether oxy-
gen were found to establish HB interactions prevalently with the solvent.
Moreover, the difference in the free energy complexation calculated by
docking accounted for experimental selectivity difference between 17
and 18, ΔΔGS-R was equal to -2.20 and -2.60 kcal/mol, respectively. Ac-
cordingly, the times of selector-enantiomer recognition extracted from
MD trajectories were in agreement with the experimental EEO.

Later, Cirilli reported a study integrating chromatographic and ther-
modynamic van't Hoff analyses, and molecular modelling in order to
explore recognition mechanism associated with the exceptional enan-
tioseparation of pyrazole derivative 19 (α = 207) with respect to the
analogue compound 20 (α = 38) on a 4-methylbenzoate cellulose-based
CSP under NP elution conditions (n-hexane/2-propanol 30:70) (Fig. 15)
[128]. In all cases R-S were determined as EEO. From the comparison
of the experimental chromatographic data of 19 and of its N-methyl
analogue 20 with those obtained by molecular modelling studies, it
was found that the chiral resolving ability is modulated by HB in-
teractions established between the thioamide moiety of the selectand
and the carbonyl oxygen atoms of the selector. Each variation driven
to weaken HBs caused a decrease in enantioselectivity, and lower se-
lectivity factors were observed under PO conditions by using ethanol
(α = 88 (19), 22 (20)) or 2-propanol (α = 124 (19), 24 (20)). This
decrease in enantioselectivity passing from NP to PO modes
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Fig. 14. (a) Structures of pyrazole derivatives 17 and 18; (b) scheme of MD model adapted from Ref. [122] (viewpoint is perpendicular to the chain axis): docking stationary phase model
(4-mer) of cellulose tris(4-methylbenzoate) is coloured in red, units added in MD model (16-mer) are coloured in yellow, analyte is in green.

Fig. 15. Representative MD poses of (S)-19 and (S)-20 enantiomers interacting to the CSP,
adapted from Ref. [128].

was also interpreted as a result of a lowered capability of the more re-
tained enantiomer to establish strong HBs with complementary sites of
the CSP. Indeed, taking into account representative MD poses reported
in Fig. 15, all analytes localized the common biphenyl moiety between
two 4-methylbenzoate side chains performing productive vdW and π-π
contacts, and HBs were observed between the -NHx thioamide group and
the carbonyl oxygens. Nevertheless, due to the methyl thioamide, the
(S)-enantiomer of 20 could show only one HB to CSP while (S)-19 evi-
denced two HBs.

In general, selectivity factors higher than 5 determine long time
analysis and large utilization of solvent, and are consequently not useful
for applicative purposes. However, this kind of enantioseparations may
be useful to gain information on enantiorecognition mechanism patterns
which, acting at microscopic level, produce exceptional selectivity re-
sults at macroscopic level.

This type of behaviour was observed for the enantioseparation of
2-(benzylsulfinyl)benzamide (BSBA) 21 on cellulose
tris(3,5-dichlorophenylcarbamate) (CDCPC) by Okamoto and co-work-
ers [129,59]. It was observed that retention and selectivity factors of
21 on coated CDCPC increased in the order methanol < ethanol <
2-propanol, suggesting that HB is a dominant factor of enantiorecogni-
tion, particularly by using 2-propanol as MP (α = 112) (Fig. 16a).

In the last few years, enantioseparation of BSBA and other sulfoxides
has been intensively investigated. In 2017, West and co-workers stud-
ied the enantioseparation of BSBA and other chiral sulfoxides on cellu-
lose-based selectors under supercritical fluid chromatography (SFC) con-
ditions [130]. Molecular modelling studies indicated that BSBA could
adopt a folded U-shaped conformation (Fig. 16b), which was efficiently
discriminated compared to other conformations, hypothesizing the oc-
currence of a conformationally-driven enantiorecognition process. In
other words, not only the type of interactions occurring between an-
alyte and selector, but also the steric fit of the analyte in the chiral
groove impact the enantiorecognition process. Later, Chankvetadze and
co-workers explored the enantioseparation of 2-(sulfinyl)benzoyl deriv-
atives either via variations of MP or via structural variations of ana-
lytes and cellulose-based selectors [131-133]. From this study, the pe-
culiar enantioseparation behaviour of BSBA appears to be driven by a
HB between the NH2 moiety of the amide group of the analyte and
the carbonyl oxygen of the selector. In fact, as the amide moiety was
replaced with methoxy or hydroxyl groups, the corresponding ester
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Fig. 16. (a) Enantioseparation of BSBA (21) on coated CDCPC column using methanol, ethanol, and 2-propanol (adapted from Ref. [129]); (b) U-folded conformation calculated for 21
by MMFF (adapted from Ref. [130]); (c) structure of 2-(sulfinyl)benzoyl derivative 22.

and acid derivatives were less enantioseparated than BSBA. Analo-
gously, the same effect was observed by introducing a methyl group on
the N atom. Very recently, Cirilli and co-workers reported the results of
a chromatographic study aiming to evaluate the impact of subtle struc-
tural variations of the analyte on the enantioseparation of amides and
esters containing the 2-(sulfinyl)benzoyl framework (22) (Fig. 16c) on
the immobilized CDCPC [134]. By using n-hexane-based mixture and
2-propanol as MPs, the best degree of enantioseparation was achieved
for the amide derivative bearing a n-pentyl chain. These results demon-
strated that hydrophobic forces can lead to a modulation of the main
noncovalent interaction driving enantiorecognition. Consequently, dis-
persive forces between the aryl group of the selector and the alkyl chain
of chiral sulfoxide, and repulsive forces of steric nature can also act in
positive or negative cooperativity with the main HB exerted by the NH2
group.

The composition of the MP can have a very important effect on chi-
ral recognition, therefore the effect of solvent should be considered in
theoretical computational studies.

Recently, explicit-solvent MD simulations were performed by Murad
and co-workers in order to elucidate the chiral recognition mechanism
of the enantioseparation of flavanone (23) enantiomers on ADMPC

[104]. For this purpose, a 12-mer oligomer was built on the basis of
the parametrization reported by Okamoto's group, and methanol or hep-
tane/IPA (90/10) were used as explicit solvents. It was found that the
number of solvent molecules around each enantiomer of flavanone cor-
relates well with the interaction between the ADMPC and the enan-
tiomer in terms of electrostatic interaction energy. Indeed, the number
of solvent molecules within 5 Å of the drug molecule significantly de-
creases when the drug molecule interacts with the ADMPC polymer. In
the absence of the ADMPC, the enantiomers form HBs with methanol or
2-propanol, or hydrophobic interactions with hexane, generating a sta-
ble first solvation shell. MD analysis reveals that the lifetime of the HBs
formed between the flavanone enantiomer and ADMPC polymers corre-
lates well with both selectivity of the enantiomers (0.9 and 0.4 in hep-
tane/2-propanol and methanol, respectively) and EEO (R-S), the S-fla-
vanone proving to have a longer HB lifetime with ADMPC than the enan-
tiomer R. π−π Interactions did not impact separation factor, whereas
steric effects involving the planar rings of the flavanone and the chiral
selector clearly did play an important role in tuning the efficacy of se-
lector-analyte HBs which are the main drivers of the enantioseparation.
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In a different situation, recently, the same authors observed that π-π
interaction can positively cooperate with HB formation [126]. A 12-mer
ADMPC, weakly restrained, was used to model the enantiosepation of 6
on ADMPC (EEOexperimental = R-S) by using heptane/2-propanol as ex-
plicit solvent, with 100 ns as MD production time (Fig. 17).

It was found that the C=O acceptor of benzoin forms the
longest-lived HBs with the N-H donor of ADMPC more for the S-enan-
tiomer compared to the R-enantiomer. Then, HBs between the O-H ac-
ceptor of benzoin and the N-H donor of ADMPC were also observed with
slightly favourable lifetimes for R-6. The OH donor of benzoin with the
C=O acceptor of ADMPC form the third most significant HB, with a
lifetime higher for the S-enantiomer compared to R-enantiomer. More-
over, formation of the HBs between the enantiomers and the ADMPC
was found to be assisted by π-π interactions which stabilize sterically and
electronically HB formation.

In 2016, Huang and co-workers modelled the enantioselection of chi-
ral pyrazole derivative 24 on cellulose tris(4-methylbenzoate) by means
of MD (100 ps of simulation time) accounting for solvent implicitly
[80]. In this study, a 12-mer fragment was built to model cellulose
tris(4-methylbenzoate), with the terminal monomers replaced by methyl
groups, and seven mixtures were used as custom solvents.

DC values were set by the authors to represent the experimental con-
ditions as follows: n-hexane/ethanol (70/30) (DC = 9.06), n-hexane/
2- propanol (60/40) (DC = 8.58), pure ethanol (DC = 25.80) and pure
2-propanol (DC = 18.62). In addition, three reference solvent condi-
tions, vacuum (DC = 1), pure n-hexane (DC = 1.89) and water
(DC = 81.00) were also considered in order to explore the solvent ef-
fect systematically. In polar solvents the S-enantiomer/CSP complex ap-
peared more stable than the R-enantiomer/CSP complex, according with
the experimental EEO reported for 24 by using PO solvents or NP with
an alcohol content > 30% [135]. The sequence S-R under PO con-
ditions was explained with a mechanism driven by nonpolar interac-
tions (Fig. 18a,b). In particular, using 2-propanol as explicit solvent, the
(R)-enantiomer is inset in the groove (a), and 5-(2-chlorophenyl) is bare
not involved in specific interactions. On the contrary, the (S)-enantiomer
is inset in the groove (b) and surrounded by the side chains of the se-
lector, with a π-π interaction formed between the 5-phenyl of the enan-
tiomer and the benzene ring of the polymer. These observations were
also confirmed by calculated EvdW energies lower than the Ees contribu-
tion to interactions energy, with the interaction energy of the R-enan-
tiomer/CSP complex higher than the energy of S-enantiomer/CSP com-
plex. On the contrary, calculations predicted inversion of EEO (S-R) in
non polar medium and in the vacuum (Fig. 18c,d) where HBs could oc-
cur between the hydroxyl proton of 24 and the carbonyl oxygen of the
CSP. Nevertheless, experimental confirmation of the predicted EEO in
non polar medium was not reported affecting the reliability of the re-
ported conclusions.

Fig. 17. MD simulation of enantiodistinction contact between benxoin 6 and ADMPC: (a)
S-6/ADMPC complex, (b) R-6/ADMPC complexes. Adapted from ref. [126].

Fig. 18. Mean energy conformations of the complexes between enantiomers of pyra-
zole 24 and cellulose tris(4-methylbenzoate) (12-mer): (a) (R)-24/selector, 2-propanol
(DC = 18.62), (b) (S)-24/selector, 2-propanol (DC = 18.62), (c) (R)-24/selector, vacuum
(DC = 1.00), (d) (S)-24/selector, vacuum (DC = 1.00). Adapted from ref. [80].

As noted on the basis of the cases discussed above, hydrophobic
and vdW interactions, which are the weakest noncovalent interactions,
can also impact enantiorecognition by determining hydrophobic con-
tacts into the grooves and ravines of polysaccharide-based selectors. In
this regard, Kim and co-workers demonstrated by MD simulations that
retention of a series of N-phthaloyl and N-naphthaloyl α-amino acids on
cellulose- and amylose-based CSPs, under NP elution conditions, is also
controlled by vdW interactions [79]. These interactions, in some cases,
proved to be dominant compared to electrostatic interactions such as
HB. For the purpose, the interaction configurations of 10000 pairs of
built cellulose (6-mer) and amylose (8-mer) oligomers and enantiomers
were investigated by MD and, among all pairs, 100 low-energy pair con-
figurations were selected, and average interaction energies (Etot) includ-
ing EvdW and Ees were calculated.
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As representative examples, compounds 25 and 26 (Fig. 19) are
considered herein, and in Table 3 chromatographic parameters for their
enantioseparation on Chiralcel OF (containing cellulose
tris(4-chlorophenylcarbamate)) and Chiralpak AD (containing ADMPC),
and related MD energies are reported. Retention of compound 25 on
Chiralcel OF and compound 26 on Chiralpak AD were shown to be con-
trolled by electrostatic and vdW interactions, respectively.

At the molecular level, for compounds 25 and 26 (Fig. 19), V analy-
sis revealed the presence of regions with high (red) and low (blue) elec-
tron density. Moreover, large hydrophobic regions (green) were present
in both structures, which govern the occurrence of electrostatic or vdW
interactions depending on the location of the analyte into the groove.
On this basis, MD allowed to rationalize the enantioseparation results,
showing that compound 25 locates the polar carboxyl moiety toward
the groove of the cellulose selector, whereas compound 26 is oriented in
the ADMPC groove pointing the hydrophobic regions toward the groove.
By using MM calculations, the same group found that steric interactions
exert a cooperative effect tuning chiral recognition mechanisms driven
by other interactions such as HBs [136,137]. In a first study, pyrethroic
acid esters 27 (Fig. 20a) were well resolved on Chiralcel OD and OF
as chiral columns, under NP elution conditions. MM was used to cal-
culate the interaction energy of the lowest energy conformations be-
tween 3-mer units of selectors and each enantiomer analyte. Consider-
ing the enantioseparation of cis-pyrethroic acid methylesters on Chiral-
cel OD (Fig. 20b), the lowest energy conformations of both CSP/enan-
tiomer complexes showed two HBs occurring between analyte and se-
lector. In particular, the alkenyl substituent R points toward the CSP in
the cis form, originating a steric hindrance with the methyl group on the
CSP. The sequence S-R as experimental EEO could be justified by the de-
creasing binding ability between CSP and the (S)-enantiomer due to the
higher steric hindrance between R and the methyl group of the CSP.

Analogously, for the enantioseparation of the fungicide ethaboxam
28 (Fig. 20c) on amylose and cellulose-based CSPs, the interaction en

Fig. 19. Qualitative representation of regions of high electron density (red) and low elec-
tron density (blue) derived from VS analysis of compounds 25 and 26 [79]. Hydrophobic
regions are reported in green.

ergies between the enantiomers and the polysaccharide-derivatives
modelled as 7-mer oligomers were calculated by MM [137]. The EEO
derived from the interaction energies were S-R for cellulose-based CSP
and R-S for the amylose-based selector, evidencing a EEO reversal de-
pendent on the backbone nature. In this case, the steric repulsion be-
tween the thiophene group and the alkyl group of the CSP affects the
efficacy of the HBs as the heteroaromatic group pointed to the groove.

In 2014, our group reported for the first time that a XB [49,138]
can drive HPLC enantioseparation of iodinated 4,4’-bipyridine analyte
29 (XB donor) (Fig. 21a) by using CDMPC as the chiral selector (XB ac-
ceptor), broadening the range of interactions which are active in HPLC
environment [24]. The efficient enantioseparation resulted from the in-
teraction of the electropositive σ-hole regions centred on iodine with
the carbonyl groups of the carbamate cellulose backbone of the selector
(Fig. 21b) [24,49].

Later, with the aim of extending the concept of XB-driven HPLC
enantioseparations, we have evaluated the performance of cellu-
lose-based CDMPC and amylose-based columns in the enantioseparation
of a large set of chiral 4,4’-bipyridines 30 bearing 3 to 6 halogens in var-
ious positions (Fig. 21c) [27,139]. In these compounds, halogens serve
as σ-hole sites and as inductors of chirality by restricted rotation around
the 4,4’-bipyridyl bond [140]. Examination of the collected chromato-
graphic data showed that the recognition mechanism depends on sub-
stitution pattern, steric fit and chromatographic system (polysaccha-
ride-based CSP and MP). Whereas the σ-holes on halogens were shown
to exclusively control enantioseparation on CDMPC, a mixed enantiosep-
aration mechanism controlled by halogen-dependent interactions and
analyte steric fit seemed to be active on ADMPC. In this last case, the
chromatographic outcomes depended on both volume and XBD ability
of the analyte [139].

Interestingly, for both cellulose- and amylose-based CSP, a dramatic
drop of selectivity was observed by using the chloro-substituted CCMPC
and ACMPC as chiral columns due to the reduced XBA ability of the
carbonyl. Moreover, the polar interaction contribution to the selectivity
was progressively suppressed by changing the MP from NP to EtOH or
MeOH because alcohols exerted a cap-effect on the carbonyls of the CSP
by means of competitive HB interactions (Fig. 22).

Since σ-holes are regions of electronic charge density depletion, com-
putationally calculated VS has been fruitfully used as an indicator of the
anisotropy of the molecular charge distribution. Indeed, the capability
of a halogen to behave as σ-hole donor could be estimated by the VS,max
calculated on its surface. On the other side, the Vs,min value of the CSP
carbonyl oxygens is also a good indicator of its performance for the sepa-
ration of σ-hole based substrates. Indeed, for CDMPC or ADMPC contain-
ing the 3,5-dimethylphenyl framework, a Vs,min value around −170 kJ/
mol was calculated on the carbonyl oxygens, which is similar to other
typical acceptors like acetone (−177 kJ/mol). These results supported
theoretically the experimental behaviour of CDMPC and ADMPC as good
σ-hole acceptor. On the contrary, the higher Vs,min values (from –155
to –160 kJ/mol) for the carbonyls of CSPs bearing chlorines such as
CCMPC and ACMPC indicated a reduced capability as good σ-hole ac-
ceptor.

Table 3
Enantiomer separation results (n-hexane/2-propanol mixtures as MPs) and calculated energies of noncovalent interaction between 25 and 26 and cellulose tris(4-chlorophenylcarbamate)
andADMPC, respectively [79].

Compound Column k1
a α b RS

c EEOexp Ees
d EvdW

d Etot
d EEOcalc

(D)-25 Chiralcel OF 15.41 1.50 3.93 D-L -34.938 -5.178 -40.116 D-L
(L)-25 -38.215 -8.334 -46.549
(L)-26 Chiralpak AD 2.70 1.77 5.28 L-D -3.423 -25.402 -28.825 L-D
(D)-26 -6.726 -25.210 -31.941

a retention factor of the first eluted enantiomer
b selectivity factor
c resolution factor
d Einteraction = Eelectrostatic + Evan der Waals (Etot = Ees + EvdW)
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Fig. 20. (a) Structure of pyretroic acid esters; (b) steric effect of group R in the enantioseparation of cis-27 on Chiralcel OD. Adapted from Ref. [136]; (b) structure of ethaboxam (28).

The interaction modes of eight 4,4’-bipyridine pairs with CDMPC
and ADMPC were simulated by MD calculations [73]. 35 X∙∙∙O and 10
X∙∙∙π contacts were found, with a clear prevalence of I∙∙∙O contacts (32).
In Figure 23, the results of 10 ns MD production are reported for the
enantioseparation of compound 30a in terms of occupancy graphs evi-
dencing the room occupied by each enantiomer during the production
time. Moreover, the involvement of the carbonyl site was statistically
evaluated and the highest values were observed for the carbonyl at 3-
and 6-positions. Interestingly, the number of interactions observed for
iodinated, brominated and chlorinated compounds 30 tended to reflect
the order I > Br > Cl, in agreement with σ-hole depth trend and exper-
imental outcomes.

Recently, the same strategy has been applied to fluorinated sul-
fur-containing 4,4’-bipyridines with the aim to detect and study chalco-
gen bond (ChB) in solution [141,142]. Indeed, these 4,4’-bipyridines
contain accessible σ-hole regions centred on sulfur which are able to
interact with Lewis bases [143]. For this series of compounds, it was
shown that the enantioseparation performance of the CDMPC column
is directly related to the number of fluorine atoms on the phenyl ring
linked to sulfur as the electronic activators. Since the σ-hole depth of
the sulfur is very sensitive to the electronic effect of bounded functional
groups, it is very likely that the enantioseparation is driven by ChBs.
As expected, the best result of enantioseparation was obtained with the
perfluoroarylthio substituted 4,4’-bipyridine. However, the experimen-
tal results along with calculations revealed that the perfluoroaryl ring
possesses a π-hole, as additional region of electron charge density de-
pletion, that can also participate in chiral recognition. Interestingly, re

cent results on the binding properties of perfluoroarylthio substituted
4,4’-bipyridine have confirmed that this compound interacts preferen-
tially with Lewis bases through the σ-hole [143].

5. Conclusions

Molecular cohesion, noncovalent interactions and supermolecules
have been recognized and studied for a long time and, in the last
decades, rational applications of these concepts have led to knowl-
edge advancements in several fields such as drug discovery, molecu-
lar recognition, new materials, and crystal engineering. Also in enan-
tioseparation science, identification and comprehension of the nonco-
valent forces underlying enantiodiscrimination are objectives of utmost
importance in order to profile chiral recognition mechanisms. This is
still a challenging task as enantioseparation is performed with poly-
meric selectors such as amylose- and cellulose-based derivatives. In
this case, chiral recognition is a complex phenomenon involving multi-
ple steps which are selectand adsorption (binding), diastereomeric com-
plex formation (selection) and discrimination (function) on a multiva-
lent polymeric platform. Moreover, nonadditive behaviour of noncova-
lent forces, positive and negative cooperativity, solvation and several
other effects contribute to increase the level of intricacy, making ex-
tremely challenging to deconvolute the multiplicity of interactions and
effects occurring during the enantioseparation process. For these pur-
poses, multidisciplinarity and technique orthogonality were shown to
be basic requirements to deconstruct enantioseparation processes oc-
curring on the surface of polysaccharide-based selectors. In particu-
lar, X-ray analysis and spectroscopy techniques such as IR, VCD, and
NMR strongly contributed to profile the high-ordered helical structure
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Fig. 21. (a) XB between iodine and carbonyl oxygen of CDMPC; (b) structures of CDMPC as XB acceptors; (c) structure of polyhalogenated 4,4’-bipyridines used as XB donor.

Fig. 22. Competition between XB and HB on the carbonyl oxygen.

of CTPC, CTC, CDMPC, and ADMPC. Over time integrating com-
puter-aided approaches and experimental studies have allowed for gath-
ering key information to decrypt chiral recognition codes, tracing fu-
ture directions of the research in this field. On one hand, chemoinfor-
matic studies and data mining have been mainly used for practical pur-
poses such as predictions of suitable columns and appropriate operation
conditions. However, the choice of suitable descriptors related to spe-
cific molecular properties can make these strategies useful for inspec-
tions at microscopic level. For this purpose, VS analysis allows for de-
scribing shapes and stereoelectronic properties of both polymeric selec-
tor and analyte, and for correlating them with related chromatographic
responses. Recently, this approach has been fruitfully used to identify
and study XB in HPLC environment. On this basis, it is expected that
VS as descriptor allows the identification of new unreported noncovalent
interactions as well as improvements in understanding of classical con-
tacts such as HBs.

On the other hand, docking and MD simulations have become priv-
ileged techniques to explore chromatographic systems at microscopic
level, accounting for the sensitivity of enantiorecognition to minor sub-
stituent effects. In particular, MD accounts for solvent effect and the
dynamic nature of the enantioseparation phenomena. Nevertheless, de-
spite the fact that the first MD studies of polysaccharide-based chro-
matographic settings date back to 1990s, actually this field is in its
infancy. Indeed, so far a limited number of polysaccharide-enan

tiomer associations has been modelled by MD, some of them devel-
oped on a case-by-case basis, and general criteria to model properly
polysaccharide-based selectors and simulate polysaccharide-based chro-
matographic systems are currently missing [24,25]. Then, computa-
tional cost of MD simulations is in general high, therefore computa-
tional choices are always the consequence of a balanced compromise
between the need to obtain reliable results and approximations which
depend on available computational means and complexity of the mod-
elled chromatographic system. Several studies demonstrated that MD
can help qualitatively visualize the enantiodiscrimination event and ex-
plain experimental EEO. In this regard, chromatographic phenomena of
EEO reversal represent intresting experimental platforms in order to val-
idate MD models. On the other hand, some shortcomings still remain
when quantitative entities (interaction energies, geometrical parame-
ters of noncovalent interactions) are derived from MD trajectories. In
this regard, virtual experiments need to improve reliability and repro-
ducibility of methods and approaches. Indeed, in some studies, simula-
tion outcomes seem to nicely agree with the experimental results rather
serendipitously. In other cases, no rational explanation is furnished in
terms of computational details to explain the reasons why a virtual
model is able or fails to describe a certain chromatographic setting.

However, the studies reported so far have contributed to profile some
general guidelines: i) non-conventional enantioseparations can be fruit-
fully used as experimental platforms to validate MD models. Enantiosep-
arations with large selectivity values, the use of analytes with uncom-
mon structures and phanomena of EEO reversals are suitable for this
purpose; ii) MP has to be treated explicitly in order to account for sol-
vation effects on both CSP and analyte. The pivotal role of solvent in
liquid-phase enantioseparation makes the implicitly treatment unsuit-
able. MD simulation performed in vacuum introduces a high level of ap-
proximation in modelling the chromatographic settings neglecting the
role of MP; iii) virtual polysaccharide-based selectors should preserve
as much as possible the structural identity of the real polysaccharide
groove, which originates from both backbone and side chains, in terms
of chain length and helical secondary structure. This aspect still re-
main a critical point because, in several cases, 3D-structures of poly
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Fig. 23. (a) Occupancy graphs of MD simulations (10 ns) of CDMPC complexes with the two enantiomers M and P of 2,2’,3,3’,5,5’-hexaiodo-4,4’-bipyridine 30a; (b) percentual distribu-
tion of the C=O involvement as interaction site in the course of MD simulations (10 ns). Adapted from Refs. [73,139].

accharide-derivatives have never been determined in depth, and only
CTPC, CDMPC and ADMPC have been studied intensively. In this regard,
it worth mentioning that in some recent published papers, a monomeric
unit [144,145] or short oligomer fragments [146,147] have been mod-
elled as virtual CSPs. These approaches neglect or underestimate, as a
matter of fact, the impact of backbone and conformational chirality on
enantioseparation, and consequently their use inevitably affects the reli-
ability of the model
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