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ABSTRACT

Background: Highly ordered chiral secondary structures as well as multiple (tunable) recognition sites are the
keys to success of polysaccharide carbamate-based chiral selectors in enantioseparation science. Hydrogen bonds
(HBs), dipole-dipole, and z-r interactions are classically considered the most frequent noncovalent interactions
underlying enantioselective recognition with these chiral selectors. Very recently, halogen, chalcogen and n-hole
bonds were also identified as interactions working in polysaccharide carbamate-based selectors to promote
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enantiomer distinction. On the contrary, the function of dispersion interactions in this field was not explored so
far.

Results: The enantioseparation of chiral ferrocenes featuring chiral axis or chiral plane as stereogenic elements
was performed by comparing five polysaccharide carbamate-based chiral columns, with the aim to identify
enantioseparation outcomes that could be reasonably determined by dispersion forces, making available a
reliable experimental data set for future theoretical studies to confirm the heuristic hypothesis. The effects of
mobile phase polarity and temperature on the enantioseparation were considered, and potential recognition sites
on analytes and selectors were evaluated by electrostatic potential (V) analysis and molecular dynamics (MD). In
this first part, the enantioseparation of 3,3"-dibromo-5,5-bis-ferrocenylethynyl-4,4-bipyridine bearing two fer-
rocenylethynyl units linked to an axially chiral core was performed and compared to that of the analyte featuring
the same structural motif with two phenyl groups in place of the ferrocenyl moieties. The results of this study
showed the superiority of the ferrocenyl compared to the phenyl group, as a structural element favouring
enantiodifferentiation.

Significance and novelty: Even if dispersion (London) forces have been envisaged acting in liquid-phase enan-
tioseparations, focused studies to explore possible contributions of dispersion forces with polysaccharide
carbamate-based selectors are practically missing. This study allowed us to collect experimental information that
support the involvement of dispersion forces as contributors to liquid-phase enantioseparation, paving the way to

a new picture in this field.

1. Introduction

Polysaccharide carbamate-based chiral stationary phases (CSPs) are
the most versatile tools that analytical scientists have at disposal today
to separate the enantiomers of a chiral compound [1]. Versatility and
high performances of these chiral selectors are mainly due to their
highly ordered chiral secondary structure as well as to the presence of
multiple recognition sites. In this chiral environment, mobile phase
polarity and temperature may tune the strength of noncovalent in-
teractions occurring between selector and analyte enantiomers. In
principle, a huge number of noncovalent interactions of various kind can
underlie adsorption and enantioselective recognition on polysaccharide
carbamate-based selectors allowing for successful enantioseparation of a
large series of chiral compounds. This aspect has represented the key to
success of polysaccharide carbamate-based polymers in enantiosepara-
tion science, also making them suitable to study mechanisms underlying
enantioseparation at molecular level by integrating experimental and
theoretical analysis [2]. This is still an urgent issue in enantioseparation
science because the structural complexity of polysaccharide derivatives
makes the understanding of their functioning at molecular level rather
challenging.

Hydrogen bonds (HBs), dipole-dipole, and -7 interactions are clas-
sically considered the most frequent intermolecular noncovalent in-
teractions underlying enantioselective recognition with polysaccharide
carbamate-based selectors. Intramolecular HBs within both
polysaccharide-based selectors [2,3] and analytes [4] may significantly
contribute to enantioselective recognition. Very recently, halogen [5],
chalcogen and n-hole bonds [6] were also identified as interactions
working in polysaccharide carbamate-based selectors to promote
enantiomer distinction. On the contrary, dispersion interactions still
represent an open issue in this field, and no study clearly profiled and
quantified these forces in chromatography enantioseparation so far. It is
evident that there is a gap of knowledge that should not be ignored. On
one hand, it is possible that a scientific issue does not occur if there exists
no approach to answer it unambiguously. Furthermore, if HB may act as
dominant noncovalent interaction in a molecular system, it is classically
thought that charge transfer and/or electrostatic effects are the main
occurring components [7]. On the other hand, another picture may be
envisaged given that dispersion energy contribution to noncovalent in-
teractions such as HB, and even more 7-1 interactions, may be not
negligible, and dispersion forces can greatly contribute to binding and
recognition involving extended molecular surfaces [8].

Given this context, in this study the enantioseparation of chiral fer-
rocenes featuring chiral axis or chiral plane as stereogenic elements and
extended 7n-electron clouds was considered with the following aims: a)
exploring the possibility of unusual chromatographic behaviours which

could be reasonably ascribed to dispersion forces; b) profiling reliable
benchmark experimental data set suitable to investigate dispersion-
based mechanisms by theoretical and computational analysis, confirm-
ing the heuristic hypothesis inspiring this experimental study. In this
regard, it is worth mentioning that, so far, the functioning of dispersion
forces has been verified by reliable real-life experimental data in a
limited number of cases, especially in solution, and most investigations
have been conducted either for nonconventional systems or employed
only theoretical reference data, often performed in the vacuum [9].
Moreover, currently available dispersion-corrected theoretical ap-
proaches may overestimate dispersion contribution in solution [10].

In this first part, the enantioseparation of the 3,3-dibromo-5,5"-bis-
ferrocenylethynyl-4,4"-bipyridine 1 (Fig. 1) bearing two ferrocenyle-
thynyl units linked to an axially chiral core was considered with the aim
to study the impact of ferrocene on the enantioseparation process. For
this purpose, a second analyte, the 3,3-dibromo-5,5-bis-phenylethynyl-
4,4-bipyridine 2 (Fig. 1), featuring the same structural motif but with
two phenyl groups in place of the ferrocenyl moieties, was also evalu-
ated as reference for comparison. Five polysaccharide phenylcarbamate-
based chiral columns (Lux Cellulose-1, i-Cellulose-5, Amylose-1, i-
Amylose-1, and i-Amylose-3) (Table S1, Supplementary data) were used
and compared in this study. Given that noncovalent interactions be-
tween analyte enantiomers and selector largely depend on the structures
of selector and chiral analyte, and on mobile phase polarity, possible
recognition sites on both analytes and selectors were evaluated by
electrostatic potential (V) analysis and molecular dynamics (MD), and
the effects of introducing methanol (MeOH) in the mobile phase was also
considered. Finally, the effect of temperature on retention and selec-
tivity was evaluated, and overall thermodynamics parameters associ-
ated with the analyte adsorption onto the CSP surface were derived from
van’t Hoff plots.

2. Materials and methods
2.1. Reagents and chemicals

Compounds 1 and 2 were prepared and characterized as previously
reported [11]. HPLC grade n-hexane, MeOH, and propan-2-ol (2-PrOH),
were purchased from Sigma-Aldrich (Taufkirchen, Germany).

2.2. Chromatography

An Agilent Technologies (Waldbronn, Germany) 1100 Series HPLC
system (high-pressure binary gradient system, a diode-array detector
operating at multiple wavelengths [220, 254, 280, 360 nm], and a
programmable autosampler with a 20 pl loop) was employed. Data
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acquisition and analyses were carried out with Agilent Technologies
ChemStation Version B.04.03 chromatographic data software. The UV
absorbance is reported as milliabsorbance units (mAU). Lux Cellulose-1
[cellulose tris(3,5-dimethylphenylcarbamate)], Lux i-Cellulose-5 [cel-
lulose tris(3,5-dichlorophenylcarbamate)], Lux Amylose-1 and Lux i-
Amylose-1 [amylose tris(3,5-dimethylphenylcarbamate)], and Lux i-
Amylose-3 [amylose tris(3-chloro-5-methylphenylcarbamate)] (5 pm)
(Phenomenex Inc., Torrance, CA, USA) (Table S1, Supplementary data)
were used as chiral columns (250 x 4.6 mm). Analyses were performed
in isocratic mode at 25 °C, if not indicated otherwise. The flow rate was
set at 0.8 ml/min. Dead time (t;) was measured by injection of tri-tert-
butylbenzene (Sigma-Aldrich) as a non-retained compound [12]. For
compounds 1 and 2, the enantiomer elution order (EEO) was determined
by injecting enantiomers of known absolute configuration, (P) or (M)
[11]. The van ‘t Hoff experiments were conducted at 5, 10, 15, 20, 25,
30, 35, 40, and 45 °C by using a thermostat jacket equipped with a
RE104 Lauda circulating water bath (Lauda, Konigshofen, Germany)
(resolution 0.1 °C; accuracy +0.4 °C; temperature control +0.02 °C).
When the temperature was changed, the column was allowed to equil-
ibrate for 1 h before injecting the samples. Thermodynamics parameters
were derived from the slopes and the intercepts of the van’t Hoff plots by
linear regression analysis (see Supplementary data for details). Stat-
graphics Centurion 18 (Statpoint Technologies, Inc., Warrenton, VA,
USA) was used for all linear regression analyses.

2.3. Computations

V extrema (maxima and minima) on the molecular electron density
isosurfaces (Vs max and Vs min) (au, electrons/Bohr) were calculated by
using Gaussian 09 (Wallingford, CT, USA) [13], at the density-functional
theory (DFT) level using the B3LYP functional and the def2-TZVPP basis
set. Search for the exact location of Vg max and Vs min was made through
the Multiwfn code [14] and through its module enabling quantitative
analyses of molecular surfaces (isovalue 0.002 a. u.) [15]. The .wfn files
were obtained through the Gaussian 09 package. Details for MD are
reported in the Supplementary data.

3. Results and discussion
3.1. Dispersion forces

The aim of this section is to describe dispersion forces and the fea-
tures that make them of interest in chromatography and enantiosepa-
ration science. Dispersion or London forces are defined as “attractive
forces between apolar molecules, due to their mutual polarizability. They are
also components of the forces between polar molecules.” [16]. The London
dispersion term is referred to the attractive component of the van der
Waals interactions, originating from an electron correlation effect
occurring between atoms or molecules in which dipoles can be induced
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instantaneously [17]. As summarized by Grimme, dispersion in-
teractions are a) ubiquitous and always attractive, b) per atom-pair
interaction on the order of a factor 100 weaker than covalent ones, c)
long-ranged, and d) additive in character [18]. This last feature is a key
point. On one hand, for long time dispersion forces were considered
weak and used almost exclusively to rationalize the greater stability of
branched over linear alkanes, neglecting them as stabilizing interactions
in other chemical contexts [17]. On the contrary, more recently, the
importance of dispersion forces has been fully recognized in several
applicative fields [19]. Indeed, being ubiquitous, attractive, and addi-
tive, dispersion forces can stabilize medium- and large-sized (polariz-
able) molecular systems, contributing to increase interaction energy
between large-sized hydrocarbon fragments. Dispersion forces oppose to
repulsion mechanisms determined by the steric hindrance between
spatially close-lying functional groups [9,17], in other words turning
‘steric repulsion’ into ‘steric attraction’ [20]. The importance of London
dispersion interactions in condensed matter is still an open issue, and the
degree of their attenuation in solution is not properly understood so far
[21,22]. Although these interactions are tendentially weakened in so-
lution, they may persist in alkane-based solvents as well as in other
several media [22,23]. Very recently, dispersion forces have been shown
to play an important role in asymmetric catalysis, where small differ-
ences in transition states determine high degree of stereoselectivity [24,
25].

3.2. Dispersion forces in liquid-phase chromatography

The possibility that dispersion forces may also act in liquid-phase
chromatography was considered by Scott in the late 1970s (“Where
polar forces between the solute and each phase are weak, it is shown that
dispersive interactions in the mobile phase are proportional to the density of
the dispersing solvent (i.e. n-heptane).*) [26]. Experimental studies also
considered the possibility of dispersion interactions in separation pro-
cesses involving nonpolar stationary phases and analytes under
reversed-phase elution conditions [27,28]. By using computer simula-
tion and adsorption spectra to study the interaction between fullerenes
and corannulene, Kubo et al showed that the high retention of cor-
annulene on a Cy( bonded silica-monolithic column was effectively due
to dipole-induced dipole interactions [29]. Later, the same group found
that dipole-induced dipole interactions were dominant in the separation
of saccharides using fullerene-bonded silica monolithic columns in
liquid chromatography, observing that maltose, with the higher dipole
moment, was more strongly retained compared to other disaccharides
having lower dipole moment [30].

In 2011, West et al. reported the use of linear solvation energy re-
lationships (LSER) to predict retention and the degree of separation
between two enantiomers in the case of polysaccharide carbamate-based
chiral stationary phases used in supercritical fluid chromatography [31].
This LSER model also comprised dispersion interactions through two

Fig. 1. Structures of chiral compounds 1 and 2.
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descriptors: a) E, reflecting polarizability contributions from n and =
electrons, was used to describe London, Debye (dispersive and
dipole-induced dipole), and n-= interactions; b) V, reflecting McGowan
molecular volume and describing again London interactions, cavity ef-
fect or hydrophobic effect, and steric resistance to insertion in chiral
cavities [32]. Thus, the model considered two structural features as
possible sources of dispersion forces, namely a) n and z-electron sys-
tems, and b) large-sized frameworks. Despite this, studies focused on
exploring dispersion interactions with polysaccharide-based selectors
were not reported so far, and generic statements reported in the litera-
ture about dispersion interactions in enantioseparation science remain
rather speculative in their character, lacking theoretical and experi-
mental bases.

3.3. Structural features of compounds 1 and 2

The choice of analytes 1 and 2 as test probes for dispersion in-
teractions was based on the following points.

a) To design the dispersion probes, ferrocenyl and phenyl groups were
introduced in a 4,4-bipyridyl scaffold based on the results of our
previous studies. Indeed, we showed that, for atropisomeric 4,4
bipyridines, the enantioseparation extent depends on the structural
features of the substituents located at the 3,3',5,5' positions of the
heteroaromatic scaffold, close to the chiral 4,4'-axis [33].
Ferrocene is an attractive structure as ‘dispersion energy donor’. In
this regard, Grimme remarked that the presence of large, electron-
rich, and polarizable chemical groups in a molecular system as
‘dispersion energy donors’ can be used to energetically stabilize the
system itself, and to orientate molecular recognition processes and
chemical reactivity through dispersion forces [9]. Theoretically, it
was demonstrated that dispersion interactions contribute to
ligand-ligand interaction in ferrocene [34] and to stabilize ferrocene
dimer [35]. Recently, dispersion forces were found to determine the
conformational preferences in ferrocenes containing extended
n-electronic clouds [36].

In general, dispersion was found to have the major role in n-n
stacking interactions, the magnitude of these interactions being more
size-dependent in aromatic systems than in saturated systems, and
the strength of n-m interactions growing more quickly with an
increasing size of the interacting partners [37]. For this reason, the
comparison between ferrocenyl and phenyl, as distinctive sub-
stituents in compounds 1 and 2, respectively, could be fruitful for the
purpose. Indeed, although both 1 and 2 are characterized by
extended 7-electron systems formed by the pyridyl ring, the ethynyl
linker, and the aromatic pendants, derivative 1 presents higher area
and volume (594 10\2, 581 Ag) compared to the analogue 2 (433 10\2,
427 A®) due to the presence of the large-sized ferrocenyl moieties in
place of the phenyl groups. The ferrocenyl moieties present a
three-dimensional sandwich-like spatial arrangement, the ferrocene
being considered a three-dimensional analogue of the flat benzene
ring [38], with a cylindrical shape which may offer better possibility
for filling hydrophobic cavities compared to the phenyl rings, and a
more extended area for interactions. On this basis, despite a common
3,3-dibromo-4,4"-bipyridine structure, compounds 1 and 2 appeared
very different in term of overall geometry and electron charge den-
sity distribution, the ferrocenyl derivative resulting in a large-sized
extended m-electron system, likely more polarizable, compared to
the phenyl derivative 2.

In compound 1, the two ferrocenyl groups are not symmetrically
distributed around the 4,4-bipyridyl unit in the lowest energy
conformation, as confirmed by X-ray diffraction analysis [11] and
theoretical calculations (Table 1). Indeed, whereas one may expect
that the ferrocenyl groups orientate far from the bipyridyl moiety
because of steric repulsion, both metallocene units are in front of the
closest pyridyl ring, with ferrocenyl (A) — pyridyl (B) and ferrocenyl

b

=

—

C

d

f
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Table 1

Calculated Vg max and Vg min (au) values on a 0.002 au electron density isosurface
for the main possible interaction sites of compounds 1 and 2 (Gaussian 09, DFT/
B3LYP/def2TZVPP). Color legend: Br, dark red; C, tan; Fe, orange; H, white; N,
blue (Cp, Cyclopentadienyl; Ph, Phenyl).

Descriptor Vs, max Vs,min

1

Cp aa ~0.0184
Cpag ~0.0190
Cp ba —0.0222
Cp by ~0.0230
N cg —0.0606
N ca —0.0604
C=Cd, —0.0201
C=Cdg —0.0274
Breg 0.0348

Breg —0.0178
Brep 0.0330

Bre, ~0.0201
2

Ph —0.0141
Br 0.0358

Br —0.0163
C=C —0.0225
N —0.0586

(B) - pyridyl (A) intramolecular distances ranging from 2.8 to 4.1 A
[11]. This observation may be interpreted as turning of an expected
steric repulsion into attraction because of the inherent capability of
ferrocene as ‘dispersion donor’. On the contrary, in compound 2, the
two phenyl groups are symmetrically distributed around the heter-
oaromatic scaffold with a divergent orientation.

Using potential ‘dispersion energy donors’ containing an extended
n-electronic cloud presents at least two practical advantages
compared to alkyl hydrocarbon frameworks: i) higher UV-based
detectability of the chromophore system, and ii) higher selectivity
associated to the enantiophore system. In this regard, to explore and
compare the interaction capability of 1 and 2, in terms of electron
charge density distribution on the main interaction sites of both
compounds, the V extrema were calculated at DFT level of theory
(B3LYP/def2TZVPP) and mapped on 0.002 au electron density iso-
surfaces (Table 1). It is worth mentioning that, 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 equation (1)

—

e

V(r) 7zi _ /w 1

_ARA—I‘ ¥ —rl

where Z, is the charge on nucleus A located at Ra, and p(r) is the
electron density function [39]. Thus, the sign of V may be positive or
negative depending on the dominant contribution, which is positive
and negative from nuclei and electrons, respectively. V is a real
physical property, and the evaluation of its variations on a molecular
electron density isosurface accounts for the shape of the molecule
which is the sum of geometry and electronic distribution. On this
basis, V analysis may give information on specific regions of the
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molecules, such as lone pairs and n-clouds. The analysis of the V
extrema (Table 1) of 1 and 2 showed that more negative Vg ni, values
were calculated for compound 1 (—0.0606 au < Vg min < —0.0178
au) compared to 2 (—0.0586 au < Vs min < —0.0141 au) for the main
nucleophilic recognition sites (N, C=C, cyclopentadienyl (Cp) or
phenyl (Ph), Br), thus the electron charge density on these sites was
higher in the first case. Otherwise, the Vg max on bromine was more
positive for compound 2 compared to 1, thus bromine appeared as a
better electrophile in 2. For the latter compound, the V analysis
confirmed the symmetric electron charge density distribution in
respect of the two disubstituted pyridyl rings, emerging from the
symmetric structure of the analyte. In this case, the Vgmin values
became less negative following the order N < C=C < Br < Phenyl.
On the contrary, in compound 1 the 3-bromo-5-ferrocenylethynyl-4--
pyridyl framework (B) appeared more electron-rich (Vgmin: N <
C=C < Cp (b) < Cp (a) < Br) compared to the other 3-bro-
mo-5-ferrocenylethynyl-4'-pyridyl framework pyridyl system (A)
(Vsmin: N < Cp (b) < C=C, Br < Cp (a)), this difference likely
emerging from the proximity of ferrocenyl and pyridyl moieties in
the most stable conformation, mutually affecting their V values due
to intramolecular contacts [39]. Although both analytes could form
HBs with the chiral selector through the pyridyl nitrogen atoms and
the ethynyl n-clouds as HB acceptors as well as interactions involving
their extended n-electron clouds, different electron charge density
distributions and shapes were expected to result in different enan-
tioseparation profiles and recognition mechanisms.

f) In a different perspective, it is also worth noting that the enantio-
separation of chiral ferrocenes is of great interest because, despite
the applicative importance of these compounds, few analytical
studies focused on enantiorecognition mechanisms involving the
ferrocenyl system which remained scarcely explored in enantiose-
paration science [38,40-42].

3.4. Polysaccharide tris(3,5-disubstitutedphenylcarbamates) as chiral
selectors

Polysaccharide phenylcarbamate derivatives are characterized by a
modular polymeric system where the polysaccharide backbone gener-
ates conformational chirality depending on the peculiar helical twist
generated by specific glycosidic linkages in cellulose and amylose
polymeric chains. The polymer backbone is functionalized with
substituted (methyl groups and/or chlorine atoms) phenylcarbamate
groups able to exert various noncovalent interactions [2,3]. The overall
system characterizing polysaccharide-based selectors provides an
extended surface to host the enantiomers of a chiral compound in the
chiral cavities featuring the polymeric groove and containing various
types of tunable polar and nonpolar recognition sites. In this regard, it is
worth mentioning that 3,5-dialkylated aryl frameworks have proved to
be very efficient as dispersion energy donors in asymmetric catalysis,
contributing to dispersion interactions with nonpolar moieties in prox-
imity [23,43,44]. Thus, among the polysaccharide-based chiral columns
commercially available [1,3], we used in this study three 3,5-dimethy-
lated columns based on cellulose (Lux Cellulose-1) and amylose (Lux
Amylose-1 and i-Amylose-1) tris(3,5-disubstitutedcarbamates).
Furthermore, two additional chlorinated chiral columns (i-Cellulose-5
and i-Amylose-3) were also considered with the aim to explore the
impact of changing pendant group structure on selector performance
toward analytes 1 and 2. Indeed, the substituents of the phenyl-
carbamate pendant groups impact the performances of the corre-
sponding polysaccharide derivatives as chiral selectors in terms of
electron charge density of the carbamate moiety [1-3]. Thus, the useful
descriptor V was again considered for comparing the electron charge
density distribution on the carbamate moieties of different selectors, and
V extrema on the carbonyl oxygen (Vs min) and the amidic hydrogen (Vs,
max) Were calculated and compared (Table S1, Supplementary data) [5].
The substituents exert an opposite effect on the two main carbamate
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recognition sites (C—=0 and N-H) and, consequently, the electron charge
density distribution on the carbonyl oxygen as nucleophile and the
acidity of the amidic hydrogen as electrophile decreases (the Vs min be-
comes less negative) and increases (the Vs max becomes more positive)
respectively, moving from 3,5-dimethyl- (Vs min = —0.0660 au; Vs max =
0.0788 au), to 3-chloro-5-methyl- (—0.0594 au; 0.0871 au) and 3,
5-dichlorophenylcarbamates (—0.0561 au; 0.0950 au).

Moreover, by changing backbone and substituent type, the features
of the interacting surface also change. Overtime, 3,5-disubstituted
phenylcarbamates as pendant groups have proven to lend the corre-
sponding chiral columns higher versatility toward several classes of
chiral compounds, irrespective of substituent type. On the other hand,
pendant groups can also determine the shape of the chiral cavities
hosting the chiral analyte. To confirm this hypothesis at molecular level,
in the beginning of this study, three amylose 4/3 left-handed helical
phenylcarbamate-based nonamers (9-mer) featuring a) two methyl
groups at the positions 3 and 5, b) one methyl group at the position 4,
and c¢) two methyl groups at the positions 2 and 5 of the phenyl-
carbamate pendant groups, respectively, were built as virtual polymers,
and the shape of their chiral cavities was explored by MD, carrying out
100 ns MD simulations, with the mixture n-hexane/2-PrOH 90:10 as
explicit virtual solvent. The 9-mer structure, containing the terminal
hydroxyl groups capped by adding methyl groups in place of the hy-
drogens, was modeled as reported in our previous studies [45]. This is
one of the most used models for polysaccharide-based selectors along
with the 12-mer oligomer, proposed by Okamoto et al. [46] in 2002 for
the amylose tris(3,5-dimethylphenylcarbamate). In the last few years,
9-mer models of polysaccharide-based selectors showed good reliability
for explaining the molecular bases of the enantioseparation by molec-
ular modeling, and MD performed with this relatively simple strand
provided results in agreement with the experiments in several cases [2].
In this regard, it is worth mentioning that a single alternative model
consisting of multiple amylose tris(3,5-dimethylphenylcarbamate)
polymer strands coated on an amorphous silica slab was reported so far
[47], which was used to model a limited number of enantioseparations.
On the other hand, the experimental benchmarks underlying the prep-
aration of this very complex model appears rather arbitrary, also
considering that no clear and unambiguous structural information about
polysaccharide-based stationary phases were reported until now.

The results of the simulations performed in this study supported our
hypothesis, and the three different substitution patterns profiled three
different shapes for the corresponding chiral cavities (Fig. 2): a) cup-
shaped cavities for the 3,5-disubstitution (A), b) open-shaped cavities for
the 4-substitution (B), and c) cavities made hindered by the 2-methyl
protruding inside the groove in the case of the 2,5-disubstitution (C).
On this basis, while the ‘open-shaped cavity’ could be too large for small
analytes and the ‘hindered cavity’ too small for large-sized analytes, the
‘cup-shaped cavity’ appeared geometrically more hospitable toward
analytes of different size.

The MD simulations a) provided a rational explanation at molecular
level for the higher versatility of polysaccharide tris(3,5-dis-
ubstitutedcarbamates) as chiral selectors in enantioseparation science,
and b) confirmed the advantage of using chiral columns with adaptive
‘cup-shaped cavities’ featuring the extended polymeric surface.

3.5. Chromatographic screening with n-hexane/2-PrOH 90:10 v/v as
mobile phase: impact of CSP structure

n-Hexane/2-PrOH 90:10 v/v was used as mobile phase to perform a
chromatographic screening aiming at evaluating how changing chiral
selector, in terms of backbone (amylose or cellulose) and substituents
(methyl and/or chlorine) at the 3 and 5 positions of the pendant groups,
impacted on the enantioseparation of compounds 1 and 2. The main
purpose of this screening was to confirm if, as expected, two different
enantioseparation profiles could be observed for analytes 1 and 2. The
chromatographic results are summarized in Fig. 3 (for chromatographic
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F

Fig. 2. Typical shapes of the chiral cavities into amylose carbamate-based chiral stationary phases modeled as drawing structures (A-C) and as electron density
surfaces (D-F, orange, methyl groups): 3,5-dimethylphenylcarbamate (A, D), 4-methylphenylcarbamate (B, E), 2,5-dimethylphenylcarbamate (C, F). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

details see Table S2, Supplementary data). When two enantiomers could
be at least partially resolved, the enantiomer elution order (EEO) was
(M)-(P) in all cases, and no reversal of the elution sequence was observed
as the CSP structure changed.

For compound 1, high retention and selectivity were obtained with
all chiral columns, except for the Cellulose-1 for which no enantiose-
paration was obtained. Compound 1 was enantioseparated with selec-
tivity factors ranging from 2.01 to 5.08 by using i-Cellulose-5 and the
three amylose-based chiral columns. Whereas 1 was eluted with mod-
erate retention (k = 1.96) on Cellulose-1, on the other four columns the
second eluted (P)-enantiomer showed higher retention factors, ranging
from 7.46 to 31.60.

On the contrary, the enantioseparation of compound 2 was unsuc-
cessful in most cases, and baseline enantioseparation was obtained with
Cellulose-1 exclusively (« = 2.94). Compound 2 remained unseparated
with i-Cellulose-5, whereas amylose-based chiral columns provided
enantioseparations featuring very low selectivity (1.04 < a < 1.10) and
moderate retention (1.51 < k < 2.15).

On one hand, the symmetry of the phenyl derivative 2 could be a
reason for the low rate of baseline enantioseparation obtained for this
compound. On the other hand, based on the chromatographic results,
the selected chiral columns systematically showed reverse performances
toward compounds 1 and 2. For instance, complementary performances
of Cellulose-1 vs i-Cellulose-5 and Amylose-1 towards the two analytes
could be observed, namely as pendant groups and backbone structures
changed, respectively (Fig. S1, Supplementary data). Whereas com-
pound 2 was baseline enantioseparated on the Cellulose-1 but not on i-
Cellulose-5 and Amylose-1, the opposite could be observed for com-
pound 1. Interestingly, with the i-Cellulose-5, and more with the
Amylose-1, the most retained (P)-1 enantiomer showed very high af-
finity toward the selectors, with retention times of 51.77 min and
111.36 min, respectively. Given the higher electrophilic character of the
amidic hydrogen of the dichlorinated selector compared to the dime-
thylated polymer, it was unlikely that the high retention observed for
compound 1 on both columns was primarily due to HBs involving the
nucleophilic moieties of the ferrocenyl derivative, namely the pyridyl

nitrogens and the ethynyl z-electron clouds. Indeed, for an HB-driven
enantioseparation higher retention and selectivity could be expected
for the i-Cellulose-5 compared to Amylose-1, whereas the opposite was
observed. Furthermore, the effect of introducing chlorine in the selector
appeared dependent on both analyte and selector backbone structures («
(1): i-Cellulose-5 > Cellulose-1 and i-Amylose-3 < Amylose-1/i-
Amylose-1; o (2): i-Cellulose-5 < Cellulose-1 and i-Amylose-3 >
Amylose-1/i-Amylose-1). By comparing the chromatographic perfor-
mances of Amylose-1 and i-Amylose-1, the impact of immobilization on
the enantioseparation could be evaluated. Again, it could be observed
that the selectivity of compound 1 decreased (from 5.08 to 2.02,
—60.2%) and that of compound 2 increased (from 1.04 to 1.07, +2.9%),
by changing the coated amylose-based column to its immobilized
version. Thus, it was likely that, besides HBs, other interactions related
to the extended n-electron system could contribute to analyte adsorption
and enantiorecognition.

Given these experimental results, with the aim to determine and
compare the contribution of van der Waals forces to the interaction
energy (Ein) of ferrocene and benzene with the amylose tris(3,5-dime-
thylphenylcarbamate), a 100 ns MD simulation was performed by using
a nonamer of the amylose-based polymer, benzene and ferrocene as
guests, and the mixture n-hexane/2-PrOH 90:10 as explicit solvent. The
Ejnt between the aromatic guests and the nonamer was calculated based
on the energies of the nonamer-aromatic guest complex, the nonamer,
and the aromatic guest (Eq. (2)):

Einl = Elolal - Eguesl — Lamylose—based nonamer (2)

where the Ej, term is derived from the contributions of the van der
Waals (vdW) and the electrostatic (el) interaction terms (Eq. (3)):

Eint =Eq + Evaw 3)
In this regard, it is worth mentioning that most popular force fields

include dispersion interactions through the Lennard-Jones potential (Eq.
(4)) [48]:
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Fig. 3. Comparison of retention factors of first (k;) (M) and of second (k) (P)
eluted enantiomers, and selectivity (a) of compounds 1 and 2 on Lux Cellulose-
1 (C-1), i-Cellulose-5 (iC-5), Amylose-1 (A-1), i-Amylose-1 (iA-1), and i-
Amylose-3 (iA-3) as chiral columns with n-hexane/2-PrOH 90:10 v/v as mobile
phase (flow rate = 0.8 ml/min, T = 25 °C) (for chromatographic parameters see
Table S2, Supplementary Data).

Evy(ry) :%—% “
ij ij
where the A/r'? term of this equation represents Pauli repulsion,
whereas dispersion interactions are represented by the Cq/r° term.
On this basis, a higher contribution of the Eygqw and a lower contri-
bution of the Eg to Ejy; was determined for ferrocene (81.3% for Eyqw;

18.7% for E¢)) compared to benzene (77.8% for Eyqw; 22.2% for E.j)
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Table 2

Interaction energies (Ein,) (kcal-mol~!) and component contributions (Eej, Evaw)
for the association of benzene and ferrocene with the nonamer of amylose tris
(3,5-dimethylphenylcarbamate) (solvent box n-hexane/2-PrOH 90:10), as
derived from MD trajectories.

benzene

Compound Eint Eql Evaw
benzene -16.23 —3.60 -12.63
ferrocene —-18.89 —3.53 —-15.36

(Table 2), confirming the higher ability of the ferrocene moiety as
dispersion energy fragment. In addition, it is interesting to note that
although amylose-based derivatives are more sensitive to the steric
hindrance of the chiral analytes because they have a more compact
structure compared to cellulose-based polymers [49], ferrocene
appeared to penetrate better in the chiral cavity, likely due to more close
contact with the amylose backbone surface.

3.6. Impact of mobile phase polarity on the enantioseparation of
compounds 1 and 2

With the aim to increase the contribution of n-cloud-based in-
teractions in the enantioseparation of compounds 1 and 2, the intra-
molecular HBs potentially contributing to enantioseparation were
weakened by using more polar MeOH-containing mobile phases. Given
that, n-hexane/2-PrOH/MeOH 90:5:5 v/v/v was used as mobile phase

3
a
2
Cellulose-1, A
Cellulose-1, B
d i-Amylose-1, C
. ivAmylose-1, B
1 . i-Amylose-1, A

2

Fig. 4. Comparison of selectivity factor (x) of compounds 1 and 2 on Lux
Cellulose-1 and i-Amylose-1 with n-hexane/2-PrOH 90:10 v/v (A), n-hexane/2-
PrOH/MeOH 90:5:5 v/v/v (B), and pure MeOH (C) as mobile phases (flow rate
= 0.8 ml/min, T = 25 °C) (for chromatographic parameters see Table S3,
Supplementary Data).
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with Cellulose-1 and i-Amylose-1, whereas pure MeOH as mobile phase
was also considered with the immobilized amylose-based chiral column
(Fig. 4 and Table S3, Supplementary data). The EEO remained (M)-(P)
for both compounds in all cases, thus no reversal of elution sequence was
observed for this series of enantioseparations.

On Cellulose-1, the introduction of 5% MeOH in the mobile phase,
changing the binary mixture n-hexane/2-PrOH 90:10 v/v to the ternary
n-hexane/2-PrOH/MeOH 90:5:5 v/v/v, had the effect of decreasing the
selectivity for compound 2 (from 2.94 to 2.18) given that the retention
factor of the first and the second eluted enantiomers increased (from
0.78 to 0.93) and decreased (from 2.29 to 2.04), respectively. Despite
that, baseline enantioseparation was again obtained in this case. The
opposite trend was observed for compound 1, and with the MeOH-
containing ternary mixture, the selectivity slightly increased from 1.00
to 1.08. Under these conditions, the ferrocenyl derivative was partially
resolved, whereas retention factors decreased for both enantiomers
(from 1.96 to 1.68 and 1.82). On this basis, the effect of mobile phase
polarity on the enantioseparation of compounds 1 and 2 with the
Cellulose-1 depended on the distinctive analyte structure.

On i-Amylose-1, the effect of introducing 5% MeOH in the mobile
phase provided opposite enantioseparation outcomes for compound 1
compared to Cellulose-1. Indeed, baseline enantioseparation was also
obtained with the MeOH-containing mixture, but selectivity decreased
(from 2.02 to 1.24) mainly due to the significant decrease of retention
factor of the most retained (P)-1 enantiomer (from 7.36 to 3.15). Using
pure MeOH as mobile phase, selectivity decreased further to 1.18 and 1
was only partially resolved under these elution conditions. The enan-
tioseparation of compound 2 remained almost unchanged by adding 5%
MeOH in the mobile phase (« changing from 1.07 to 1.06), whereas the
enantioseparation was totally suppressed by using pure MeOH as mobile
phase.

This short screening proved that adding MeOH to mobile phase
impacted differently adsorption and recognition mechanisms of 1 and 2
on Cellulose-1 and i-Amylose-1, in a manner dependent on analyte and
backbone structure. For compound 1, the most important changes on the
i-Amylose-1 occurred at low concentration of MeOH (5%), with a per-
centage reduction of ky and o of 58% and 39%, respectively. On the
other hand, changing the ternary mixture to pure MeOH had a lower
impact on both k3 and a with a percentage decrease of 11% and 5%. This
means that the noncovalent interaction pattern underlying high reten-
tion and selectivity on the amylose-based columns was only sensitive to
small amounts of MeOH added to the mobile phase, and that further
addition of methanol did not significantly impact on the noncovalent
interaction pattern. In mechanistic terms, two types of noncovalent in-
teractions appeared to promote the enantioseparation of the bis-
ferrocenyl derivatives, one sensitive to MeOH, likely HB, and a second
interaction with the following features: a) persistent under polar organic
elution conditions, b) occurring with the bis-ferrocenyl derivative
exclusively, and c) able to positively cooperate with the HB providing
high k; and large selectivity with MeOH-free mobile phases.

3.7. Effect of temperature on the enantioseparation

The chromatographic screening performed on analytes 1 and 2
showed that their extended n-electron clouds distinctively interacted
with the selectors. Thus, to explore the nature of analyte/CSP associa-
tion based on thermodynamic considerations, the approach based on
van’t Hoff plots was applied (see Supplementary data for theory details),
and thermodynamic parameters were calculated for the analyte transfer
from the liquid phase to the CSP. On one hand, criticisms have been
reported in the literature about the use of this methodology to charac-
terize retention mechanisms in chiral chromatography by determining
enthalpy (AH®) and entropy (AS°) change for analyte adsorption [50,
51]. In principle, deconvolution of the individual stereoselective and
nonstereoselective interactions cannot be made by this procedure. On
the other hand, it has been fully demonstrated that interesting and
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reasonably reliable information on chiral recognition mechanisms can
be derived from van’t Hoff plots when chemically related chiral analytes
are treated, and their retention studied by systematically changing
experimental conditions [52-54]. In these cases, a thermodynamic
picture of different interaction patterns can be fruitfully derived and
compared.

Based on these considerations, retention and selectivity of com-
pounds 1 and 2 on the five chiral columns used in this study were
determined at different temperatures from 5 to 45 °C in 5 °C increments
by using n-hexane/2-PrOH 90:10 v/v as mobile phase (Table S4, Sup-
plementary data). The thermodynamic quantities derived from van’t
Hoff plots (Fig. 5 and Fig. S2, Supplementary data) are reported in
Table S5. The following remarks emerged from the thermodynamics
study.

i) Compounds 1 and 2 showed different thermodynamics profiles
on all columns, and the temperature-dependence pattern was
observed to be a function of the 5,5-aromatic substituents
(Fig. 5).

ii) With Cellulose-1, compound 1 could be partially resolved below
20 °C. On the contrary, compound 2 could be partially resolved
above 20 °C with Amylose-1, whereas it remained unresolved
over the entire temperature 5-45 °C range on i-Cellulose-5.

iii) For compound 1, enantioseparation was enthalpy-driven on all
columns. On the contrary, enantioseparation of compound 2 was
entropy-driven on both Amylose-1 (Tjs, = 8 °C; Q = 0.94) and i-
Amylose-1 (Tiso = —31 °C; Q = 0.81), whereas enthalpy-driven
thermodynamics were derived for the enantioseparation with
the Cellulose-1 and i-Amylose-3. No EEO reversal was observed
for compound 2, and (M)-(P) was the elution sequence at all
examined temperature. It is worth noting that although reversal
of EEO was expected with the Amylose-1 below Tis, (8 °C),
compound 2 remained not separated at 5 °C. On the other hand,
co-elution is often observed in a certain temperature range
around the Tiso [52] due to finite peak width in chromatography.

iv) The evaluation of the variations of the AH and AS values,

determined for the adsorption of each enantiomer on the selector

surface as the chiral selectors changed, showed two distinctive
fingerprints for each compound (Fig. S3, Supplementary data).

For both enantiomers of compound 1, the most negative AH

(—4463.82 and —10869.37 cal'mol ') and AS (-12.25 and

—31.29 cal-mol~“-K~!) values were observed on the i-Cellulose-5,

likely due to the HBs involving the highly electrophilic carbamate

amidic moieties of the dichlorinated chiral selector. On the other
hand, both enantiomers of 1 were more retained on the Amylose-

1 than on i-Cellulose-5 due to a lower entropy penalty featuring

the adsorption thermodynamics on the amylose-based column

(AS;: 1.15 vs —12.25 cal-mol “-K™!; ASy: 7.98 vs —31.29

cal-mol"1:K™1). On the contrary, compound 2 showed the less

negative AH and AS values on i-Cellulose-5, whereas the most

negative values were determined for the methylchlorinated i-

Amylose-3. This could confirm that HBs played a role in deter-

mining the affinity of the enantiomers toward the chiral selector,

with the selector HB-ability being modulated by the backbone

(amylose or cellulose) structural features.

For the enantioseparation of compound 1 on the Amylose-1 in the

temperature range 5-45 °C, a lower temperature dependence of

retention for the first eluted (M)-enantiomer compared to the
second eluted (P)-enantiomer (Fig. 6) was observed. In addition,
the (P)-enantiomer peak appeared significantly broader
compared to that of the first eluted enantiomer. In terms of
thermodynamics parameters, the van’t Hoff analysis also showed

a substantial difference in AH (—1423.69 vs —4413.09 cal-mol 1)

and in AS (-1.15 vs —7.98 cal-mol’l‘K’l) values for the

adsorption of the two enantiomers on the Amylose-1. A similar

trend was also observed for the enantioseparation of 1 with the i-

—
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Cellulose-5 (AH: 4463.82 vs —10869.37 cal~mol’1; AS: 12.25 vs
—-31.29 cal~mol’1-K’1). In both cases, at 5 °C, the (P)-enantiomer
was eluted with similar retention times close to 200 min. On the
contrary, at 45 °C i-Cellulose-5 provided lower retention factors
for 1 compared to Amylose-1, showing that, likely, temperature-
sensitive interactions, like HB, were weakened or even sup-
pressed at higher temperature on the chlorinated selector.
Despite the similarity of the chromatographic traces, the results

vi

—

1T

Fig. 5. Ln k vs. 1/T van’t Hoff plots for the enantioseparation of 1 and 2 on Lux Cellulose-1, i-Cellulose-5, Amylose-1, i-Amylose-1, and i-Amylose-3 (n-hexane/2-
PrOH 90:10, 0.8 ml/min, temperature range 278.15-318.15 K) (for chromatographic parameters see Table 54, Supplementary Data).

accounting for enantioseparation thermodynamics of 1 on
Amylose-1 and i-Cellulose-5 suggested two distinctive mecha-
nisms for the adsorption of each enantiomer on the selector sur-
faces, and the presence of strong noncovalent interactions (other
than HBs) underlying the adsorption of the most retained (P)-
enantiomer.

Through the van’t Hoff plots, the differences in the enthalpy and
entropy of adsorption on the stationary phase, AAH and AAS,
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Fig. 6. Effect of temperature on the enantioselectivity of compound 1 (Lux Amylose-1, n-hexane/2-PrOH 90:10 v/v, 0.8 ml/min) (for chromatographic parameters

see Table S4, Supplementary Data).
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Fig. 7. Enthalpy-entropy (AAH, cal-mol™ 1) (AAS, cal-mol K1) compensa-
tion for 1 and 2 on Lux Cellulose-1, i-Cellulose-5, Amylose-1, i-Amylose-1, and
i-Amylose-3 (n-hexane/2-PrOH 90:10, 0.8 ml/min, temperature range
278.15-318.15 K) (for chromatographic parameters see Table S5, Supplemen-
tary Data).

respectively, were determined. Fig. 7 shows the entropy-enthalpy
compensation graphs for compounds 1 and 2. In both cases, the
regression lines exhibited a linear trend (* = 0.9848 (1), 0.9982
(2)) because of the balance between the thermodynamic quan-
tities. The data set profiles two different lines for each compound,
that of the bis-ferrocenyl derivatives slightly shifted toward less
negative AAS values. It is interesting to note that the linearity of
the enthalpy—entropy compensation graph including n operative
enantioseparation conditions is considered consistent with an
interaction mode which is shared by the n enantioseparations. On
this basis, the comparison of the two straight lines confirmed that
two distinctive interaction modes featured the enantioseparation
of the two analytes in most cases. In addition, a slight break in
linearity could be observed for the enantioseparation of 1 on
Amylose-1, confirming that noncovalent interactions other than
the main interaction mode occurred with this chiral column.
Interestingly, the point representing the thermodynamic data
determined for the enantioseparation of 1 on the Cellulose-1 lay
on the straight line profiling the thermodynamics of compound 2.
This observation may suggest that on the cellulose-based column
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the two analytes shared the same interaction mode which, how-
ever, resulted in a successful enantioseparation for the bis-phenyl
derivative 2 exclusively.

Column immobilization (Amylose-1 vs i-Amylose-1) provided
different effects on the enantioseparation of the two analytes. For
compound 1, moving from coated to immobilized selector, af-
finity of the first (M)- and the second eluted (P)-enantiomers
increased and decreased, respectively, resulting in reduced
enantioselective recognition (AAG° changed from —953.02 to
—411.08 cal-mol™1). In this regard, it is worth mentioning that
immobilization decreases the selector surface exposed to the
analyte and this feature is expected to be detrimental for a
dispersion-driven binding mechanism. For compound 2, by
changing Amylose-1 to i-Amylose-1, the thermodynamic affinity
of both enantiomers increased producing a slight increase of
selectivity (AAG® changed from —19.04 to —38.82 cal-mol™ D).

vii)

4. Conclusions

In this study, the enantioseparation of bis-ferrocenyl 4,4'-bipyridine
1 was explored and compared to that of bis-phenyl derivative 2 with the
aim to evaluate the potential contribution of dispersion forces to the
enantioseparation of the ferrocenyl-containing analyte. For this pur-
pose, five chiral columns based on amylose and cellulose tris(3,5-dis-
ubstitutedphenylcarbamates) were used as chiral selectors, with n-
hexane-based mixtures as mobile phases. In most cases, the enantiose-
parability of compound 2 was low due to the inherent symmetry of the
compound as well as to the lower electron charge density distribution on
the main recognition sites. Significantly large enantioseparations were
obtained for the bis-ferrocenyl derivative 1 on the Amylose-1 and the i-
Cellulose-5, with differences likely depending on the strength of HBs
acting in cooperation with forces involving the extended n-electron
system of the analyte. Despite its large-sized structure, the P-enantiomer
of the bis-ferrocenyl analyte showed high affinity for the compact
amylose-based selector. Under the same elution conditions, the bis-
phenyl derivative 2 remained unresolved or provided poor selectivity.
In this regard, MD simulations proved the higher ability of ferrocene to
penetrate into the groove of the amylose-based polymer compared to
benzene, this process being mainly driven by van der Waals interactions.
In addition, the two analytes showed different thermodynamic profiles
with both coated and immobilized amylose tris(3,5-dimethylphe-
nylcarbamate)-based chiral columns, enthalpy-driven for the bis-
ferrocenyl derivative and entropy-driven for the bis-phenyl-substituted
analyte. Thus, experimental and theoretical analyses reasonably
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supported the following conclusions: a) despite the structural similarity
of the analytes, the enantioselective recognition of compounds 1 and 2
on the selected CSPs was driven by different mechanisms and non-
covalent interaction patterns and, consequently, b) the involvement of
the distinctive extended n-electron clouds in the interaction with the
selector surface was different for each of the two analytes. As a result,
mechanisms and noncovalent interactions underlying successfully
enantiorecognition for the bis-ferrocenyl derivative appeared detri-
mental for the enantioseparation of the bis-phenyl compound, and vice
versa.

Dispersion forces are subtle interactions, not easy to detect and to
identify neither experimentally nor theoretically; thus, focused theo-
retical analyses are needed to conclusively confirm that dispersion
forces based on induced dipole formation may contribute to analyte-
selector interactions and to enantioselective recognition with
polysaccharide-based selectors. Despite that, this study demonstrated
that different mechanisms and noncovalent interaction patterns under-
lie adsorption and enantioselective recognition of the structurally
related analytes 1 and 2 depending on the peculiar steric and electronic
properties of the cylindrical ferrocene compared to the flat benzene as
distinctive substituents. The reported data are reasonably consistent
with a picture of the enantioselective recognition based on the interplay
between HBs, n-n stacking and dispersion interactions dependent on
analyte structure and features of the polysaccharide surfaces.
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