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ARTICLE INFO ABSTRACT

Keywords: In the last few years, chiral 4,4’-bipyridine derivatives have been developed for different applications in catalysis,
Bipyridines enantioseparation science, supramolecular and theoretical chemistry by modulating the activity of the molecu-
Electrostatic potential lar system through the introduction of specific substituents in the heteroaromatic scaffold. More recently, the
Enantioseparation

biological activity of 2’-substituted-3,3’,5,5"-tetrachloro-2-iodo-4,4’-bipyridines has been explored in the field of
transthyretin (TTR) fibrillogenesis inhibition, and the anticancer cytotoxicity of some derivatives is currently
under systematic investigation. In this frame, the high-performance liquid chromatography (HPLC) enantiosepa-
ration of four atropisomeric 2,2’-disubstituted-4,4’-bipyridines (R, R’ = Ar, I), which contain multiple interaction
sites, such as hydrogen bonding (HB) donors and acceptors, halogen bond (XB) donors, and z-extended electronic
clouds, was explored by using n-hexane (Hex)/2-propanol (2-PrOH) 90:10 v/v as a mobile phase (MP), and eight
chiral columns with coated and immobilized amylose- and cellulose-based selectors. The impact of subtle struc-
tural variations of analytes and selectors on their mutual intermolecular interactivity was evaluated in terms of
retention (k) and selectivity (a) factors. On this basis, chromatographic analysis based on systematic screening of
analytes and selectors was integrated with electrostatic potential (V) analysis and molecular dynamics (MD) sim-
ulations as computational techniques. The effect of temperature on retention, selectivity, and enantiomer elution
order (EEO) of the analytes with coated and immobilized amylose tris(3,5-dimethylphenylcarbamate) was also
considered by comparing the variation of the thermodynamic profile associated with each enantioseparation.
Chromatographic responses proved to be strictly dependent on specific regions within the analyte, and functions
of different interactions sites of the analytes as the structure of the chiral selector changes were significantly

High-performance liquid chromatography
Molecular dynamics
Polysaccharide-based chiral stationary phases

disclosed.
1. Introduction selectors: a) the polysaccharide backbone, where conformational chi-
rality depends on the peculiar helical twist generated by specific gly-
In cellulose and amylose carbamate-based polymers, two main struc- cosidic linkages forming the polymeric chain; b) the pendant groups
tural features contribute to the extreme versatility of this class of chiral which allow for the radial expansion of the polymer and the forma-
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Fig. 1. Structures of 4,4’-bipyridines 1a-e.

tion of a chiral groove. The latter consists of a polar layer, containing
the carbamate groups located inside the groove and able to exert polar
interactions, and a hydrophobic layer containing substituted (R = Me,
Cl) aromatic rings located outside the polymer groove and able to ex-
ert z-= and hydrophobic interactions [1,2]. Depending on type and
position of the substituents on these terminal aromatic rings, several
noncovalent interactions can potentially occur over the polysaccharide
surface underlying selector-selectand complex formation but, as a mat-
ter of fact, only some of them act to recognize the enantiomers of a
given chiral compound depending on its particular structure, size and
shape. In addition, the type of noncovalent interactions determining the
affinity of selectand toward the polymer can be significantly tuned by
changing the mobile phase (MP), given the possibility to operate with
alkane/alcohol mixtures, polar organic (PO) solvents, and aqueous or-
ganic mixtures [3]. In this molecular environment, unexplored analytes
are privileged tools to profile new interaction modes and gain new infor-
mation on chromatographic enantiorecognition. In turn, the information
gained on the interaction capability of new analytes by using polysac-
charide carbamate-based platforms in chromatography may be useful
beyond the boundaries of chromatography itself in order to guide to-
ward applications of the analytes in fields other than enantioseparation
science.

Previous studies have demonstrated that functions and applications
of atropisomeric 4,4’-bipyridines in catalysis [4], enantioseparation sci-
ence [5-7], supramolecular [8,9], and theoretical [10] chemistry can
be determined by introducing suitable functional groups in the het-
eroaromatic scaffold in order to tune steric and electronic properties of
the molecular system. Very recently, the enantioseparation of atropiso-
meric 2’-substituted-3,3’,5,5’-tetrachloro-2-iodo-4,4’-bipyridines 1a, 1b
and 1e (Fig. 1) on some polysaccharide-based chiral stationary phases
(CSPs) has been reported [11,12], observing that the chromatographic
response of the analytes, in terms of retention and selectivity factors,
is strictly dependent on the stereoelectronic features of the distinctive
substituents located at the 2,2’-positions of the 4,4’-bipyridyl core. For
this class of compounds, the information about noncovalent interac-
tivity gained by integrating chromatographic and computational anal-
ysis (Fig. 2a) [11,12] guided us toward the design and development
of a) new inhibitors of transthyretin (TTR) misfolding, which is im-
plicated in TTR amyloidosis diseases [13], and b) compounds which
have been showing interesting anticancer cytotoxicity [14]. Indeed,
through molecular docking simulations, compounds la-c showed to
fit the T, cavity of TTR with binding energy ranging from —7.02 to
—7.26 kcal/mol (Fig. 2b), the inhibition ability being confirmed in vitro
for compound 1a and 1b, and the M-enantiomer showing higher activity
compared to the P-enantiomer [13]. More recently, compound 1a (R=1,
R’ = HOCgH,) showed hydrogen bonding (HB)-driven anticancer cyto-
toxicity (0% cell growth at 100 xM) higher compared to compound 1e
(R =1, R’ = Ph), over 48 hrs incubation time with the human metastatic
BRAFV600E_mytated melanoma cell line A375 (CRL-1619, ATCC), which
is poorly responsive to conventional chemotherapeutic agent and sensi-
tive to BRAF inhibitors (BRAFi) (Fig. 2c) [14].

Given the applicative interest of chiral 4,4’-bipyridines 1, the enan-
tioseparations of compounds 1c¢ and 1d (Fig. 1), which contain multiple
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interaction sites, and 1a and 1b, used as reference compounds for com-
parison, were studied by using eight chiral columns with coated and im-
mobilized amylose- and cellulose-based selectors. The impact of subtle
structural variations of both analytes and selectors on the intermolec-
ular interactivity underlying retention and diastereomeric complex for-
mation was explored by integrating chromatographic analysis, based on
systematic screening of analytes and selectors, and electrostatic poten-
tial (V) analysis and molecular dynamics (MD) simulations as computa-
tional techniques. Finally, the effect of temperature on the enantiosepa-
ration of 4,4’-bipyridines 1c¢ and 1d with coated and immobilized amy-
lose tris(3,5-dimethylphenylcarbamate) (ADMPC) were evaluated and
compared with the thermodynamic profiles of the recently described
iodinated analogues 1a and 1b [11].

2. Experimental
2.1. Chemicals

Compounds 1la-d were synthesized and characterized as reported
earlier [13,15].

2.2. Chromatography

An Agilent Technologies (Waldbronn, Germany) 1100 Series
HPLC system (high-pressure binary gradient system equipped with
a diode-array detector operating at multiple wavelengths (220, 254,
280, 360 nm), a programmable autosampler with a 20 ul loop, and
a thermostated column compartment) was employed for both ana-
lytical and multimilligram separations. Data 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 Amylose-1 and i-Amylose-1
(amylose tris(3,5-dimethylphenylcarbamate) (ADMPC)) (A-1 and
iAl, respectively), Lux Amylose-2 (amylose tris(5-chloro-2-methyl-
phenylcarbamate) (ACMPC-2)) (A-2), Lux i-Amylose-3 (amylose
tris(3-chloro-5-methyl-phenylcarbamate) (ACMPC-3)) (iA-3), Lux
Cellulose-1 (cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC)) (C-
1), Lux Cellulose-2 (cellulose tris(3-chloro-4-methylphenylcarbamate)
CCMPC-2)) (C-2), Lux Cellulose-4 (cellulose tris(4-chloro-3-
methylphenylcarbamate) (CCMPC-4)) (C-4), and Lux i-Cellulose-5
(cellulose tris(3,5-dichlorophenylcarbamate) (CDCPC)) (iC-5) were
used as chiral columns (5 ym, 250 x 4.6 mm) (Phenomenex Inc.,
Torrance, CA, USA) (Table 1). HPLC grade n-hexane (Hex), 2-propanol
(2-PrOH), and methanol (MeOH) were purchased from Sigma-Aldrich
(Taufkirchen, Germany). Dead time (t;) was measured by injection of
tri-tertbutylbenzene (Sigma-Aldrich) as a non-retained compound [16].
Analyses were performed in isocratic mode at 25 °C. The flow rate
(FR) was set at 0.8 ml/min. For compounds 1a and 1b, the enantiomer
elution order (EEO) was determined by injecting enantiomers of known
absolute configuration [13]. Pure enantiomers of compound 1c were
obtained by HPLC enantioseparation (Supplementary material) and
their absolute configuration was assigned by comparison of theoretical
and experimental electronic circular dichroism (ECD) spectra (see
Supplementary material for theoretical ECD details). ECD spectra of
1c enantiomers were recorded at room temperature using 0.15 mM
samples in methanol and a 1 mm quartz cell at 22 °C. For compound
1d, the relative EEO was assigned by injecting pure enantiomers of
unknown absolute configuration which are denoted as X and Y. The
separations at various temperature were conducted at 10, 15, 20, 25,
30, 35, 40, and 45 °C in a thermostated column chamber equipped
with a RE104 LAUDA circulating water-bath (Lauda, Konigshofen, Ger-
many). When the temperature was changed, the column was allowed
to equilibrate for 1 h before injecting the samples. Thermodynamic
parameters were derived from the slopes (AH and AAH) and the
intercepts (AS* = AS/R + In® and AAS) of the van’t Hoff plots by
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Fig. 2. a) Representative snapshot from the simulated MD trajectories of (P)—1a complex with amylose tris(3,5-dimethylphenylcarbamate) [12]; b) docking modes
into the T, binding pocket for the (M)-enantiomers of 1a (yellow) [13] and 1c (pink, green) (superimposed structures); c¢) anticancer cytotoxicity of rac-1a and rac-1e
observed at variable concentration of ligand after 48 hrs incubation with A375 melanoma cell line [14].

Table 1

Chiral columns and selectors used for the enantioseparations of compounds 1a-d.

Ar

CDMPC, CCMPC, CDCPC

ADMPC, ACMPC

Column? Chiral selector

Name Type Acronym Name Acronym
Cellulose-1 coated C-1 cellulose tris(3,5-dimethylphenylcarbamate) CDMPC
Cellulose-2 coated C-2 cellulose tris(3-chloro-4-methylphenylcarbamate) =~ CCMPC-2
Cellulose-4 coated C-4 cellulose tris(4-chloro-3-methylphenylcarbamate) ~ CCMPC-4
i-Cellulose-5 immobilized iC-5 cellulose tris(3,5-dichlorophenylcarbamate) CDCPC
Amylose-1 coated A-1 amylose tris(3,5-dimethylphenylcarbamate) ADMPC
i-Amylose-1 immobilized  iA-1 amylose tris(3,5-dimethylphenylcarbamate) ADMPC
Amylose-2 coated A-2 amylose tris(5-chloro-2-methylphenylcarbamate) ACMPC-2
i-Amyose-3 immobilized  iA-3 amylose tris(3-chloro-5-methylphenylcarbamate) ACMPC-3

a Lux series columns (Phenomenex).

linear regression analysis. R is the gas constant (1.987 calsK ~ 'mol~1)
and @ is the phase ratio of the column. Statgraphics Centurion XVI
(Statpoint Technologies, Inc., Warrenton, VA, USA) was used for all
linear regression analyses.

2.3. Computationals

The 3D structures of compounds 1la-d and methyl 3,5-
dimethylphenylcarbamate, methyl 3-chloro-4-methylphenylcarbamate,
methyl 4-chloro-3-methylphenylcarbamate, methyl 3,5-
dichloromethylphenylcarbamate, methyl 3-chloro-5-methylcarbamate,
and methyl 5-chloro-2-methylphenylcarbamate, as frameworks rep-
resenting the selector pendant groups, were prepared using the build
function, and model kits and tools provided by Spartan’ 10 Version
1.1.0 (Wavefunction Inc., Irvine, CA, USA) [17] for building and
editing organic molecules. Geometry optimization and computation
of electrostatic potential isosurfaces (Vg) and related parameters (Vg
extrema, Vg nax and Vg i, values, given in au) were performed by using
Gaussian 09 at density functional theory (DFT) level (B3LYP, 6-311G*)
(Wallingford, CT 06,492, USA) [18]. Search for the exact location of
such Vg .y and Vg i, was made through the Multiwfn code [19] and

through its module enabling quantitative analyses of molecular surfaces
(isovalue 0.002) [20]. The AMBER18 software [21] was used to carry
out 100 ns MD simulations, and the Chimera software (UCSF, San
Francisco, USA) was used for visualization and analysis of the MD
trajectories [22]. MD details are reported as Supplementary material.

3. Results and discussion
3.1. Analyte structures

All compounds 1la-d contain a common 3,3’,5,5-tetrachlorinated
motif that represents a symmetric hydrophobic region surrounding
the chiral axis. Otherwise, distinctive substituents are located at 2,2’-
positions, which present an orthogonal-like orientation. Due to the at-
ropisomeric topology of 3,3’,5,5-tetrachloro-4,4’-bipyridines 1a-d, it
was expected that the enantiodifferentiation degree would be depen-
dent on the type of interaction sites located at both 2- and 2’-positions,
and on the strength of noncovalent interactions between these sites and
those featuring the polymeric selectors used in this study. Thus, for com-
pounds 1a-d, Vg, (Table 2, pale blue points) and Vg i, (red points)
values were computed at DFT level of theory in order to inspect the effect
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Table 2

Calculated Vg, (pale blue) and Vg, (red) (au) on a
0.002 au isosurface for 3,3’,5,5"-tetrachloro-4,4’-biyridines 1a-
d (DFT/B3LYP/6-311G*).

" NCsH,
L 8
¢ Naustituent —», (N bipyr

‘ v
1c 1d

Descriptor la 1b 1c 1d

VS,min
OH —0.0421 —0.0420 -0.0273
Niipyr —-0.0490 —0.0450 —0.0469 —-0.0479
Nhipyr —0.0489 —0.0428 —0.0494 —-0.0509
Ngubstituent —0.0659 —0.0684 —0.0690
Cg¢H,4 7-cloud —0.0205 —0.0203 —-0.0230
NCsH, z-cloud —0.0087 —-0.0126 -0.0119

VS,max
2-1 0.0496 0.0532
OH 0.1128 0.1128

of subtle structural variations on the electron charge density distribu-
tion associated to the main electron-poor (electrophile, Lewis acid) and
electron-rich (nucleophile, Lewis base) recognition sites, respectively
(Table 2). When two molecules approach each other, the tendency will
be that the regions of positive V on a molecule are attracted to those
of negative V on another molecule. Based on this concept, recently V
analysis has been fruitfully used to gain insights on molecular contacts
by evaluating the electron charge density on molecular regions involved
in noncovalent interactions [23,24].

Compounds 1c and 1d contain a z-extended electronic system con-
sisting of four connected aromatic rings. Moreover, HB sites are present
on the substituents located at the 2,2’-positions: a) a HB acceptor site
(Ngybstituent) (Vs,min = —0-0684 and —0.0690, respectively) located on the
4-pyridyl group at the 2-position in both compounds, b) HB donor (OH)
(Vs max = 0.1128 au) and acceptor (OH) (Vg 1, = —0.0420 au) sites lo-
cated on the hydroxyl group at the 2’-position in 1¢, and ¢) a HB acceptor
site (OSiR3) (Vg min = —0.0777 au) located on the tBuMe,SiO moiety at
the 2’-position in compound 1d. As the OH group in 1a and 1c is free
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to rotate around the C-O bond, the directionality of the HB sites in-
volving the OH may change, in principle making the 4-hydroxyphenyl
group more adaptable to the CSP chiral cavities than the 4-pyridyl. In
the latter case, the rotation of the 4-pyridyl substituent does not change
the directionality of the HB involving the pyridyl nitrogen. Likely for
this reason, 1a has shown to be more efficient than 1b with different
synthetic [11,12] and biological [13,14] receptors, in terms of binding
and function. Compound 1c presents the same values of V extrema on
the sites located on the 4-hydroxyphenyl group at the 2’-position (Vg yax
(OH) = 0.1128 au; Vg iy (OH) = -0.0420 au; Vg i (CgHy z-cloud) = -
0.0203 au) compared to compound 1a (Vg . (OH) = 0.1128 au; Vg i
(OH) = -0.0421 au; Vg 1, (CgHy z-cloud) = -0.0205 au), revealing that
changing the iodine atom to the 4-pyridyl, at the 2-position, does not
affect the electronic properties at the 2’-position. In compound 1c¢, the
electron charge density on the 4-pyridyl moiety at the 2-position (Vg pin
(Ngybstituent) = —0.0684 au; Vg i, (NCsH, #-cloud) = -0.0126 au) in-
creases slightly compared to 1b (Vg in (Ngypstituent) = —0-0659 au; Vg iy
(NC5H,4 z-cloud) = -0.0087 au). In compound 1d, the presence of the
tBuMe,SiO moiety in place of the H in the substituent at the 2’-position
has the effect of removing the HB donor site that is present in 1¢, and of
increasing the electron charge density on both oxygen and z-electronic
cloud (1d: Vg, (OSiR3) = -0.0777 au; Vg pin (CgHy 7-cloud) = -
0.0230 au) compared to 1a (Vg i, (CeHy 7-cloud) = -0.0205 au) and
1c (Vg min (CeHy n-cloud) = —0.0203 au). As already reported [11,12],
both compounds 1a and 1b contain an iodine atom as substituent at the
2-position, whereas 4-pyridyl and 4-hydroxyphenyl rings are the distinc-
tive substituents at the 2’-position, respectively. In these compounds the
iodine may act as XB donor interacting through its electrophilic o-hole
with the nucleophilic regions of the polymeric selector. Previous studies
showed that a XB interaction actually drives enantioseparation of 1b on
C-1, by using Hex-containing mixtures as MPs. Indeed, higher polariza-
tion was induced by the 4-pyridyl substituent (Vs max (D = 0.0535 au)
on the 2-iodine compared to the 4-hydroxyphenyl substituent (Vg ax
(I) = 0.0496 au).

3.2. Polysaccharide-based selectors

C-1, C-2, C-4,iC-5, A-1,iA-1, A-2 and iA3 as chiral columns (Table 1)
were selected for this study in order to evaluate the impact of aryl chlo-
rination and covalent immobilization on the enantioseparation perfor-
mances of the corresponding CSPs toward rac-1c¢ and rac-1d, using 1a
and 1b as reference compounds of comparison. All columns contain se-
lectors based on cellulose and amylose backbones which are derivatized
with distinctive pendant groups determining the stereoelectronic prop-
erties of each selector. In this context, three key regions of the pen-
dant groups strongly contribute to retention and selectivity, namely the
electrophilic amidic hydrogen (N-H), the nucleophilic carbonyl oxygen
(C=0) and the z-electronic cloud. To quantify the effect of type and po-
sition of the substituents of the terminal aromatic rings on the electron
charge density of the pivotal components of each pendant group, Vg .«
(Table 3, pale blue point) and Vg i, (red point) values were also com-
puted at DFT level of theory (Table 3). Calculating V extrema confirmed
that introducing chlorine modifies the electron density distribution on
the pendant group moiety, thus the electron density on both C=0 and
phenyl ring decreases (r-acidity increases), and the acidity of the N-H
increases. In previous studies, it was observed through IR analyses that
the introduction of chlorine increases the fraction of free N-H groups
available for intermolecular interactions between selector and selectand
[25,26]. In the meantime, the fraction of N-H involved in intramolecu-
lar HBs, contributing to maintain the high-ordered structure of the CSP,
decreases. This could produce for the chlorinated CSPs a wider cavity
available for the enantiomers with respect to the dimethylated selectors,
the enantioseparation resulting from the balance of carbamate polarity
and intramolecular HB ability [25,26].
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Table 3
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Vs max and Vs ., values (a.u.) associated with the main recognition sites (carbamate N-H, C=0, and Ar) of cellulose- and amylose-based selectors used in

the study (DFT/B3LYP/6-311G*).

Chiral selector Side chain Descriptors Vs max (N-H) Vg min (C=0) Vg min (A1)

CDMPC/ADMPC 3,5- - 0.0843 —0.0625 —0.0271
dimethylphenylcarbamate / |

CCMPC-2 3-chloro-4- ~/\ f b f\ / 0.0911 —0.0578 —-0.0165
methylphenylcarbamate / o)

CCMPC-4 4-chloro-3- r\ﬁ\‘ 0.0919 —0.0580 —0.0165
methylphenylcarbamate /\

CDCPC 3,5- //\ ® 0.0990 —0.0536 —0.0066
dichlorophenylcarbamate S

ACMPC-2 5-chloro-2- 0.0853 —0.0588 —-0.0179
methylphenylcarbamate

ACMPC-3 3-chloro-5- 0.0914 —0.0595 —0.0163
methylphenylcarbamate

Table 4

3.3. Chromatographic screening with n-hexane/2-propanol 90:10 as a
mobile phase

In the first step of this study, rac-1c was enantioseparated at mul-
timilligram scale (>99% ee) on iA-3 by using Hex/2-PrOH 85:15 v/v
as a MP (Supplementary material, Table S1). The absolute configura-
tion of HPLC-separated enantiomers of bipyridine 1c was determined
by comparing the measured ECD spectra (Supplementary material, Fig.
S1) with the one calculated by time-dependent DFT (TD-DFT) calcula-
tions for the (M) enantiomer. The calculation of the ECD spectrum was
performed considering all the possible conformers arising from the ro-
tation of the substituents in the 2- and 2’-positions with respect to the
bipyridine rings (Supplementary material, section S3 for details). A good
match was obtained with the spectrum of the second eluted enantiomer,
allowing unambiguous absolute configuration assignment (Supplemen-
tary material, Fig. S2).

Then, the enantioseparation of 4,4’-bipyridines 1a-d was explored
on the eight polysaccharide-based CSPs by using Hex/2-PrOH 90:10 as
MP (Table 4), which was expected to favor and stabilize HB and other
polar interactions. For compound 1d, the relative EEO was assigned by
injecting pure enantiomers of unknown absolute configuration which
are denoted as X and Y. In this case, it was not possible to determine
the absolute configuration of the collected enantiomers due to limited
amounts of the available material. However, given that a common P-
M, P-M, P-M, X-Y pattern was obtained for the EEO of compounds 1a-d,
respectively, on iC-5 and A-2, it appeared reasonable to also assign X = P
and Y = M for compound 1d

By integrating the results of the chromatographic screening, which
are summarized in Table 4, and V values associated to the main inter-
action sites of analytes and selectors, the following remarks emerged:

i) retention factors of compounds 1b-d showed to be higher on the
chlorinated selectors (1.55 < k; <17.25), which contain better HB donor
sites (N-H) compared to the methylated selectors (0.83 < k; < 13.53).
This confirmed that the interaction between the pyridyl nitrogen on the
analytes and the amidic hydrogen on the CSPs drives retention. In ad-
dition, for compound 1a, higher retention factors on the methylated
selectors were obtained (2.94 < k; < 6.28) compared to the chlorinated
polymers (1.38 < k; < 3.35), showing a pivotal role of the intermolecu-
lar HB between the hydroxyl hydrogen of the analyte and the carbonyl
oxygen of the selector;

ii) the highest enantioselectivity values were obtained for all com-
pounds on the methylated selectors with selectivity factors ranging from
1.26 to 2.83. However good selectivity values were also provided by the
chlorinated iA-3 in the case of 1c¢ and 1d (« = 1.31 and 1.23, respec-
tively);

iii) in most cases, EEO was observed to be P-M. In previous study,
backbone-dependent EEO reversal was reported for compounds 1a and
1b by changing CDMPC (P-M) to ADMPC (M-P). It is interesting to note
that an analyte-dependent EEO reversal also occurred moving from 1a

Chromatographic conditions, parameters and EEOs for the enantiosep-
arations of 1la-d on polysaccharide-based CSPs (MP = Hex/2-PrOH
90:10 v/v (A), MeOH (B), FR = 0.8 ml/min, T = 25 °C).

Csp MP  t; [min] t, [min] k, ky a EEO
la
C-1 A 13.97 15.39 2.94 3.35 1.14 P-M
C-1 B 6.40 6.40 0.59 0.59 1.00 -
iC-5 A 9.26 10.07 1.38 1.59 1.15 P-M
C-2 A 11.01 11.51 2.07 2.21 1.07 M-P
C-4 A 11.24 11.24 2.03 2.03 1.00 -
A-1 A 25.50 31.31 6.28 7.93 1.26 M-P
A1l A 21.56 21.56 4.97 4.97 1.00 -
A-2 A 16.23 17.30 3.35 3.73 1.09 P-M
iA-3 A 13.11 13.76 2.61 2.79 1.07 P-M
1b
C-1 A 12.97 30.25 2.66 7.54 283 P-M
C-1 B 8.11 8.11 1.01 1.01 1.00 -
iC-5 A 30.65 33.41 6.89 7.58 1.10 pP-M
C-2 A 20.72 20.72 4.78 4.78 1.00 -
C-4 A 21.02 22.87 4.66 5.16 111  M-P
A-1 A 14.02 14.42 3.00 3.12 1.04 M-P
A1 A 12.91 13.74 2.58 2.80 1.09 P-M
A-2 A 20.21 21.11 4.52 4.77 1.05 P-M
iA-3 A 16.39 16.39 3.51 3.51 1.00 -
1c
C-1 A 28.68 28.68 6.96 6.96 1.00 -
C-1 B 5.96 6.24 0.48 0.55 1.14 P-M
iC-5 A 66.19 73.95 17.25 19.39 1.12 P-M
C-2 A 64.31 64.31 17.08 17.08 1.00 -
C-4 A 67.94 74.34 16.76  18.42 110 P-M
A-1 A 49.18 60.74 13.53 16.95 1.25 pP-M
A1l A 34.70 45.26 8.74 11.71 1.34 P-M
A-2 A 44.96 46.38 11.20 1159 1.03 P-M
iA-3 A 41.46 52.99 10.32 1347 131 P-M
1d
C-1 A 6.58 6.58 0.83 0.83 1.00 -
C-1 B 7.13 7.41 0.77 0.84 1.09 X-Y
iC-5 A 20.14 21.59 4.55 4.95 1.09 XY
C-2 A 9.06 9.95 1.55 1.80 116 XY
C-4 A 10.26 11.56 1.68 2.02 1.20 XY
A-1 A 7.48 9.54 1.21 1.82 1.50 XY
A1l A 8.10 10.04 1.28 1.82 1.43 XY
A-2 A 10.59 11.44 1.85 2.11 112 XY
iA-3 A 9.95 11.40 1.72 211 1.23 XY

and 1b (M-P) to compounds 1c and 1d (P-M) on ADMPC. In this study,
pendant group-dependent EEO reversals were also obtained by changing
CDMPC (P-M) to CCMPC-2 (M-P) for 1a, and CDMPC (P-M) to CCMPC-4
(M-P) for 1b. Otherwise, compound 1c retained the same EEO (P-M) on
both ADMPC and CCMPC-4;

iv) the iodine substituent at the 2-position in 1a and 1b has a piv-
otal role on C-1 (@ = 1.14 and 2.83, respectively) when mixture A is
used as a MP, because changing it to the 4-pyridyl group (la—1c), to
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the 4-hydroxyphenyl group (1b—1c), or to the tBuMe,SiOC¢H, group
(1b—1d) caused loss of enantioseparation. Analogously, changing the
Hex-alcohol to pure methanol with C-1 provided a dramatic drop of se-
lectivity for 1a and 1b. Otherwise, under PO conditions the selectivity of
1c and 1d slightly increases (o« = 1.14 and 1.09, respectively), likely due
to the presence of the extended hydrophobic aromatic region consisting
of four aromatic rings;

v) on C-1, the retention of 1c seems to be determined by the additive
contribution of the HBs arising from the two groups at the 2,2’-positions
(k; (1a) + k; (1b) =5.60 vs k; (1¢) = 6.96). Changing the hydroxyl hy-
drogen to the silyl group (1c—1d) alters the stereoelectronic properties
at the 2’ region with a relevant reduction of the retention factor of the
first eluted enantiomer from 6.96 to 0.83. By using methanol as MP on
C-1, retention of compounds 1a-d decreased in all cases following the
order 1c < 1a < 1d < 1b. Thus, slightly higher retention was obtained
for compounds 1d and 1b featured by more acidic z-electronic clouds
revealed by less negative Vg i, values associated with the 4-pyridyl
aromatic regions (-0.0119 and -0.0087 au, respectively). The z-acidic
aromatic clouds may be better counterparts in z-z interactions with the
r-basic 3,5-dimethylphenyl moieties of CDMPC;

vi) an interesting complementarity between C-2 and C-4 could be
observed. While C-2 could enantioseparate 1a, it was unable to resolve
rac-1b and —1e¢. The opposite trend was observed on C-4 which was able
to enantioseparate 1b and 1e¢, but not 1a. This behavior showed that in
1c the two groups at the 2,2’-position are able to contribute coopera-
tively to the enantioselection with the C-4, with a dominant contribu-
tion of the 4-pyridyl moiety. Otherwise with C-2, the dominant contri-
bution of the 4-pyridyl group opposes to the interaction activity of the
4-hydroxyphenyl group, which is dominant in compound 1a. It is inter-
esting to note that in compound 1d the absence of the hydroxyl oxygen
had a beneficial effect on the enantioseparation, in particular with C-2.

On this basis, the two groups at 2 and 2’-positions showed to act
with a positive cooperation on amylose-based chiral columns Al, iAl,
and iA3, which provide higher selectivity factors for 1¢ (1.25 < a <1.34)
compared to compounds 1a and 1b (1.04 < a < 1.26). Otherwise, the
presence of both groups appeared to be detrimental for the enantiosep-
aration of 1c with system C-1/A (a = 1.00) compared to 1a (a« = 1.14)
and 1b (a = 2.83). On the contrary, the extended z-electronic system
featuring 1c exerted a beneficial effect on selectivity under PO condi-
tion (« = 1.14), compounds 1a and 1b being unseparated in this case. In
most cases, the introduction of the silyl moiety (1c—1d) showed to be
beneficial for enantioseparation, in particular on amylose-based CSP. It
is likely that removing the hydroxyl oxygen, which increases the affinity
of 1c toward the selectors, allowed for more efficient modulation of the
intermolecular HBs involving the 4-pyridyl group.

3.4. Effect of temperature on the enantioseparation with coated and
covalently immobilized ADMPC

In a previous study, the application of van’t Hoff analysis allowed
for identifying different thermodynamic profiles for compounds 1a and
1b as the cause of the different selectivity observed by changing the
coated ADMPC to the immobilized one (Fig. 3a-d) [11]. In particular,
for compound 1b a reversal of EEO was observed with coated (M-P) and
immobilized (P-M) selectors. It was found that the P-M elution order was
related to the occurrence of a hydrophobic mechanism underlying enan-
tioselection and associated to entropic thermodynamic profiles [11]. It
is worth mentioning that several studies published over time reported
differences in chiral recognition ability of coated and covalently immo-
bilized amylose-based CSP [3,27,28].

Given that for the enantioseparation of compounds 1c and 1d no
reversal of EEO was observed on both coated and immobilized ADMPC-
based columns, we also explored the impact of temperature on the
enantioseparation of these compounds on the ADMPC-based columns.
In particular, we aimed to confirm if the P-M elution order observed
on ADMPC is associated with the entropic thermodynamic profiles also
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for compounds 1c and 1d. The application of van’t Hoff analysis (Sup-
plementary material for details) allows for calculating the thermody-
namic parameters governing enantiomer adsorption and enantiosepara-
tion [29-31]. Despite the fact that this analysis does not allow for de-
termining individually achiral and chiral features of enantioseparation
and their actual ratio in the discrimination process [32,33], it allows
for providing meaningful information on chiral recognition mechanism
[11,30,31].

On this basis, retention and selectivity of compounds 1c and 1d, on
coated A-1 and immobilized iA-1 with Hex/2-PrOH 90:10 v/v as a MP,
were determined at different temperatures from 10 to 45 °Cin 5 °C incre-
ments (Supplementary material, Table S2). The thermodynamic quan-
tities derived from van’t Hoff plots (Fig. 3e-h) are reported in Table S3
(Supplementary material). As hypothesized, for compounds 1¢ and 1d
enantioseparation was entropy-driven in most cases:

i) for the enantioseparations of compound 1c¢ on coated and im-
mobilized ADMPC, negative Tjs, values were calculated in both cases.
However, a higher value was obtained on the coated column (-32 °C)
(Fig. 3e) compared to its immobilized version (-87 °C) (Fig. 3f).
On this basis, the operative temperature was higher than the de-
termined Ty, therefore the recognition process was entropy-driven
(|TAAS®| > |AAH’|) on both A-1 and iA-1. The AAG® values associ-
ated with the enantioseparation was higher for the immobilized ADMPC
(—174.7 cal/mol) compared to the coated selector (—130.3 cal/mol);

ii) for the enantioseparation of compound 1d on coated ADMPC
(Fig. 3g) a more negative T;qo value (-139 °C) was calculated, re-
vealing an entropy-driven enantioseparation also in this case. Other-
wise, on immobilized ADMPC (Fig. 3h), an enthalpy-driven process oc-
curred (|JTAAS’| < |AAR?|), and the difference between the free ener-
gies associated to the transfer of the enantiomers from the MP to the
selector surfaces is essentially due to a negative enthalpy contribution
(=119 cal/mol), whereas the entropy term is positive and close to zero
(0.31 cal’k ~ I'mol~1). Indeed, the enantioselectivity is almost inde-
pendent of the temperature variation (Supplementary material, Table
S2). For 1d, the AAG® values associated with the enantioseparation was
higher for the coated ADMPC (—244.0 cal/mol) compared to the immo-
bilized selector (—211.4 cal/mol), showing an opposite trend compared
to that of compound 1¢ [31].

The collected results confirmed that the observed EEO is dependent
on the type of thermodynamic pattern, and two recognition mechanisms
could be confirmed for the enantioseparation of compounds 1a-1d on
ADMPC-based columns: a) in the enthalpic domains (1a and 1b), the
EEO is M-P, likely due to HB-driven mechanisms; b) in the entropic
domains, in general the EEO is P-M, and in this case a ‘hydrophobic’
mechanism driven by aryl rings and related z-z interactions controls
enantioseparation. As previously reported, P-M was always observed as
EEO for compound 1e (R = ; R’ = Ph), which contains a phenyl group
as distinctive 2’-substituent [11]. It is worth noting that only for the
enantioseparation of compound 1d on the iA-1 the P-M elution order
was determined under enthalpic thermodynamic conditions.

3.5. Molecular dynamics simulations

As reported in Table 4, CDMPC and ADMPC showed different enan-
tioseparation performances toward compound 1e, with « = 1.00 and
1.25, respectively, and P-M as EEO on the amylose-based selector. More-
over, on the basis of the thermodynamics experiments, a hydrophobic
mechanism was hypothesized to underlie complex formation, with a rel-
evant entropic contribution to enantioselection (thermodynamic ratio
Q= AAH/(298xAAS° = 0.81 (A-1) and 0.62 (iA-1). On this basis, with
the aim to explore the molecular basis of these chromatographic be-
haviours, a theoretical investigation based on MD simulations was per-
formed by using CDMPC and ADMPC nonamers as virtual models of
the polysaccharide-based selectors. 100 ns MD simulations in the AM-
BER force field were performed by using the mixture Hex/2-PrOH 90:10
as a virtual solvent in accord with the experimental conditions used in
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Fig. 3. In k vs. 1/T plots for the enantioseparation of 1a-d on Lux Amylose-1 and i-Amylose-1 columns (Hex/2-PrOH 90:10, 0.8 ml/min, temperature range 278.15—
318.15 K for 1a and 1b, and 283.15-318-15 K for 1c and 1d; color legend: k (P), blue point, k (M), red point.

the chromatographic studies. The total interaction energies calculated
for (M)- and (P)-enantiomers of 1c in its complexes with each of the
polysaccharide nonamer are reported in Figure S3 (Supplementary ma-
terial) and Fig. 4 for CDMPC and ADMPC complexes, respectively. The
reported energies are mean values that were calculated from 5000x3
complexes extracted by snapshots taken every 20 ps from the trajecto-
ries of three 100 ns MD replicas [34]. The interaction energy (E;,.) be-
tween enantiomer and selector is calculated on the basis of the energies

of the selector-enantiomer complex, the selector, and the enantiomer

(Eq. (1))

Eint = Etotal — Eenantiomer — Epolysaccharide—based selector M

In Figures S3 and 4, representative snapshots and noncovalent in-
teractions from the simulated MD trajectories of 1c complexes with
CDMPC (Fig. S3) and ADMPC (Fig. 4) are depicted. The following re-
marks emerged:
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Fig. 4. Distribution of interaction energies of selector/selectand complexes over three cycles of 100 ns MDs (5000 frames/simulation), and representative snapshots

from the simulated MD trajectories: a) (P)—1¢/ADMPC, b) (M)—1c/ADMPC.

i) MD simulations provided a more compact structure for ADMPC
compared to the CDMPC and, coherently, in CDMPC the cavities hosting
the enantiomers appeared to be bigger and more exposed toward the
surrounding space (Fig. S3) compared to those of ADMPC (Fig. 4);

ii) in CDMPC (Fig. S3), the two enantiomers are accommodated in
the same cavity. In addition, the same type of noncovalent interactions
underlies complex formation: a C=0-~H-O HB with distance of 1.988
and 1.930 A for the (P)- and (M)-complexes, respectively, and a z-r
interaction involving the 4-pyridyl ring. On the other hand, close values
of E;,; were determined for the two complexes, 21.65 + 4.96 kcal/mol
(P) and 23.59 + 3.62 kcal/mol (M). Therefore, the calculated models
appeared consistent with the absence of enantiodifferentiation observed
experimentally for 1c on CDMPC.

iii) in the case of ADMPC, the calculated EEO (P-M) is consistent
with the experimental elution sequence. Indeed, the following values

of E;,, were calculated for the two complexes, 41.22 + 3.70 kcal/mol
and 44.86 + 1.92 kcal/mol for the (P)- and (M)-complexes, respec-
tively. The two enantiomers were accommodated in two different cav-
ities of the amylose-based nonamer. In both 1¢/ADMPC complexes,
4-hydroxyphenyl and 4-pyridyl groups protruded deeply inside the
groove, with the hydroxyl group of the (P)-enantiomer engaged in a
weak HB with the carbamate site of the selector (d = 3.290 [D\), and the
4-pyridyl nitrogen of both enantiomers involved in HBs with the amidic
proton of the carbamate region (d = 2.285 A (P) and 2.013 A (M)). More
importantly, both enantiomers appeared to be buried into hydropho-
bic cavities generated by the nonpolar regions of the polymer (Fig. 5).
This profile is in accordance with the high retention of both enan-
tiomers of 1c on the ADMPC (tz (P) = 49.18 min, tz (M) = 60.74 min),
and with the hydrophobic model based on the thermodynamic
analysis.
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Fig. 5. Representative snapshot from the simulated MD trajectories (100 ns) of (P)—1c complex with ADMPC (solvent box, Hex/2-PrOH 90:10): tube model of
the (P)-1¢/ADMPC complex (legend colours: blue, nitrogen; green, chlorine; red, oxygen; white, hydrogen; magenta, aromatic rings featuring and delimiting the

hydrophobic binding cavity of ADMPC (gray) hosting (P)—1c as a selectand).

4. Conclusions

While ADMPC and CDMPC showed to be complementary for
the baseline enantioseparation of compounds 1a (appypc = 1.26 >
acpmpe = 1.14) and 1b (appypc = 1.04 < acpupe = 2.83) contain-
ing the 4-hydrophenyl and the 4-pyridyl groups, respectively, amylose-
based selectors proved to be more versatile for the enantiosepara-
tion of both 4,4’-bipyridines 1c (appypc = 1.25 > acpypc = 1.00)
and 1d (aapypc = 1.50 > acpypc = 1.00) than cellulose-based CSPs.
In particular, the enantioseparation of compound 1lc requires the
use of higher concentration of alcoholic additives to shorten elu-
tion time. For instance, while elution times higher than 50 min
(t; = 41.46 min, t, = 52.99 min) are needed for the enan-
tioseparation of 1c¢ on iA-3 with Hex/2-PrOH 90:10 v/v as a MP
(FR = 0.8 ml/min), the use of the mixture Hex/2-PrOH 85:15 v/v
(FR = 1.0 ml/min) shortens elution time to 21 min (t; = 16.63 min,
t, = 20.82 min).

From the mechanistic point of view, the comparison of chromato-
graphic responses and thermodynamic profiles of compounds 1a and
1b, containing two different distinctive substituents, 4-hydroxyphenyl
and 4-pyridyl, respectively, and compound 1c, containing both groups,
allowed for exploring the joint function of the two descriptors when
located on the same scaffold. The results of this study confirmed that
multisite frameworks containing both HB sites and z-extended regions
can behave in multiple manner in terms of interaction ability. In com-
pound 1c, the co-presence of the two groups at the 2,2’-positions showed
to be detrimental for enantioseparation on C-1, and in general mecha-
nism controlled by HBs acting at the 2,2’-positions of the heteroaro-
matic scaffold are not very effective in terms of selectivity. Other-
wise, the two groups tend to act cooperatively on amylose-based se-
lectors through a mechanism driven by hydrophobic interactions. MD
simulations confirmed that the extended z-electronic cloud of 1c¢ can
be well accommodated in the hydrophobic cavities of the ADMPC,
profiling a mechanistic picture which appears consistent with the
entropic-driven feature of this enantioseparation on the amylose-based
selectors.
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