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ARTICLE INFO ABSTRACT

Keywords: In the last decade, the availability of new and versatile synthetic strategies for the preparation of substituted 4,4’-
Atropisomers bipyridyl derivatives based on chemo- and regioselective functionalization of the 4,4’-bipyridine core has en-
Enantioseparation couraged studies for exploring the bioactivity of these compounds in the fields of drug discovery and medicinal

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

chemistry. In substituted 4,4’-bipyridines, chirality may emerge from restricted rotation induced by sterically
hindered atoms or functional groups located around the 4,4’-biaryl bond (chiral axis). The first atropisomeric
substituted 4,4’-bipyridine was prepared in 2008, and no asymmetric synthesis to produce pure atropisomers of
chiral 4,4’-bipyridine derivatives has been available so far. Thus, in the last few years, our groups developed
methods to separate atropisomers of a wide series of 4,4’-derivatives by high-performance liquid chromato-
graphy (HPLC) using polysaccharide-based chiral stationary phases (CSPs). In the frame of our interest in this
field, we reported herein the synthesis of two new chiral carboxylic acids containing an axially chiral 4,4’-
bipyridyl unit as source of chirality, and their HPLC enantioseparation on polysaccharide-based CSPs. In par-
ticular, the impact of analyte and CSP structures on the enantioseparation outcomes as well as mechanisms and
noncovalent interactions underlying the enantioseparation were explored by using electrostatic potential ana-

lysis and molecular dynamics (MD) simulations.

1. Introduction

Classically, the 4,4’-bipyridyl unit has been mainly used as a di-
vergent coordination linker between metals or metal complexes [1,2].
With this function, 4,4’-bipyridine and its derivatives have become a
versatile molecular design element for the preparation of coordination
polymers and metal-organic frameworks [1,3] towards applications in
the fields of luminescence sensing [4], molecular electronics [5] and
separation science [6,7]. Very recently, 4,4’-bipyridines showed to be
versatile scaffolds for the preparation of self-assembled 2D-networks on
highly oriented pyrolytic graphite, adopting structural motifs that are
governed by the substituents [8]. Otherwise, applications of 4,4’-bi-
pyridines in medicinal chemistry and drug discovery remain relatively
unexplored [9-12] even though nitrogen heterocycles are very popular
targets in these fields [13]. The reason for that likely relies on the fact
that relatively few synthetic strategies leading to functionalized 4,4’-
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bipyridines were available in the distant past, and more efficient
functionalization reactions have been developed only recently [14-19].
While developing efficient strategies for the syntheses of functionalized
4,4’-bipyridines [20,21], our groups found that 2,2’-disubstituted-
3,3,5,5’-tetrachloro-4,4’-bipyridines (1) (Fig. 1) showed interesting
capability to inhibit transthyretin fibrillation in vitro [20]. Some ana-
logs belonging to the same series are currently under investigation
showing remarkable antiproliferative activity toward melanoma cell
lines [22].

It is worth mentioning that compounds of general structure 1 are
chiral for atropisomerism by restricted rotation around the 4,4’-bond
(chiral axis). In the last few decades, atropisomerism has been re-
cognized as a relevant and versatile design element for drug discovery
[23-25]. In particular, the separation of atropisomers at analytical and
preparative level is important for determining possible enantioselective
biological functions of the target compounds [26]. For six compounds
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Fig. 1. Structures of chiral compounds 1, 3,3’,5,5-tetrachloro-[4,4’-bipyridine]-2,2’-dicarboxylic acid (2) and 4-(5,5’-dibromo-2,2’-dichloro-[4,4’-bipyridin]-3-yl)

benzoic acid (3).

of the series 1, efficient methods for high-performance liquid chroma-
tography (HPLC) enantioseparation on polysaccharide-based chiral
stationary phases (CSPs) have been developed by our groups
[22,27-30]. On the other hand, the first atropisomeric 4,4’-bipyridine
was prepared in its racemic form in 2008 [31] and, likely due to the
novelty of the field, no asymmetric synthesis for this class of chiral
compounds has been available so far.

In general, chiral carboxylic acids are conveniently resolved by
diastereomeric crystallization. It is the reason why, among the huge
number of chiral analytes which can be enantioseparated on poly-
saccharide-based chiral columns [32,33], axially chiral carboxylic acids
have attracted limited attention in chromatographic separation science.
On the other hand, diastereomeric crystallization may be challenging if
the carboxylic functionality is not close to the stereogenic element
featuring the chiral molecule.

The first enantioseparation of an axially chiral carboxylic acid on a
polysaccharide-based chiral selector dates back to 1978 [34], when
Musso and co-authors reported the enantioseparation of the 6,6’-di-
nitro-2,2’-diphenic acid on potato starch. Overtime, attention was de-
voted to the enantioseparation of biphenyl [35,36] and binaphthyl
[37,38] carboxylic acids on polysaccharide-based chiral columns,
whereas methods to separate atropisomers of 4,4’-bipyridyl carboxylic
acids were not reported so far.

In the frame of our interest toward chemistry of chiral 4,4’-bipyr-
idines and their applications in medicinal chemistry [20,22], in the
present study we explored the HPLC enantioseparation of two new
axially chiral carboxylic acids (Fig. 1) on polysaccharide-based CSPs: a)
the dicarboxylic acid 2 featuring again the 2,2’-disubstituted-3,3’,5,5-
tetrachloro-4,4’-bipyridine scaffold, and b) compound 3 bearing a car-
boxyl group not directly bound to the 4,4’-bipyridine unit.

In this study, the impact of analyte and selector structures on the
enantioseparation was also explored by using electrostatic potential (V)
analysis, and the main noncovalent interactions underlying retention
and selectivity were surveyed by molecular dynamics (MD). In this
regard, it is worth noting that investigations on the enantioselective
mechanisms underlying the enantioseparation of new chiral compounds
may be of great interest to pave the way for new knowledge and in-
formation on the fine functioning of polysaccharide-based CSPs.

2. Materials and methods
2.1. General information, reagents and chemicals

Proton (*H NMR) and carbon (*3*C NMR) nuclear magnetic re-
sonance spectra were recorded on a Bruker Avance III instrument op-
erating at 500 MHz (Bruker Corporation, Billerica, MA, USA). The
chemical shifts are given in parts per million (ppm) on the delta scale.
The solvent peak was used as reference values for 'H NMR (CDCl;

= 7.26 ppm, CD;0D = 3.31 ppm, CD;COCD; = 2.05 ppm) and for *3C
NMR (CDCl; = 77.16ppm, CD3;0D = 49.00ppm, CD3COCD;
= 29.84 ppm). Data are presented as follows: chemical shift, multi-
plicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet
of doublet), integration, and coupling constants (J/Hz). High-resolution
mass spectra (HRMS) data were recorded on a micrOTOF spectrometer
(Bruker Corporation, Billerica, MA, USA) equipped with an orthogonal
electrospray interface (ESI). Analytical thin layer chromatography (TLC
plates from Merck KGaA, Darmstadt, Germany) was carried out on si-
lica gel 60 F254 plates with visualization by ultraviolet light. Reagents
and solvents were purified using standard means. Dry acetonitrile was
obtained by passing through activated alumina under a positive pres-
sure of argon using GlassTechnology GTS100 devices. Dry triethyla-
mine was distilled over CaH, and stored over KOH under an argon
atmosphere. Anhydrous reactions were carried out in flame-dried
glassware and under an argon atmosphere. All other chemicals were
used as received.

2.2. Synthesis of 3,3’,5,5™-tetrachloro-[4,4’-bipyridine]-2,2’-dicarboxylic
acid (2) (Fig. 2A)

2.2.1. 3,3’,5,5-Tetrachloro-[4,4’-bipyridine]-2,2’-dicarbonitrile (4)

Bis-N-oxide 5 [21] (1.81 mmol, 590 mg) was dissolved in acetoni-
trile (7mL) and triethylamine (1.7 mL). Trimethylsilylcyanide
(10.86 mmol, 1.36 mL) was slowly added, and the mixture was refluxed
at 100°C for 24h. After cooling to 0°C, a solution of NaOH (5M,
50 mL) was slowly added and the mixture was extracted with CH,Cl,
(3 x 60mL). The combined organic phases were dried over MgSOj,,
filtered and concentrated under vacuum. The crude compound was
purified by chromatography on silica gel (pentane/ethyl acetate 7/3) to
give 4 as a yellowish powder (458mg, 73%). 'H NMR (CDCls,
500 MHz) & 8.81 (s, 2H) ppm; '*C NMR (CDCls, 126 MHz) § 149.3,
140.5, 135.0, 134.9, 132.5, 113.7 ppm. HRMS (ESI-TOF): m/z calcd. for
C1,H5Cl4N, [M+H]*: 342.9106, found: 342.9119.

2.2.2. 3,3’,5,5-Tetrachloro-[4,4’-bipyridine]-2,2’-dicarboxylic acid (2)

A resealable tube was charged with 4 (100 mg, 0.289 mmol) and a
solution of NaOH (15% in H,0O, 2.5mL) was added. The tube was
sealed and heated at 100 °C for 16 h. After cooling to room temperature,
HCl 2M was added until pH < 4 and the mixture was extracted with
diethyl ether (4 x 10 mL). The combined organic phases were dried
over Na,SO,. After filtration and concentration under vacuum, acid 2
was obtained as a white powder (105mg, 95%). 'H NMR (CD50D,
500 MHz) § 8.85 (s, 2H) ppm; *C NMR (CDs0OD, 126 MHz) § 166.3,
149.5, 148.6, 143.2, 133.9, 130.3 ppm. HRMS (ESI-TOF): m/z calcd for
C1,H5Cl4N,0,4 [M-H] *: 378.8852; found: 378.8861.
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2.3. Synthesis of 4-(5,5’-dibromo-2,2’-dichloro-[4,4’-bipyridin] — 3-yD)
benzoic acid (3) (Fig. 2B)

2.3.1. Ethyl
(6)

A resealable tube was charged with 7 [16] (200 mg, 0.393 mmol), 4-
ethoxycarbonylphenylboronic acid pinacol ester (109 mg, 0.393 mmol),
sodium carbonate (88 mg, 0.786 mmol), THF (4 mL) and H>O (1 mL).
Argon was bubbled in the mixture for 10 min and Pd(PPh3),4 (22.7 mg,
0.02 mmol) was added. The tube was sealed and the mixture was he-
ated at 80 °C for 12h. After cooling, H,O (10 mL) was added and the
mixture extracted with CH,Cl, (3 X 15mL). The combined organic
phases were dried over MgSO,, filtered and concentrated under va-
cuum. The crude compound was purified by chromatography on silica
gel (cyclohexane/ethyl acetate 7/1) to give 6 as a white solid (120 mg,
58 %). H NMR (CDCl3, 500 MHz) § 8.70 (s, 1H), 8.43 (d, J = 0.5Hz,
1H), 8.00 (dd, J = 8.0, 2.0 Hz, 1H), 7.85 (dd, J = 8.0, 2.0 Hz, 1H), 7.27
(dd, J =8.0, 2.0Hz, 1H), 7.19 (dd, J = 8.0, 2.0Hz, 1H), 6.96 (d,
J = 0.5Hz, 1H), 4.36 (q, J = 7.0 Hz, 2H), 1.38 (t, J = 7.0 Hz, 3H) ppm;
13C NMR (CDCls, 126 MHz) § 165.8, 152.0, 151.0, 150.4, 150.2, 148.5,
147.2, 138.8, 136.1, 131.2, 130.0, 129.7, 129.5, 128.7, 125.2, 119.6,
119.4 ppm. HRMS (ESI-TOF): m/z calcd. for Ci9H;3Br,CloN>Os [M
+H]": 528.8715, found: 528.8738.

4-(5,5’-dibromo-2,2’-dichloro-[4,4’-bipyridin]-3-yDbenzoate

2.3.2. 4-(5,5’-Dibromo-2,2’-dichloro-[4,4’-bipyridin]-3-yl)benzoic acid
3

Ester 6 (20mg, 0.0377 mmol) was dissolved in THF (3.8 mL). A
solution of NaOH (4 mg, 0.094 mmol) in H,O (3.8 mL) was added and
the mixture was heated at 80 °C for 20 h. After cooling to room tem-
perature, THF was removed under vacuum. To the residue in water was
added HCI 2 M until pH = 1. The resulting white solid was filtrated and
washed with water and pentane. The solid was dissolved in ethyl
acetate and dried over NaSO,. After filtration and concentration under
vacuum, 3 was obtained as a white solid (15mg, 79 %). 1H NMR
(CD3COCD3, 500 MHz) § 8.82 (s, 1H), 8.55 (d, J = 0.5Hz, 1H), 8.02
(dd, J = 8.0, 2.0Hz, 1H), 7.99 (dd, J = 8.0, 2.0Hz, 1H), 7.58 (d,
J = 0.5Hz, 1H), 7.52 (dd, J = 8.0, 2.0Hz, 1H), 7.43 (dd, J = 8.0,
2.0Hz, 1H) ppm; °C NMR (CD5COCDs, 126 MHz) § 166.9, 152.7,
151.7, 150.8, 150.4, 149.7, 148.2, 140.1, 137.0, 131.9, 130.9, 130.5,
130.3, 129.6, 126.5, 120.4, 120.2 ppm. HRMS (ESI-TOF): m/z calcd. for
C17HoBr,CI,N,0, [M+H] *: 500.8402, found: 500.8424.

2.4. 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 pl loop, and a ther-
mostated column compartment) was employed for analytical separa-
tions. 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 Cellulose-1 [cellulose tris(3,5-dimethylphenylcarbamate)],
Lux Cellulose-2 [cellulose tris(3-chloro-4-methylphenylcarbamate)],
Lux Cellulose-3 [cellulose tris(4-methylphenylbenzoate)], Lux
Cellulose-4 [cellulose tris(4-chloro-3-methylphenylcarbamate)], Lux i-
Cellulose-5 [cellulose  tris(3,5-dichlorophenylcarbamate)],  Lux
Amylose-1 and i-Amylose-1 [amylose tris(3,5-dimethylphenylcarba-
mate)], Lux Amylose-2 [amylose tris(5-chloro-2-methyl-phenylcarba-
mate)], and Lux i-Amylose-3 [amylose tris(3-chloro-5-methyl-phe-
nylcarbamate)] were used as chiral columns (5um, 250 X 4.6 mm)
(Phenomenex Inc., Torrance, CA, USA) (Table S1, Supplementary data).
HPLC grade n-hexane, ethanol (EtOH), methanol (MeOH), 2-propanol
(2-PrOH), and trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich (Taufkirchen, Germany). Dead time (t,) was measured by in-
jection of tri-tertbutylbenzene (Sigma-Aldrich) as a non-retained
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compound [39]. Analyses were performed in isocratic mode at 25 °C.
The flow rate was set at 0.8 mL/min. For compounds 2 and 3, the re-
lative enantiomer elution order (EEO) was assigned by injecting pure
enantiomers of unknown absolute configuration which were denoted as
X5 (X3) and Y, (Y3).

2.5. Computations

The 3D structures of compounds 2 and 3 were prepared using the
build function, and model kits and tools provided by Spartan’ 10
Version 1.1.0 (Wavefunction Inc., Irvine, CA, USA) [40] for building
and editing organic molecules. Geometry optimization, energy calcu-
lations, and computation of electrostatic potential mapped on electron
density isosurfaces (Vs) (0.002 au) and Vs extrema, maxima (Vs max)
and minima (Vsmin) values (kcal/mol) were performed at density
functional theory (DFT) level (B3LYP, 6-311G*). Vs isosurface colors
towards red depict negative Vg values, while colors towards blue depict
positive Vg values and colors in between (orange, yellow, green) depict
intermediate values of V. MD simulations were performed as described
in the Supplementary data.

3. Results and discussion
3.1. Synthesis of the 4,4’-bipyridyl acid derivatives 2 and 3

Formally, compound 2 is the dimer of 3-chloropicolinic acid. In this
regard, it is worth mentioning that picolinic acid derivatives have at-
tracted interest as ligands for the preparation of metal catalysts [41,42],
and very recently chiral rhenium(I) picolinic acid complexes showed
enantioselective inhibition of the SARS-CoV-2 main protease [43]. The
synthesis of acid 2 (Fig. 2A) was performed starting from 4,4’-bipyr-
idine 4, obtained from bis-N-oxide 5 in good yield following a published
procedure [21]. Thus, hydrolysis of the cyano groups of 4 under basic
conditions furnished the targeted carboxylic acid 2 in high yield. The
solubility of this carboxylic acid was sufficiently good in methanol to
allow its unambiguous characterization by NMR spectroscopy. In par-
ticular, the typical chemical shift for the COOH group around 166 ppm
was observed by '3C NMR.

Carboxylic acid 3 was considered in our study in order to also
evaluate the enantioseparability of a chiral 4,4’-bipyridine derivative
bearing a para-linked benzoic acid unit, namely a COOH functionality
not directly attached to the heteroaromatic unit. Acid 3 was obtained in
two steps (Fig. 2B) from the pentahalogeno-bipyridine 7 [16]. In this
case, a selective Suzuki cross-coupling reaction [44] on the more re-
active C-I bond was first performed using 4-ethox-
ycarbonylphenylboronic acid pinacol ester to provide bipyridine 6 in
moderate yield. The latter compound was hydrolyzed under basic
conditions to generate carboxylic acid 3 in good yield. The COOH group
of 3 was again attested by *3C NMR spectroscopy, showing a chemical
shift around 167 ppm. It is worth noting that the employed conditions
for the hydrolysis did not cause the introduction of hydroxyl groups in
2,2’-positions of the bipyridine skeleton in place of the chlorine atoms,
as confirmed by mass spectrometry.

3.2. Electrostatic potential analysis of the 4,4 -bipyridyl acid derivatives 2
and 3

In order to explore the main recognition sites located on the mole-
cular surfaces of compounds 2 and 3, Vg values were calculated and
compared (Table 1). Indeed, 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 in-
formation on specific regions of the molecules, such as lone pairs and -
clouds. V (r) at each point r in the surrounding space of a molecule is
created by each nucleus (first positive term) and electron (second
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Fig. 2. Synthesis schemes of 3,3’,5,5-tetrachloro-[4,4’-bipyridine]-2,2’-dicarboxylic acid (2) and 4-(5,5’-dibromo-2,2’-dichloro-[4,4’-bipyridin]-3-yl)benzoic acid
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negative term) of the molecule and given by Eq. (1)
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p(r)dr’
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(€Y

where Z, is the charge on nucleus A located at Ru, and p(r) is the
electron density function [45]. The sign of V may be positive or nega-
tive depending on the dominant contribution, which is positive and
negative from nuclei and electrons. On this basis, electrophilic and
nucleophilic properties may be associated with regions having positive
and negative V, respectively.

Considering the linear relationships between pK, and Vs values of
acidic sites [46,47], compound 2 with the more positive V; max value
associated to the acidic proton appeared more acidic compared to
compound 3 (68.81 vs 64.96 kcal/mol, Table 1). Moreover, considering
trifluoroacetic acid, trichloroacetic acid, formic acid, benzoic acid,
acetic acid, and picolinic acid as references for comparison, a good

Table 1

correlation was found between pK, and calculated V max values for the
acidic proton (r* = 0.9456) (Table S2, Supplementary data) allowing
predicted pK, values of 2.73 and 3.73 for 2 and 3, respectively. The
electron charge density on the carbonyl oxygen, expressed as negative
Vs,min Value, was more negative for 2 (— 37.21 kcal/mol) compared to
3 (— 35.68 kcal/mol), revealing higher hydrogen bond (HB) acceptor
ability for 2. Analogously, the V; i value on the oxygen bearing the
acidic proton was more negative for 2 (— 21.84 kcal/mol) than for 3
(— 16.30 kcal/mol). Otherwise, the pyridyl nitrogen atoms of both
compounds showed little differences as HB acceptors. Based on the
overall description provided by the V analysis, higher retention was
expected for compound 2 compared to 3 and lower selectivity due to a)
the symmetry of the 3,3’,5,5-tetrachlorinated-4,4’-bipyridyl sub-
structure, and b) the presence of strong HB sites at the 2,2’-position
located far from the chiral axis. In previous studies, this feature proved
to be detrimental for the enantioseparation of axially chiral compounds
[36,48]. Moreover, the presence of the phenyl ring lent compound 3

Calculated Vg [kcal/mol] on a 0.002 au isosurface for 4,4’-bipyridines 2 and 3 (DFT/B3LYP/6-311G¥).

2 3
Vs,max/ Vs min (Descriptor) 2 3
Vimax (COOH) 68.81 496
Vemin (C=0(OH) 3721 oo
Vs,min (C=0(0H) -21.84 16.30
Vsmin (Npyr) -33.87 -33.37, - 34.08
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(Log P = 5.73) a major hydrophobic feature compared to diacid 2 (Log
P = 3.23).

3.3. Chromatographic screening

In this study, nine polysaccharide-based chiral columns were used to
approach the enantioseparation of 2 and 3 under normal phase elution
conditions (Table S1, Supplementary data): a) five coated (Lux Cellu-
lose-1, Cellulose-2, Cellulose-3, and Cellulose-4) or immobilized (Lux i-
Cellulose-5) cellulose-based columns, and b) four coated (Lux Amylose-
1 and Amylose-2) or immobilized (Lux i-Amylose-1 and i-Amylose-3)
amylose-based columns. Various n-hexane-based mixtures as mobile
phases were tested by using 2-PrOH, EtOH, and MeOH as alcoholic
modifiers, and TFA 0.1 % as acidic additive. Two reasons prompted us
to focus on the use of n-hexane-based mobile phases: a) this type of
mobile phase may be suitable for future preparative-scale separations,
since removing organic solvents from the purified fractions is less en-
ergy-demanding compared to aqueous solutions, and b) modeling en-
antioseparation in a virtual normal-phase environment may provide a
better picture of the noncovalent interactions underlying the contact
between analyte enantiomers and polysaccharide-based selector.

3.3.1. Screening results for the chiral dicarboxylic acid 2

As expected, the enantioseparation of the diacid 2 proved to be
challenging, and in most cases very poor results were obtained and no
remarkable improvement could be achieved by changing acidic additive
and alcoholic modifier type and concentration, operative temperature and
flow rate. When two peaks could be at least partially resolved, the EEO
was X,-Y5 in all cases and no reversal of EEO was observed by changing
polysaccharide-based column or elution conditions. Compound 2 was not
eluted after 1 h with Cellulose-1, Cellulose-3, Cellulose-4, and Amylose-2
even by increasing the alcoholic modifier concentration in n-hexane up to
50%. A very large single peak was observed at 12.12min by using the
Cellulose-2 with n-hexane/2-PrOH 50:50 v/v as mobile phase. High re-
tention and very broad peaks with remarkable tailing were obtained by
using the i-Amylose-3 with n-hexane/2-PrOH 90:10 v/v (t; = 22.57 min;
t, = 46.57 min). With this column a decrease of retention times could be
achieved by changing 2-PrOH to EtOH, by increasing 2-PrOH con-
centration in n-hexane up to 50 %, and by increasing temperature to
45 °C. However, very low resolution was obtained in all mentioned cases.
Compound 2 could be enantioseparated on the i-Cellulose-5 with accep-
table retention times (t; = 16.687 min; t, = 21.252min), but poor re-
solution and broad peaks were also obtained in this case. Acceptable re-
sults in terms of retention, selectivity and resolution were obtained with
the i-Amylose-1, exclusively. The coated Amylose-1 provided similar re-
sults compared to the immobilized column, but an enhancement of peak
tailing was observed in this case.

With the i-Amylose-1, the effect of increasing alcohol modifier
concentration in n-hexane was evaluated in the range 10-50 % (v/v) by
using 2-PrOH and EtOH as alcohols (Fig. 3 and Table S3,
Supplementary data). Changing mobile phase composition from 90:10
(v/v) to 80:20 (v/v) (Fig. 3A,B) strongly impacted the retention times of
both enantiomers, reducing elution times. Further increase of modifier
concentration had lower effect on retention times that, anyway, de-
creased as the modifier concentration increased. For 2-PrOH, changing
the concentration in the mobile phase from 10% to 20% increased the
resolution (Fig. 3C), reducing peak tailing, whereas further addition of
2-PrOH was detrimental for the resolution. Otherwise, with EtOH,
maximum resolution was obtained by using 10% alcohol concentration
in the mobile phase, and further addition of alcohols reduced the re-
solution. On this basis, the best enantioseparation conditions for ana-
lyte 2 was obtained by using n-hexane/2-PrOH 80:20 (v/v) (a = 2.06,
Rs = 4.7) (Fig. 3D) as mobile phase with the Lux i-Amylose-1.

The addition of MeOH to the mobile phase reduced retention times
and selectivity, but no beneficial effect on the resolution was observed
in this case.
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3.3.2. Screening results for the chiral carboxylic acid 3

Given that the best result for compound 2 was obtained on the Lux i-
Amylose-1, the same screening conditions were applied to compound 3
for comparison. On this basis, the effect of increasing alcohol modifier
concentration in n-hexane was evaluated in the range 10-50 % (v/v) by
using 2-PrOH and EtOH as alcohols also for chiral acid 3 (Fig. S1 and
Table S4, Supplementary data). For this compound, retention factors
and resolution decreased as the content of the alcohol modifiers in-
creased, and the best compromise between elution times and resolution
was found by using n-hexane/EtOH 90:10 (v/v) as mobile phase (k;
= 3.39, k, =4.70, a = 1.39, Rg = 5.3) (Fig. S1D). For compound 3,
the resolution was higher than 1.5 in all cases, except that obtained
with the mixture n-hexane/EtOH 50:50 (v/v) (Rg = 1.2). Overall, as
expected, the enantioseparability of compound 3 appeared better than
that of the diacid 2, with better peak shape, lower retention times and
higher resolution values. In all cases, the EEO was X3-Y3 and no mobile
phase-dependent reversal of EEO was observed.

By using n-hexane/EtOH 90:10 (v/v) as mobile phase, the en-
antioseparation of chiral acid 3 was also explored on Cellulose-1,
Cellulose-2, Cellulose-3, Cellulose-4, i-Cellulose-5, Amylose-1,
Amylose-2, and i-Amylose-3 (Fig. 4 and Table S5, Supplementary data).
In general, for compound 3 chlorinated cellulose columns provided
higher selectivity compared to Cellulose-1, whereas Amylose-1 showed
higher selectivity than the chlorinated amylose-based columns. Cellu-
lose-2 furnished the best enantioseparation for acid 3 (k; = 2.36, k»
= 2.87, a = 1.21, Rg = 2.6) among the cellulose-based chiral columns,
whereas Amylose-1 provided the best selectivity (k; = 2.98, ky = 4.91,
a = 1.65, Rg = 6.4) among the amylose-based columns. These results
showed that a) the differences featuring cavities of the amylose and
cellulose-based selectors impacted enantioselective recognition, and b)
for the cellulose-based columns the change of the electron charge
density on the carbamate moiety induced by the chlorine substituent
impacted the enantioseparation at the molecular level in an opposite
direction in comparison with the amylose-based columns. Even though
Amylose-1 provided the highest selectivity value among the amylose-
based column, i-Amylose-3 provided the best compromise between se-
lectivity and elution time (k; = 2.71, ky = 3.74, a = 1.38, Rg = 4.1). It
is worth noting that the absence of the N-H functionality in the cellulose
benzoate-based chiral column (Lux Cellulose-3) increased retention and
selectivity but not resolution compared to the other cellulose carba-
mate-based chiral selectors. The EEO was X5-Y5 with all chiral columns
except for Amylose-2 that provided Y;-X3 as EEO, showing a pendant
group-dependent reversal of the elution sequence compared to Amy-
lose-1 (Fig. 5).

3.3.3. Comparison of the enantioseparations of 2 and 3

Based on the structural features of the analyte under investigation, it
could be hypothesized that the enantioseparation of diacid 2 is driven
by the strong HB ability of the two COOH groups at the 2,2’-positions.
For compound 3, the enantioseparation outcome could be determined
by the concurrent functions of the COOH group (HB site) and of the
phenyl group (hydrophobic site). Thus, for diacid 2 increasing mobile
phase polarity favored adsorption-desorption kinetics reducing peak
tailing but, in parallel, polar interactions were strongly weakened or
totally suppressed producing a decrease of both selectivity and resolu-
tion. On this basis, the efficacy of optimizing enantioseparation per-
formances by tuning mobile phase polarity was very low for diacid 2.

Otherwise, for compound 3, increasing mobile phase polarity de-
creased HB strength and, in parallel, stabilized hydrophobic interac-
tions. Thus, in this case enantioseparation could be more efficiently
optimized by tuning mobile phase polarity. Coherently, on i-Amylose-1
compound 2 showed retention higher than 3 with mobile phase con-
taining 10 % alcohol modifier due to its higher HB ability, whereas the
opposite trend was observed with mobile phases containing higher
percentages of modifier which weakened HBs and increased hydro-
phobic interactions. For instance, the addition of MeOH to the mobile
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Fig. 3. Effect of mobile phase composition on k; (A), k> (B), and Rg (C) for analyte 2 on Lux i-Amylose-1 by using n-hexane/2-PrOH (@) and n-hexane/EtOH (M)
mixtures as mobile phases (0.1 % TFA, flow rate = 0.8 mL/min, T = 25 °C); D: best enantioseparation conditions for analyte 2.

phase reduced retention and appeared to be detrimental for selectivity
and resolution in the case of 2, whereas it also contributes to reduce
elution time for 3 but maintaining good selectivity and resolution va-
lues (Fig. S2, Supplementary data).

Thus, for 3, mobile phase polarity may be a useful tool to manage
enantioseparation. For instance, the use of EtOH in place of 2-PrOH
improved the enantioseparation of 3 with the Cellulose-1 and Cellulose-

2 (Fig. S3A-D, Supplementary data). The opposite trend was observed
with Amylose-1 (Fig. S3E,F).

3.4. MD simulations on amylose tris(3,5-dimethylphenylcarbamate)
(ADMPC): diacid 2 vs monoacid 3

MD simulations were performed with the aim to explore the origin
of the different enantioselective recognition of the 4,4-bipyridyl acid
derivatives 2 and 3, as emerged from the experimental analysis. Thus,
the enantioseparations of 2 and 3 on ADMPC, with n-hexane/2-PrOH
90:10 v/v as mobile phase, were considered and modeled as benchmark
experimental data. The theoretical investigation based on MD simula-
tions was performed by using the ADMPC nonamer as a virtual model of

the polysaccharide-based selector. The 100ns MD simulations were
performed with the Generalized Amber Force Field (GAFF2) [49] in
AMBER 18 [50] by using the mixture n-hexane/2-PrOH 90:10 as ex-
plicit virtual solvent in accord with the experimental conditions used in
the chromatographic analyses. The total interaction energies calculated
for (M)- and (P)-enantiomers of 2 and 3 in their complexes with the
ADMPC nonamer are summarized in Table 2. The reported energies are
Boltzmann weighted average values that were calculated from 5000
complexes obtained by snapshots taken every 20 ps from the 100 ns MD
trajectories. The interaction energy (E;,) between the enantiomer and
the selector was calculated based on the energies of the selector-en-
antiomer complex, the selector, and the enantiomer (Eq. (2)):

Eint = Etotal - Eenantiomer - Epolysaccharidefbased selector (2)

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

Eint = Ee1 + Evaw 3

In Fig. 6, representative snapshots and noncovalent interactions from
the simulated MD trajectories of the (M)- and (P)-enantiomers complexes
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rate = 0.8 mL/min, T = 25 °C.

of 2 (A,B) and 3 (C,D) with ADMPC are depicted. In accordance with the
experimental observations on the Lux i-Amylose-1 with n-hexane/2-PrOH
90:10 as mobile phase, MD analysis allowed reasonable conclusions to be
drawn: a) at molecular level, the high retention of compound 2 could be
ascribed to the strong HB ability of the two COOH groups at the 2,2’-
positions (Fig. 6A,B); b) the limited enantiodiscrimination between the
atropisomers of diacid 2 could be due to the symmetry of the HB system
involving the COOH groups at the termini of the molecule and to the
3,3’,5,5-tetrachloro symmetric pattern around the 4,4’-bond as chiral axis;

Table 2

¢) the enantioselective recognition of the atropisomers of acid 3 could be
explained at molecular level with the occurrence for the most retained
(M)-enantiomer of an enantioselective st-it interaction between the phenyl
ring of the analyte bearing the COOH group and the 3,5-dimethylphenyl
function of the selector (Fig. 6D). This interaction was not observed for the
(P)-3-complex because the carboxyphenyl group of the analyte protruded
outside the polymer groove (Fig. 6C).

Overall, the asymmetric noncovalent interaction patterns extracted
by MD and underlying the diastereomeric complexes (P)-3- and (M)-3-

Interaction energies (Ej,,) (kcal/mol) and component contributions (Ej, Eyqw) for the association of the (P)- and (M)-enantiomers of 2 and 3 with ADMPC, as derived

from MD trajectories, and correlation with the experimental In k" values.

3,00
In k y =-0.0811x -1.6515
% 2 =
2,50 (I\./I) 2 r2=0.8012
2,00
1,50
P)-
1,00 e
-50 -45 -40 -35
E;; (kcal/mol)
Compound EEO,a1c Eint Eq Eyaw In k*
2 P -43.72 -19.85 -23.87 1.64
M -49.23 -22.55 -26.68 2.42
3 P -35.45 -8.64 -26.80 1.10
M -38.86 -10.79 -28.06 1.80

@ Experimental retention factors (Lux i-Amylose-1, n-hexane/2-PrOH 90:10 v/v, see Tables S3 and S4, Supplementary data).
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Fig. 6. Representative snapshots and noncovalent interactions from the simulated molecular dynamic (MD) trajectories of the complexes of (P)- and (M)-enantiomers
of compounds 2 (A and B) and 3 (C and D) with amylose tris(3,5-dimethylphenylcarbamate) (ADMPC).

ADMPC may explain at the molecular level the higher enantiosepar-
ability of 3. Otherwise, for 2, the symmetry of the analyte as well as the
symmetric noncovalent interaction patterns extracted by MD and un-
derlying the diastereomeric complexes (P)-2- and (M)-2-ADMPC were
both detrimental for the enantioselective recognition of the en-
antiomers.

Even though the absolute configuration assignment still needs to be
confirmed experimentally, a) based on the noncovalent interaction
patterns described above and b) by correlating the natural logarithm of
the experimental retention factors with the E;,, values extracted from
the MD trajectory (r* = 0.8012), the absolute configuration for 2 and 3
enantiomers could be tentatively assigned as X,, X3 =P and Y,, Y3
= M. Given the (M)-enantiomers as the most retained for both analytes,
a higher contribution of the E,qw to the E;,; was calculated for (M)-3
(— 28.06/— 38.86, 72%) compared to (M)-2 (— 26.68/— 49.23,
54 %). Accordingly, the contribution of the E to the E;, was higher for

(M)-2 (— 22.55/— 49.23, 46 %) compared to (M)-3 (— 10.79/— 38.86,
28 %).

4. Conclusions

In this study, we approached the enantioseparation of two new
axially chiral carboxylic acids of potential interest for medicinal
chemistry applications [20,22] by using nine polysaccharide-based
chiral columns and n-hexane-based mixtures as mobile phases. The
enantioseparation of diacid 2 proved to be more challenging compared
to that of derivative 3 and, in most cases, the enantiomers of 2 were
eluted with remarkable peak tailing or were not eluted after 60 min.
Acceptable enantioseparation for this compound was obtained by using
Lux i-Amylose-1, exclusively. The use of EtOH in place of 2-PrOH was
shown to be beneficial for reducing elution times of 2 on the i-Amylose-
1, but EtOH percentages higher than 10% provided resolution below
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1.5. Indeed, for diacid 2, increasing mobile phase polarity favoured
adsorption-desorption kinetics reducing peak tailing but, in parallel,
polar interactions were strongly weakened or totally suppressed pro-
ducing a decrease of both selectivity and resolution. Otherwise, chiral
acid 3 could be baseline enantioseparated on six chiral columns (Lux
Cellulose-2, Cellulose-4, Cellulose-3, Amylose-1, i-Amylose-1, and i-
Amylose-3) under the adopted conditions, with resolution factors in the
range 1.8-6.4. For this compound, the best enantioseparation results
were obtained with the Cellulose-2 and the i-Amylose-3 as a suitable
compromise between short elution times and high selectivity and re-
solution. In the case of compound 3, it is likely that the presence of the
phenyl group between the COOH group and the 4,4’-bipyridyl unit
contributed to decrease the acidity of the system, thus favouring hy-
drophobic and stacking interactions, even with mobile phase containing
high percentages of alcoholic modifier. MD simulations were performed
using a nonamer of ADMPC as virtual selector, and noncovalent inter-
action patterns underlying analyte-polymer complex formation were
explored and identified as the possible reason of the diverse en-
antioseparation behaviors exhibited by compounds 2 and 3 on the
ADMPC-based columns.
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