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Liquid-phase chromatography on chiral stationary phase is still the most popular and versatile technique to sep-
arate enantiomers, which is based on the ability of a chiral selector (CS) to recognize the enantiomers of a chiral
compound in a solvating medium. The knowledge of the molecular bases of the enantiodiscrimination process
is a basic requirement to approach rationally the enantioseparation task. Indeed, analyte, CS, and mobile phase
(MP) being the pivotal components of the chromatographic system, their properties, functions and mutual non-
covalent interactions determine the enantioseparation outcome. In the last few decades, focused computational
methods and techniques have been integrating experimental data and applying for the comprehension of the
enantiorecognition phenomenon at molecular level. In this context, for understanding of molecular mechanisms
of chiral recognition in separation of enantiomers, we propose a computational procedure based on conforma-
tional and electrostatic potential (V) analysis of both analyte and selector. First, low-energy conformers of the
analyte were identified by conformational search, which occurring potentially on the selector surface. Then, lo-
cal electron charge density of specific molecular regions of the interacting partners were inspected in terms of
calculated V. This approach was used to explore at molecular level the enantioseparation mechanism of 2-(ben-
zylsulfinyl)benzamide on cellulose-based CSs. By correlating calculated properties with experimental chromato-
graphic parameters available in the literature, the structural landscape of the analyte and CSs in the enantiodis-
crimination event and the differences between potential competing sites were profiled. A conformational transi-
tion of analyte structure on the CS surface was found to originate the exceptional enantioseparation of the 2-(ben-
zylsulfinyl)benzamide (« > 100). Importantly, the proposed computational analysis provides a rationale of why
and how the analytical separation occurs.

© 2020

1. Introduction

meric chiral selector (CS) and mobile phase (MP). The enantiomers
adsorb on the chiral surface forming transient diastereomeric com-

The interest of science and global market in pure enantiomers origi-
nates in the ability of endogenous chiral molecules to recognize and dis-
criminate enantiomers, with important consequences at biological and
biochemical levels [1,2]. Because two enantiomers possess the same
chemo-physical properties in isotropic medium, their separation is gen-
erally more demanding compared to achiral separations. Nowadays,
high-performance liquid chromatography on polysaccharide phenylcar-
bamate-based chiral stationary phases (CSPs) still remains the mostly
used technique to separate enantiomers [3,4]. The pivotal components
of this chromatographic system are chiral analyte, the poly-
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plexes which are energetically and kinetically distinguishable. The over-
all process consists of consecutive adsorption-desorption steps which
lead to the separation of enantiomers due to incremental differences be-
tween their retention times.

Understanding enantioseparation at molecular level is a basic re-
quirement for approaching rationally the enantioseparation task at chro-
matographic level. Actually, unravelling the molecular bases of recog-
nition mechanisms remains an open issue for polysaccharide-based CSs
due to the level of intricacy of their structure [5,6]. The basic struc-
tural components of amylose and cellulose phenylcarbamates are the
backbone and the aromatic carbamate side chains (SCs) (Fig. 1a). These
molecular tentacles are characterized by distinctive steric and electronic
properties which can be tuned by changing type and position of the sub-
stituents onto the terminal aromatic ring. Both backbone and SCs con-
tribute to form chiral cavities which can match shape and size of the
analyte, so favouring its stereoselective fit through noncovalent interac-
tions occurring at the surface of the CS [4,6].
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Polysaccharide carbamate-based chiral selectors (CSs)
(amylose: a-1,4 linkage; cellulose: -1,4 linkage)
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Fig. 1. General structures of (a) polysaccharide carbamate-based chiral selectors (CSs),
and (b) chiral sulfoxide 1.

In the last decades, the growing interplay between experimental
and theoretical approaches has allowed for exploring intermolecular
forces underlying selector-analyte association [7,8]. In general, compu-
tational approaches to explore enantiodiscrimination at molecular level
can be performed by calculating either features and energies of enan-
tiomer-CS complexes, or the molecular properties (shape, geometry and

electronic distribution) of both analyte and selector in their unperturbed
state. In this case, the scope of the computational analysis is to identify
chemical and electronic features which may determine noncovalent in-
teractions underlying enantioselective adsorption and enantiomer sepa-
ration.

Along with noncovalent interactions, conformational features of an-
alyte and CS as well as the possibility of mutual analyte-CS conforma-
tional adjustments may impact the recognition process and contribute to
enhance the enantioseparation extent [9-11].

Enantioseparations with exceptionally high selectivity are very use-
ful as benchmark discrimination processes to gain information on the
molecular bases of very efficient recognition mechanisms which pro-
duce high-selectivity results at macroscopic level [12-15]. In this re-
gard, the enantioseparation of 2-(benzylsulfinyl)benzamide (1) (Fig.
1b) represents an intriguing case study. Whereas simple chiral sulfox-
ides such as 2-4 (Fig. 2), and other derivatives of pharmaceutical in-
terest, usually show rather standard selectivity factors on polysaccha-
ride-based CSs [16-23], exceptional selectivity (o = 112, enantiomer
elution order (EEO) = R-(+)-S-(-)) was observed for the enantiosepa-
ration of 1 on coated cellulose tris(3,5-dichlorophenylcarbamate) (CD-
CPC) (CS1) (Table 1) with 2-propanol as MP [12,24]. In particu-
lar, both retention factors (k) and « values were found to increase in
the order methanol < ethanol < 2-propanol. Later, Cirilli and co-au-
thors also observed high selectivity values (MP, 2-propanol: o = 43;
MP, n-hexane/2-propanol 80:20: a = 150) for the enantioseparation
of 1 (EEO R-S) on the immobilized CDCPC [25]. Higher enantiose-
lectivity (« = 85, EEO R-S) was also reported by the same group for
the enantioseparation of 2-(pentylsulfinyl)benzamide 5 compared to
the analogs 6-9 on the immobilized CDCPC with n-hexane/2-propanol
80:20 as MP [26]. In the last few years, Chankvetadze and co-authors
have intensively investigated the enantioseparation of 1 and other re-
lated chiral sulfoxides (10-22) (Fig. 2) on the series of cellulose-based
CS1-CS17 (Table 1) with n-hexane-based mixtures, polar organic sol-
vents and aqueous-organic mixture as MPs [12,27-32]. In particu-
lar, for 1 high enantioselectivity (« = 202.6) was observed on cel-
lulose tris(4-chloro-3-methylphenylcarbamate) (CS16) with n-hexane/
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o,
o o (] [a] e
1 n I 1 n U
___.-"‘.Q._:w___.s,“_ ___.-"‘.\xx.:w___.s,_\‘_ N _,S.ﬁ{:,NHz = S.LR %_,_,Sva‘:{,
i |
2 /lx_c:} mJJ o 2~ c-NHz E
1
o R"

2 3 4 R = pentyl (5) R’ =COMH; (10)
butyl (8) COOMe (11)
propyl (7} COMNHMe(12)
ethyl (8)
methyl {9)

o e M) e oy s oy
1
B S S = L B PN e
| Ly L L%
o "'\-\.R R ;:"" H,_\_\___-{'—' g N - e -.,_c_..N -
0 0
R'=CO0Me (13) R'=CO0OMe (16) 18 19
CONHMe (14) CONHMe (17)
COMNMe-(15)
o o o -_;f.-“'\-\.\_\‘ o .’._.__.-._
11 | L | n I: ]
n_.-'i[___. 5 ~ .__/%[,S.H__/a.‘_\_ [i__.-ﬂ..q‘_‘____.s _ “Q\____.-' = 5 S '\-\.,:_..
H H
o N Mt e O . __OH
- mﬁx Ny - 'C'N“ = ‘? J g
n ]}
=} o o - ]
20 21 2 [ | 23
S

Fig. 2. Structures of chiral sulfoxides 2-23.
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Table 1
Distinctive substituents of cellulose-based CS1-CS17 and SC1-SC17 models.

CS SC Ry Ry
Cs1 SC1 3-Cl 5-Cl
Cs2 SC2 3-Me 5-Me
Cs3 SC3 2-Cl H
Cs4 SC4 3-Cl H
CS5 SC5 4-Cl H
CS6 SC6 2-Cl 3-Cl
Cs7 SC7 2-Cl 4-Cl
Cs8 SC8 2-Cl 5-Cl
Cs9 SC9 2-Cl 6-Cl
Cs10 SC10 3-Cl 4-Cl
Cs11 SC11 2-Me H
Cs12 SC12 3-Me H
Cs13 SC13 4-Me H
Cs14 SC14 3-Me 4-Me
CSs15 SC15 3-Cl 4-Me
Cs16 SC16 3-Me 4-Cl
Cs17 SC17 H H

MP [27]. In 2017, the enantioseparation of 1 and related derivatives
were studied on chlorinated polysaccharide CSs in supercritical fluid
chromatography (SFC) by West and co-authors [33]. Very recently,
Cavazzini observed an unusual convex-upward van Deemter curve for
the second eluted enantiomer of 1 on CS16, whereas the first eluted
enantiomer showed a more traditional convex-downward curve [34].

The studies performed so far evidenced that, for the enantiosepara-
tions of 1 and related derivatives on cellulose-based CSs, very high se-
lectivity values are strictly dependent on the presence of pivotal fea-
tures in both chiral sulfoxide and CS, namely the amidic NH, group and
chlorine as substituent, respectively. It was shown that hydrogen bonds
(HBs) play the dominant role for enantioseparations. In fact, any modifi-
cations which weaken HBs led to a dramatic drop of selectivity [12,25].
Nevertheless, the molecular bases of this enantioseparations remain un-
known and the matter still presents some open issues: i) on most cellu-
lose phenylcarbamate CSs, 1 shows exceptional retention of one enan-
tiomer and minimal retention of the other enantiomer; ii) subtle struc-
tural modifications at any position of the lead scaffold impact selectivity
in almost all cases; iii) moving the benzylsulfinyl substituent from posi-
tion 2 (compound 1) to position 3 (compound 10) with respect to the
amide group (Fig. 2), leads to a dramatic drop (or loss) of enantiosep-
aration; iv) on most CSs, the first eluted enantiomer of 1 retains shorter
than the first eluted enantiomer of 10.

Over time, computational-aided studies on recognition mechanisms
of polysaccharide-based CSPs towards chiral sulfoxides were reported
[23,33,35,36]. Among them, only one recent article deals with the
enantioseparation of 1 and related derivatives, determining the lowest
energy conformers through conformational search performed with the
MMFF94x force field and Born solvation [33].

Given this context, with the aim of unravelling the molecular origins
of retention and enantioselectivity observed for 1 and related derivatives
on cellulose-based CSs, chemical, electronic and conformational features
of the interacting partners were computed, and their impact on enan-
tioseparation was inspected. Low-energy conformers of 1 were identified
through conformational search, and molecular properties and electrosta-
tic potential (V) values were calculated for each conformer at density
functional theory (DFT) level. In addition, the electronic properties of
carbamate frameworks SC1-SC17, as models of the SC regions of cellu-
lose-based CS1-CS17, were computed (Table 1). On this basis, the pos-
sible correlations between calculated properties and experimental reten-
tion and selectivity factors were explored. For this purpose, chromato-
graphic parameters of reported enantioseparations were used as bench-
mark experimental data.

2. Computationals

The 3D structures of analytes and SCs were prepared by using the
build function, and model kits and tools provided by Spartan’ 10 Version
1.1.0 (Wavefunction Inc., Irvine, CA, USA) [37] for building and edit-
ing organic molecules. On this basis, molecules were generated and their
structure refinement was performed by a MMFF procedure. Then, each
structure was submitted to a conformational systematic search using the
MMFF force field, spanning all shapes accessible to the molecule with-
out regard to energy. After the elimination of duplicates and high-energy
conformers, a set of energetically accessible conformers was selected.
For each conformer, geometry optimization was performed in vacuum
employing the DFT method with the B3LYP functional and the 6-31G*
basis set, and finally the respective Boltzmann distribution (%) was con-
structed. In some cases, energies (given in kcal/mol) and Boltzmann dis-
tributions were also calculated in methanol as solvation environment. In
this case, the SM8 solvation model [38,39] was applied. Computation
of V values mapped on 0.002 au electron density isosurfaces (Vs) and re-
lated parameters (Vs maxima (Vs max) and minima (Vs min) values, given
in kJ/mol, isosurface area [10\2] and volume enclosed in the isosurface
area [A%]) was performed and graphically generated by using Spartan’
10 (DFT/B3LYP/6-31G*). Vg isosurface colours towards red depict neg-
ative Vg values, while colours towards blue depict positive Vg values and
colours in between (orange, yellow, green) depict intermediate values of
Vs. Statgraphics Centurion XVIII (Statpoint Technologies, Inc., Warren-
ton, VA, USA) was used for all regression analyses.

3. Results and discussion
3.1. Calculation of electrostatic potential to inspect interaction sites
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 neg-
ative term) of the molecule and given by equation (1)

_ Z, p(r)dr’
V(r)'—;m— ] ¢8)

where Z, is the charge on nucleus A located at Ry, and p(r) is the elec-
tron density function [6,40]. 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. Therefore, by mapping V
on electron density isosurfaces (Vs), the electron charge density on mole-
cular regions involved in the noncovalent contacts may be evaluated, de-
riving Vg-based guidelines to predict and profile interaction patterns. In
particular, regions with high (nucleophile, HB acceptors) and low (elec-
trophile, HB donors) electron charge density can be identified by Vs min
and Vg nax values, respectively.

On this basis, in the last few years V analysis of analytes and poly-
saccharide-based CSs in their isolated state was advantageously used to
rationalize noncovalent interaction patterns underlying enantiodiscrim-
ination [41-43]. This approach relies on the concept that the enan-
tioseparation is a phenomenon involving interactions at the surface be-
tween selector and analyte. Vg is not an anisotropic property, however
the electron charge density distribution on specific regions of a chiral
compound may produce anisotropic effects impacting analyte-selector
complex formation. In this perspective, calculating Vg provides impor-
tant information on the 3D-shape of the distinctive enantiophoric system
(the basic combination of the spatial structural features which are supposed
to be responsible for chiral recognition [44]) associated with the analyte
structure.

Studying the interacting partners in their isolated state may be con-
sidered unsuitable to account for the dynamic feature of the enan-
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tioseparation event. On the other hand, it is well acknowledged that the
general features of noncovalent interactions may be well explained on
the basis of their electrostatic nature [45]. In this regard, recently Clark
proposed three levels of interaction for the analysis of weak intermole-
cular contacts [46]: (i) a first level containing classical electrostatic in-
teractions (permanent electrostatic interactions) that can be evidenced by
inspecting the unperturbed Vg of an isolated molecule [47], (ii) a sec-
ond level improving the previous view by introducing the mutual po-
larization of interacting molecules (induced electrostatic interactions), and
(iii) a third level including dispersion. The first level is based on the ap-
proximation of inspecting the interacting partners in their isolated state,
thus mutual polarization and dispersion effects are not considered. How-
ever, electrostatic modelling at this level proved to be adequate in many
cases, explaining binding energy, interaction geometry, and directional
preference [6,48].

3.2. Comparative structural analysis of compounds 1-4, and 22

Sulfoxides 1-4 and 22 were selected in order to evaluate the impact
of introducing the benzyl framework (1, 22), CONH, (1, 4) and COOR
(22) groups, as distinctive substituents, on the conformational and elec-
tronic features of each structure, given the phenylsulfinyl unit as the
common subunit. On this basis, low-energy conformers were calculated
for compounds 1-4, and 22. One conformer was identified for the sim-
ple sulfoxides 2 and 3, whereas seven conformers with Boltzmann dis-
tribution higher than 0.1% were found for compound 22 due to the
greater number of rotatable bonds (Supplementary data, Fig. S1). For
compound 4, several conformers were found, which can be referred to
two conformational patterns generated by the relative position of the
amidic NH, group, which can be close to the sulfinyl oxygen, with for-
mation of an intramolecular HB (S=O---H-N, conformer 4yg) or far
from it (conformer 4geenp2) (Fig. 3a). For 1, four low-energy conform-
ers were found (Fig. 3b). They originate from the relative orientation
of the two phenyl rings (benzamide and benzyl frameworks) that can
be close to each other (bent conformer) or away from each other (lin-
ear conformer) due to free rotation around the C-C and C-S bonds. For
each of the two conformations, analogously to compound 4, two addi-
tional conformers are generated by the relative position of the CONH,
group, which can be close to the S=O0 group, with formation of an in-
tramolecular HB (1yp pent and 1yp jinear), O far from it (1freenm2 bent and
1freeNH2 linear)- The relative energies of all conformers were calculated in
vacuum and are reported in Fig. 3. The zero value of energy was as-
cribed to the most stable conformer. The energy values may allow de-
termination of the relative Boltzmann distribution (Supplementary data,
Table S1). For each conformer, Vs isosurfaces and related parameters
were calculated: Vi, associated with the electron charge density on
sulfinyl oxygens (1-4, 22), carbonyl oxygens (1, 4, 22), and phenyl rings
(1-4, 22), Vs max on the amidic hydrogen (1, 4), isosurface area, po-
lar area, nonpolar area, volume enclosed in the isosurface, dipole mo-
ment, and log P (see Supplementary data, Table S2). For conformers
of compound 22, the electron charge density on the carbonyl oxygen
appeared lower (-141.2 kJ/mol < Vg nin < —128.4 kJ/mol) compared
to the sulfinyl oxygen (-227.5 kJ/mol < Vg in < —210.0 kJ/mol) due
to partial overlapping of the aromatic rings which surround the car-
bonyl moiety and make it rather inaccessible as a HB acceptor. For
compounds 1 and 4, it was observed that the enantiophore system
changes as the molecular conformational pattern. Indeed, conformers
showing a free NH, group present higher electron charge density on
the sulfinyl oxygen compared to the carbonyl oxygen (Vgmin (S—0O)
ranging from —229.4 to —207.1 kJ/mol < Vg i, (C=0) ranging from
—186.6 to —151.1 kJ/mol), with two more positive regions located on
each amidic hydrogen (Vg max ranges from 195.3 to 241.0 kJ/mol). Dif-
ferently, conformers which present the intramolecular S—0O---H-N con-
tact (with distances ranging from 1.77 to 1.88 A) are characterized by
higher electron charge density on the carbonyl oxygen compared to
the sulfinyl oxygen (Vs min (C—=0) ranging from —217.7 to —192.1 kJ/

mol < Vg min (§=0) ranging from —182.6 to —167.1 kJ/mol). Indeed,
the sulfinyl oxygen being involved as HB acceptor, its electron charge
density decreases and, consequently, the associated Vg iy is less nega-
tive. On the other hand, in this case a moderately positive Vg may value
is detectable on one amidic hydrogen (ranging from 153.0 to 168.8 kJ/
mol), the other one being involved in the intramolecular HB. It is worth
mentioning that less negative Vg i, on the sulfinyl oxygen (-180.8,
—182.6 kJ/mol) and the lower Vg nay values (166.8, 168.2 kJ/mol) on
the amidic hydrogen were calculated for the conformers 1yp. Otherwise,
the most negative Vg min on the sulfinyl oxygen (—229.4 kJ/mol) as well
as the highest Vg, value on the amidic hydrogen (241.0 kJ/mol) were
found in the conformer 1feeny2 Jinear- This calculated structure matches
the structure of (S)-1 crystallized from a methanol/pentane solution and
reported by Cirilli and co-authors [25] (Supplementary data, Fig. S2).

3.2.1. Correlation between computational and experimental
chromatographic data

Comparative enantioseparations of chiral sulfoxides 1-4, and 22 on
CS1 (coated CSP) were reported by using polar organic MPs [12]. In
this series of enantioseparations, selectivity values increased following
the order 2, 3 < 4 < 22 « 1 (Supplementary data, Table S3). Interest-
ingly, 1 showed the lowest and the highest retention values for the first
(R) and the second (S) eluted enantiomer, respectively. In particular,
with 2-propanol 100% (favouring HB formation) as MP, a Aa = 109.7
could be observed moving from 2 to 1. Therefore, with the aim to ex-
plore the structural reasons of this unusual chromatographic behaviour,
the possible correlation between calculated molecular properties (con-
formational features and electron charge density distribution) in vac-
uum and reported retention and selectivity factors in 2-propanol was
explored by fitting a simple linear regression model to describe the re-
lationship between In k; o (dependent variables) and computed prop-
erties as independent variables. It is worth mentioning that in calcula-
tions performed in the vacuum, the solvent effect was not considered.
The computation of properties in the vacuum is a quite realistic situa-
tion when nonpolar hydrocarbon-based eluents or 2-propanol (favour-
ing HB formation) are used. The final results were obtained by search-
ing the set of computed properties producing the best r* and P-value
(<0.05), spanning all values related to low-energy conformers of 2, 3,
seven conformers of 22 (see Supplementary data, Fig. S1, Table S2),
conformers 4yp and 4geenp2, and conformers 1yp pent, 1HB linears LfreeN-
H2 bent AN Lgeenn2 linear (Fig. 3). No clear and statistically significant
correlation was obtained between In kj o and Vgpmin on the aromatic
rings, isosurface area, polar area, volume, and log P, as independent
variables. The lack of a correlation representing all five selected com-
pounds means that the calculated properties do not impact enantiosep-
arations in the same sense or with the same relevance in all cases.
However, this observation does not rule out the possibility that the
mentioned properties influence the enantioseparation of a specific com-
pound in a distinctive manner. Otherwise, the best results were found
with a series of Vgmin values associated with the HB acceptor sites (S
=0 and/or C=0), as independent variables (Fig. 4), this correlation
showing the dominant role of the HBs between acceptors of the an-
alytes and donors (amidic hydrogens) of the CSs. For 4 the best val-
ues of Vg min is associated with the electron charge density on the car-
bonyl oxygen of conformer 4y, whereas for the other compounds the
best values are associated with the sulfinyl oxygens. In particular, as-
sociating each value of the best Vg, data set to the corresponding
conformer allowed for getting information on the preferred conforma-
tional features of the analyte on the CS surface. For 1, two different best
Vs, min values associated with the sulfinyl oxygens were found for each
regression lines In ky = f (Vg nin) and In ky = f (Vs min), which corre-
spond to two different conformers, the 1yp jinear for retention of the first
eluted enantiomer and 1eent2 linear fOr retention of the second eluted
enantiomer. On the other hand, the energy differences between calcu-
lated conformers being rather low, conformational transition between
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conformers appears to be likely on the CS surface. Coherently with
the trend in terms of retention of first (k; = 0.99) and second eluted
enantiomer (ky = 109.8), for 1 the Vg i, (-=182.6 kJ/mol) in the line
In k; = f (Vsmin) (red line) is the less negative value in series 1-4
and 22, belonging to the conformer 1yp jinear» Whereas the opposite oc-
curs for the Vg min (=229.4 kJ/mol) (conformer 1freeNn2 Jinear) Of the line
In ky = f (Vgmin) (blue line). Therefore, on the basis of this confor-
mationally-driven model, the exceptional selectivity of 1 on CS1 with
2-propanol (or with n-hexane-based mixtures) emerges from the discrim-
ination of the two enantiomers as two distinctive conformational forms

which represent two different enantiophoric systems eluting along the
surface of the CS. The first eluted enantiomer (R)-1 shows less con-
formational freedom being constrained by an intramolecular HB which
reduces its ability to exert intermolecular contacts with the CS. Oth-
erwise, the second eluted enantiomer (S)-1 presents no intramolecular
HB, thus it has conformational freedom and enhanced ability to inter-
act with CS surface. In this regard, it is worth mentioning that very
recently, in a case study on the enantioseparation of carnosine enan-
tiomers on Teicoplanin A2-2-based CSP (EEO S-R), Carotti and co-au-
thors found that (S)-carnosine establishes intramolecular contacts be-
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Fig. 4. Linear regression analysis describing the relationships between In k; and In ky
(CS1, MP = 2-propanol) [12] and Vg i, values for compounds 1-4 and 22.

tween its ionized functional groups, that limit its conformational free-
dom and weaken the association with the CSP, whereas (R)-carnosine
presents higher conformational freedom and ability to form intermolec-
ular contacts with the CSP [11].

In series 1-4, and 22, selectivity (In «) correlates with In ks
T = 0.9622, P-value = 0.003) (Supplementary data, Fig. S3a). On the
contrary, a scatter plot was observed for In « vs. In k; (P-value = 0.13).
Therefore, selectivity correlates with the same Vg, data set of the re-
gression line In ky = f (Vs min) with > = 0.9336 and P-value = 0.007
(Supplementary data, Fig. S3b), this evidence showing the stereoselec-
tive significance of the HBs between analytes and CSs. A moderate corre-
lation was found between In k5 and dipole moment values of conformers
1reeNH2 linears 2> 3, 4np, and 22¢ (* = 0.8286, P-value = 0.03) (Supple-
mentary data, Fig. S3c). On the contrary, no correlation was found be-
tween In a and the same set of dipole moment values (P-value = 0.09),
this fact suggesting that dipole moment controls nonstereoselective in-
teractions related to retention of the second eluted enantiomer.

3.3. Impact of structural and conformational variations on
enantioseparation

In light of the conformationally-driven mechanism determined for
the enantioseparation of 1, we calculated low-energy conformer dis-
tribution for compounds 5-9 (CHyPh—alkyl chain), 10 (2-benzyl-
sulfinyl—3-benzylsulfinyl), 13 (CONH,;—COOMe), 14
(CONH,—~CONHMe), and 23 (CONH,—COOH) which are related to 1
through subtle structural variations. On this basis, we aimed at ex-
ploring the relationship between enantioseparation extent and the pres-
ence of the pair HB-type/freeNH,(NH)-type conformers. The results of
the conformer distribution are summarized in Table 2, and a clear
trend emerges for compounds 1, 5-9 and 14 relating higher selectiv-
ity values, in the range 16-202.6 [25-27], to the pair of HB-type/
freeNHo(NH)-type conformers. Naturally, the extent of selectivity de-
pends on the structural features of the corresponding sulfoxides. Oth-
erwise, lower selectivity factors ranging from 1.2 to 2.83 are reported
[25,27,29,30] i) for compounds 10, which bear the NH, group far
from the sulfinyl oxygen, and consequently no intramolecular HB can be
formed, ii) for 13, which are structurally unable to form intramolecular
HB due to the lack of amidic hydrogens, and iii) for compounds 23, in
this case no HB-type conformer was found by calculation.

Table 2

Relative energies, and Boltzmann distribution for conformers of sulfoxides 1 (reference
compound), 5-10, 13, 14, and 23 calculated through computational conformational search
in vacuum (DFT/B3LYP/6-31G*) vs experimental selectivity factors (MP = 2-propanol or
n-hexane-containing mixtures) [25-27].

AE
sulfoxide [keal/ Boltzmann  selectivity factor (o)
conformer mol] distribution  (a (1))
1HB bent 0 38.8 -
1HB linear 0.26 24.6
1freeNH2 linear 0.35 21.3
1freeNH2 bent 0.57 14.7
Sa B 0 68.3 85 (150) [Ref. [26]]
Sp HB 0.86 16.1
5S¢ _freeNH2 0.92 14.4
5p_freeNH2 2.49 1.0
64 1B 0 27.9 45 (150) [Ref. [26]]
65 1B 0.43 13.4
6c 1B 0.46 12.8
6D freeNH2 0.84 6.6
o 0 38.7 26 (150) [Ref. [26]]
78 HB 0.39 19.2
7c.HB 0.54 14.6
7D_freeNH2 0.86 8.6
8a B 0 54.6 22 (150) [Ref. [26]]
8 1B 0.45 25.6
8 freeNH2 0.86 13.0
92 1B B 0 88.7 16 (150) [Ref. [26]]
9B freeNH2 0.86 10.3
10, 0 66.8 1.2 (202.6) [Ref. [27]]
105 1.73 33.2
13, 0 57.9 1.82 (43) [Ref. [25]]
13 0.26 37.4
13¢ 1.79 2.8
13p 2.11 1.6
144 pent 0 42.5 10 (43) [Ref. [25]]
24.3 (202.6) [Ref. [27]]
14frceNt linear  0.24 16.7
144 linear 0.13 28.0
14frceNH bent 0.40 10.6
234 0 56.5 2.83 (43) [Ref. [25]]
23p 0.22 39.8

2 Selectivity observed for the enantioseparation of 1 under the same chromatographic
conditions.
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In methanol, selectivity of 1 and analogs decrease drastically com-
pared to the enantioseparations performed with 2-propanol, or under
normal phase conditions [27,29]. Indeed, inter- and intramolecular HB
formation is expected to be disfavoured when methanol is used as MP.
However, previous chromatographic studies provided strong evidences
that HBs may be involved in the enantiodiscrimination of chiral sulfox-
ides with cellulose phenylcarbamate-based CSs even in pure methanol
and in aqueous methanol with low content of water [29]. On this ba-
sis, we evaluated the conformer distribution of sulfoxides 1 and 10-21
in methanol (Supplementary data, Table S2) in order to explore a pos-
sible relationship between the pair of HB-type/freeNHy(NH)-type con-
formers and higher selectivity values also in polar medium. In Table 3,

Table 3

Conformer types (calculated with methanol as medium), rate (%) of enantioseparations
with & > 1 on CS1-CS17 with pure methanol as MP, and average a values (x > 1) ob-
tained for compounds 1, and 10-21. Experimental data from Ref. [29].

sulfoxide conformer type a > 1 (%) average o (>1)
1 HB/freeNH;, 94 5.17
11 noHB * 35 2.87
14 HB/freeNH 71 1.81
15 noHB * 76 1.79
20 HB/freeNH 76 1.63
19 HB/freeNH 53 1.53
21 HB/freeNH 76 1.48
18 HB/freeNH 65 1.38
13 noHB * 71 1.22
17 noHB * 23 1.24
12 noHB * 53 1.11
10 noHB * 12 1.10
16 noHB * 18 1.17

2 For these sulfoxides no conformer containing intramolecular HB was found.

the enantioseparations of compounds 1 and 10-21 on CS1-CS17 with
methanol 100% [29] are summarized and ranked in terms of rate%
of enantioseparations obtained with « > 1 and related «, as average
value. Also in this case, compounds showing better selectivity (av-
erage o > 1.38) are characterized by the pivotal conformer pair HB/
freeNH,(NH) in almost all cases, whereas compounds with lower selec-
tivity (average o < 1.22) do not present these conformational features.

3.3.1. Vs analysis and enantiophoric systems

The calculation of Vg values and molecular properties for conformers
of compounds 5-21 allowed to profile the corresponding enantiophore
systems in terms of shape and electron charge density distribution (Sup-
plementary data, Tables S4-S6). This information may shed light on
the reason why subtle variations introduced in the lead structure (com-
pound 1) impact deeply the enantioseparation extent. Some representa-
tive cases are discussed below:

i) for compound 14 (CONH,—CONHMe), lower selectivity was ob-
served compared to 1 [27,29,30]. This decrease of selectivity is
likely due to the lack of the second amidic proton, and to the steric
hindrance exerted by the methyl group on close HB sites (Fig. 5).
These structural factors profile different enantiophoric systems for
14 compared to 1, in terms of site accessibility and electronic prop-
erties;

ii) for sulfoxide 10 (2-benzylsulfinyl—3-benzylsulfinyl), the key sites
defining the enantiophoric system are located more or less on the
same plane (Supplementary data, Fig. S4a) and the two enan-
tiomers are almost superimposable and, consequently, less distin-
guishable compared to 1. This observation could rationalize low or
absent enantioseparation observed for this compound on almost all
CSs [27,29,30]. The same structural effect may be responsible of
the poor enantioseparations observed for 16 [29]. The correspond-
ing enantiophore again presents the HB sites located more or less in

1 4H B_linear

1 HEB_linear

1 4I‘reeNH_Iin&ar

Fig. 5. Comparison of compounds 1 and 14 profiled by Vs representation on isodensity isosurfaces identifying distinctive enantiophoric systems.

1flseNH2_linsar
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the same plane (Fig. S4b), this kind of assembly limiting the dis-
criminability of the enantiomer pair;

iii) on the other hand, for 10 higher retention of the first eluted enan-
tiomer is reported compared to 1 [27,29]. This trend may be ra-
tionalized on the basis of the electronic properties of the respec-
tive HB sites. Indeed, the HB donor ability of the main amidic pro-
ton of 10 (Vg max vacuum = 212.9 kJ/mol; Vs max methanol = 278.6 kJ/
mol) is higher compared to the first eluted conformer of 1 (HB-type)
(Vs,max,vacuum = 168.2 kJ/mol; Vg max methanol = 168.2 kJ/mol). In
addition, also the HB acceptor ability of the sulfinyl oxygen of 10
(VS,min,vacuum = —196.6 kJ/mol; Vs, min,methanol = —267.8) is higher
compared to lyp.ype conformer (Vsminvacuum = —182.6 kJ/mol;
VS,min,methanol = -210.3).

3.4. Cellulose tris(3,5-dichlorophenylcarbamate) vs cellulose tris(3,5-
dimethylphenylcarbamate): impact of chlorination

Comparing enantioseparations of 1 on CS1 and CS2, the ratio
acs1/0¢se is 6 in methanol [29] and increase to 42 in 2-propanol [12].
In cellulose carbamate-based CSs, the substituents on the phenyl ring im-
pact significantly the capability of N-H and C=0 groups of the carba-
mate moiety as HB donor and acceptor, respectively. Moreover, the SC
moiety can also promote dipole-dipole, n-n interactions and hydropho-
bic contacts. On this basis, the Vg associated to SC1 and SC2 regions
was inspected with the aim to explain the chromatographic trend. As
shown in Fig. 6, the Vg values associated with the N-H and the C=
O sites are positive and negative, respectively, according with the func-
tion of the amidic hydrogen as HB donor, and the carbonyl oxygen as
HB acceptor. Comparing the Vg values of the 3,5-dimethylated SC2 and
the 3,5-dichlorinated SC1 calculated in the vacuum, it can be observed
that chlorination causes a decrease of the C=0 capability as HB ac-
ceptor, with a reduced electron charge density on the oxygen (Vsmin
decreases from —169.9 to —144.3 kJ/mol), and an increase of the N-H
capability as HB donor due to the decrease of electron charge density

methyl
(3,5-dichlorophenylcarbamate)
(SC1)
VS. i vsl o Vs_ a
sC (0:5) (AT'I; (NTE!) Area®  Volume*® ad
SC1  -1443 -39.1 246.2 2108 192.9 10.27
sC2 -169.9 -946 2014 2147 195.9 1.62

a /g [kJ/mol]; ® Isosurface area [AZ]; ¢ Volume enclosed in the
isosurface [A?]; ¢ Selectivity values for the enantioseparation
of 1 on CS1 and €S2, from ref. [29].

Fig. 6. Vg representation on electron density isosurfaces of methyl (3,5-dichlorophenylcar-
bamate) SC1 as model of the distinctive side chain of cellulose tris(3,5-dichlorophenylcar-
bamate) (CS1). Vg values, area and volume of the isosurfaces, calculated in the vacuum are
reported for SC1 and methyl (3,5-dimethylphenylcarbamate) SC2. Experimental values of
« are reported from Refs. [29].

on the hydrogen (Vg max increases from 201.4 to 246.2 kJ/mol). This
effect has consequence at intermolecular level for the interaction ana-
lyte-CS as well as at intramolecular level, affecting the formation of in-
tramolecular HBs in CS which contribute to maintain the high-ordered
structure of the CS. In this regard, it was observed through IR analy-
ses that the introduction of chlorine increases the fraction of free N-H
groups available for intermolecular HBs [4,49]. In the meantime, the
fraction of N-H involved in intramolecular HBs decreases. This could
produce for the chlorinated CS1 a wider cavity available for the enan-
tiomers with respect to the cellulose tris(3,5-dimethylphenylcarbamate)
(CDMPC) (CS2), the enantioseparation resulting from the balance of
carbamate polarity and intramolecular HB ability [4,49]. Coherently, a
less negative Vg value was calculated for the n-cloud of the chlorinated
phenyl ring of SC1 (Vg min = —39.1 kJ/mol) compared to the 3,5-di-
methylated phenyl ring of SC2 (Vg min = —94.6 kJ/mol). Moreover, the
chlorinated SC1 shows lower values of molecular area and volume than
SC2. Taking into account the chromatographic trend, it is clear that the
SC1 landscape in term of V; pattern is more suitable for the enantiosep-
aration of 1 compared to the SC2, suggesting a pivotal role of HBs be-
tween the carbamate N-H of the CS as HB donor and the regions with
high electron charge density of the chiral sulfoxide as HB acceptors.

3.4.1. Enantioseparation capability of cellulose-based chiral selectors toward
1

Given the previous analysis, the dependence of retention and selec-
tivity factors on calculated molecular properties of the models SC1-SC17
was explored, referring to the benchmark enantioseparations of 1 on
CS1-CS17 with methanol as MP (Supplementary data, Table S7) [29].
Therefore, we computed Vg values for SC1-SC17 using methanol as vir-
tual solvent and focusing on amidic hydrogen N-H (Vg may), the carbonyl
oxygen C=0 (Vsmin) and the n-cloud of the aromatic ring (Vs min)-
For each SC other properties, such as area and volume of the iso-
surface, log P and dipole moment were also computed (see Supple-
mentary data, Fig. S5, Tables S8 and S9). The series of SCs con-
tains monochlorinated (SC3, SC4, SC5), monomethylated (SC11, SC12,
SC13), dichlorinated (SC1, SC4, SC6, SC7, SC8, SC9, SC10), dimethy-
lated (SC2, SC14), chloromethylated (SC15, SC16) and unsubstituted
(SC17) phenylcarbamates (Table 1). As reported in Fig. 7, retention
values of the first eluted enantiomer do no correlate with selectiv-
ity and a scatter plot is observed (Fig. 7a), whereas selectivity val-
ues correlate with the retention values of the second elute enantiomer
T = 0.9556, P-value = 0.000) (Fig. 7Db). The retention values of both
enantiomers correlate (moderately for In k; and strongly for In k)
(Fig. 7c¢) with the electron charge density of the amidic hydrogen of
the CSs which is expressed in terms of Vgmax values calculated on
the amidic hydrogen regions. Otherwise, the other calculated molec-
ular properties furnished no statistically significant correlation, show-
ing P-values > 0.05 in all cases. However, some trends could be ob-
served. Indeed, In k, showed to increase as the electron charge den-
sity on the carbonyl oxygens (Fig. 7d) and the dipole moment (Fig.
7e) decreases and increases, respectively. Otherwise, In k; appears un-
affected by both dipole moment and Vg i, calculated on the carbonyl
oxygens. On this basis, a model using the electron charge density on
the main sites of the carbamate regions, as independent variables, shows
to describe well the enantioseparations of fifteen CSs (2 = 0.8532,
P-value = 0.0000) (Fig. 7f), whereas the introduction of CS15 and
CS16 in the series lowers both 2 and P-values, even if the correlation
still saves its statistical significance (% = 0.6654, P-value = 0.0002).
This observation suggests that additional effects control the enantiosep-
arations in CS15 and CS16, likely in terms of ability to exert dipole-di-
pole interactions and HBs as acceptor, producing higher selectivity to-
ward 1 (o = 15.97 and 19.82, respectively). In this regard, it is worth
noting that in CS1-CS14 chlorines and methyl groups on the aromatic
ring modify the electron charge density on carbonyl oxygens and amidic
protons in a complementary manner, increasing or decreasing the elec-
tron charge density on one site and decreasing or increasing, respec-
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Fig. 7. Linear regression analysis describing for 1 the relationships between In k; and In k, (CS1-CS17, MP = methanol) [29] and molecular properties of SC1-SC17.

tively, the electron charge density on the other site. Otherwise, CS15
and CS16 show high and low electron charge density on carbonyl oxy-
gens and the amidic hydrogens, respectively, which are both as high as
possible due to suitable electronic effects exerted by chlorine and methyl
as substituents at position 3 and 4 of the aromatic ring.

4, Conclusions

The computational procedure presented herein allowed for profil-
ing a recognition model to describe the exceptional selectivity of 1 on
cellulose-based CSs, explaining several aspects impacting enantiosepa-
ration as subtle modifications are introduced in the lead structure. In-
deed, computational results and correlations between computed and
benchmark experimental data support the following trends: i) features
and electronic properties of low-energy conformers calculated for each
sulfoxide profile the enantiophoric system potentially occurring on the
surface of the CS during the enantiodiscrimination process; ii) for 1
and related derivatives bearing either the amidic NH, or NH groups,
low-energy conformers containing an intramolecular HB between the
sulfinyl oxygen and amidic proton were identified. Chiral sulfoxide
bearing this feature are in general recognized better; iii) a conforma-
tional transition between low-energy conformers associated with dis-
tinct enantiophoric systems for the first and the second eluted enan-
tiomer, respectively, can reasonably explain the exceptional enantiosep-
aration of 1 on chlorinated cellulose carbamate-based CSs; iv) the main
interaction driving enantioseparations of 1 on seventeen chlorinated
cellulose-based CS is the HB between the sulfinyl oxygen of the ana-
lyte and the amidic hydrogen of the selector, whereas the participa-
tion of the carbamate oxygen determines exceptional enantiosepara-
tions only for CS15 and CS16. In fact, in terms of electronic properties,

these CSs contain carbamates moieties with both HB donor and acceptor
abilities as high as possible compared to the other CSs examined in this
study.

Given that, three types of HB contacts appear to be of crucial im-
portance for the enantioseparation of chiral sulfoxides on cellulose car-
bamate-based CSs: i) intramolecular HBs within the polysaccharide de-
rivative, contributing to sustain the high-ordered structure of the poly-
meric selector. The strength of these intramolecular HBs depends on
steric and electronic properties of each distinctive SC, also determin-
ing chiral cavity size and shape; ii) as demonstrated in this study, stere-
oselective intramolecular HBs within the analyte may have a pivotal
role in enantiodifferentiation, limiting conformational freedom of a sin-
gle enantiomer and weakening its ability to exert intermolecular HBs
with the CS, and defining different enantiophore systems for each eluted
enantiomer; iii) intermolecular HBs between analyte and selector sus-
taining diastereomeric complex formation and discrimination.

Importantly, conformational and electrostatic potential analysis may
be applicable to other chromatographic systems providing a rationale of
why and how the analytical separation occurs.
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