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ABSTRACT

Two different types of chiral stationary phases, based on Pirkle's design, were created by attaching chiral selectors to 3-mercapto

silica gel. To prepare the enantiomeric selectors, 3,5-dinitrobenzoyl and naphthyl groups were sequentially added to a chiral

1,2-diaminocyclohexane core. The chiral selectors demonstrated enantioselectivity towards ibuprofen enantiomers in solution,

as confirmed by 'H NMR spectroscopy, and in initial HPLC testing, the enantiomeric selectors showed enantioselectivity for

selected racemic solutes (viz., a=1.27 forl,1’-bi-(2-naphthol)). Molecular docking studies revealed that the chiral selectors had

a bent structure and a cleft-like cavity where the analyte could be held during complexation while establishing H-bonding and

n—7 stacking interactions.

1 | Introduction

The field of chiral separations is currently dominated by sta-
tionary phases that are based on derivatized polysaccharides
[1], which are highly effective and have a high success rate.
Moreover, in recent years, the focus of research has shifted from
developing new chiral selectors to finding new ways of anchor-
ing them to the silica matrix and discovering new chromato-
graphic supports [2]. Despite these advancements, the question
remains: Can we still expand the pool of chiral selectors, partic-
ularly those that are entirely synthetic?

Chiral stationary phases (CPSs) featuring fully synthesized se-
lectors attached to siliceous support were introduced in the late
1970s [3, 4]. These pioneering efforts paved the way for a category
of chiral stationary phases known as “brush type” or “Pirkle type,”
widely employed for enantiomer resolution in analytical and pre-
parative applications. These phases are characterized by small

organic molecules serving as chiral selectors, with defined stereo-
chemistry, a straightforward structure, low molecular weight, and
one or two stereogenic centers [5]. They effectively resolve enan-
tiomer mixtures and are recognized as “multiple interaction” se-
lectors due to their ability to engage in m-acid or 7-basic aromatic
interactions, hydrogen bonding, dipole-dipole interactions, and
the presence of bulky, rigid nonpolar groups that act as effective
steric barriers for conformational control [6].

These selectors meet the essential requirements for obtaining a
successful chiral stationary phase. They are exceptionally sta-
ble and suitable for preparative purposes. Additionally, they are
fully synthetic and available in both enantiomeric forms. This
characteristic is particularly useful in the “inverted chirality col-
umns approach” (ICCA) [7] that leverages the two enantiomeric
forms of Pirkle-type chiral selectors to discern enantiomeric
pairs and quantify the minor enantiomer in trace analysis. This
method involves the switching between two columns packed
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with CSPs sharing the same bound selector but possessing op-
posing configurations, allowing control over the elution order
of enantiomeric pairs. However, it cannot be used with chiral
selectors of natural origin [7, 8].

Among Pirkle-type CSPs, the Whelk-O1, characterized by its
distinctive cleave-shaped structure, emerges as the most suc-
cessful Pirkle-type CSP [9-11].

Originating in the 1990s, Pirkle and Welch developed this phase
for naproxen [12-14], adhering to the reciprocity principle [15-17].
This principle dictates that a single enantiomer of a racemate,
which efficiently separated on a CSP, can be employed to create a
second CSP, facilitating the separation of enantiomers with struc-
tural similarities to the chiral selector of the initial CSP.

Chiral environments induced by Pirkle chiral selectors, like
Whelk-01, extend beyond chromatography to other techniques,
such as nuclear magnetic resonance (NMR) spectroscopy. They
can be used as chiral solvating agents (CSA) in NMR experiments
to facilitate enantiopurity measurement, absolute configuration
determination, and stereomutation process investigation [18-22].

Apart from NMR, other experimental methods, such as cal-
orimetry [23], x-ray crystallography [24], and spectroscopic
techniques [25, 26], contribute to understanding CSP selection
mechanisms.

Thus, the applications of Pirkle-type chiral stationary phases,
such as ICCA, and their simple and predictable structure make
them interesting instruments for targeted separation and pre-
cise determination of enantiomeric purity and theoretical stud-
ies on the enantioselective recognition mechanism.

Considering the remarkable versatility of these synthetic selec-
tors, we are contemplating the feasibility of synthesizing novel
structures.

Based on the structure of Whelk-O1, we have designed two new se-
lectors containing m-acidic and ni-basic moieties. For the former, the
synthesis process involves functionalizing 6-hydroxy-1-naphthoic
acid to produce 6-(allyloxy)-1-naphthyl chloride, which then reacts
with (R,R)- or (S,S)-N-(-2-aminocyclohexyl)-3,5-dinitrobenzamide
(sell). The latter (sel2) was developed in analogy to the former but
without the naphthyl portion.

The resulting compounds, sell and sel2, were studied for en-
antioselective recognition capabilities via NMR and anchored
on silica to form stationary phases for high-performance liquid
chromatographic (HPLC) columns. Although some data report
poor immobilization yield when the nitro group is present in
radical reactions, the phase preparation resulted in a grafting
density comparable to the selector coverage obtained via similar
radical reactions [27, 28].

Although preliminary results from testing these compounds on
obtained columns are not exceptional, our approach integrates
computational and spectroscopic methods to assess the enanti-
oselective recognition of synthesized molecules, offering a basis
for further exploration and refinement in pursuing enhanced
chiral separation methodologies.

2 | Materials and Methods
2.1 | Chemicals and Reagents

6-Hydroxy-1-naphtoic acid, (IR,2R)-N-Boc-1,2-
cyclohexanediamine, (1S,2S)-N-Boc-1,2-cyclohexadiamine, ac-
ryloyl chloride, and all solvents and reagents used were supplied
by Merck life science (Darmstadt, Germany).

Spherical Kromasil Si 100 silica gel (pore size 100 A, particle size
5.0um, specific surface area 320m?g™') was purchased from
Eka Nobel (Bohus, Sweden).

Pre-coated silica gel F,., sheets for TLC from Merck (Darmstadt,
Germany) were used for reaction monitoring.

2.2 | Instrumentation

The 'H and 3C NMR spectra were obtained with either deu-
terated chloroform (CDCIl,) or deuterated methanol (CD,0D)
solution using a Bruker spectrometer. 'H NMR spectra were
obtained at 400 mHz, whereas 3C spectra were at 100 MHz.
Resonances are expressed in parts per million (ppm) in rela-
tion to tetramethylsilane. The chromatographic analyses were
conducted by JASCO liquid analytical chromatography (Tokyo,
Japan), equipped with a 20-uL loop Rheodyne universal injec-
tor, pump systems JASCO PU 980 and Jasco PU 1580 CO,, and
detectors spectrophotometric detector (Jasco UV 975) and circu-
lar dichroism detector (Jasco UV/CD 995). FT-IR spectra were
obtained by Jasco FT/IR-6800. The instrument uses a Diffuse
Reflectance Accessory (DRIFT) to analyze solid samples.

2.3 | Synthesis of (R,R)- and (S,S)-sell

Each step of synthesis obtained a good product yield and was
characterized using 'H NMR, 3C NMR, HRMS, and FT-IR (see
the Supporting Information for a detailed description).

2.3.1 | Synthesis of 6-(Allyloxy)-1-naphthoyl Chloride 5

For the synthesis of 5 (Scheme 1), acid-6-hydroxy-1-naphthoic
1 was solubilized in methanol, and thionyl chloride was added.
The ester derivative 2 was dissolved in N,N-dimethylformamide
at room temperature in the presence of potassium carbonate.
The solution was magnetically stirred in an inert atmosphere
under nitrogen flow and placed in an ice bath. Subsequently,
allyl bromide is added drop by drop to promote the substitution
and the consequent formation of 3. The derivative 3 was then hy-
drolyzed in a tetrahydrofuran and potassium hydroxide solution
to obtain 4. Finally, the treatment with thionyl chloride provided
the desired acyl chloride 5.

2.3.2 | Synthesis of N-((1S,2S)-2-Aminocyclohexyl)-3,5-
dinitrobenzamide 8a and Its Enantiomer 8b

For the synthesis of the desired amine [(S,S)-(8)], namely,
8a (Scheme 2), diisopropylethylamine was added to
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SCHEME 1 | Synthesis of 6-(allyloxy)-1-naphthoyl chloride (5). (i) SOCI,, MeOH, R.T., 3h, (yield: 91%). (ii) Allyl bromide, K,CO,, DMF dry, N,,
R.T., 12h (yield; 68%). (iii) KOH 2N, THF, 50°C, 12h (yield: 86%). (iv) SOCL,, reflux, N, (not isolated), 3h.
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(S,5)-6 (6a)
(R,R)-6 (6b)

(S,9)-7 (7a)
(R,R)-7 (7b)

(5,5)-8 (8a)
(R,R)-8 (8b)

SCHEME 2 | Synthesis of N-((1S,2S)-2-aminocyclohexyl)-3,5-dinitrobenzamide 8a and N-((1R,2R)-2-aminocyclohexyl)-3,5-dinitrobenzamide
8b. (i) 3,5-Dinitrobenzoyl chloride, TEA, CHCI, dry, N,, 3h (yield: 90%). (ii) HCI 12N, THF, 50°C, 2h (yield: 93%).

(S,S)-N-BOC-1,2-cyclohexanediamine 6a, dissolved in chloro-
form. A solution of dinitrobenzoyl chloride also solubilized in
chloroform was then added drop by drop to the solution obtained,
which was kept in an inert atmosphere and placed in an ice bath.
Subsequently, the carbamate 7a thus produced was solubilized in
dichloromethane and deprotected by acidification with trifluoro-
acetic acid, obtaining amine 8a.

The same procedure was used to obtain 8b starting from (R,R)-
N-BOC-1,2-cyclohexanediamine 6b.

2.3.3 | Synthesis of (R,R)- and (S,S)-sell

(S,S)-sell and (R,R)-sell were synthesized starting from 5
(Scheme 3). Intermediate 5 was dissolved in anhydrous chloro-
form; diisopropylethylamine and intermediate 8a and 8b were
added. This reaction has led to obtaining a good product (yield
68.5%).

2.4 | (S,9)-and (R,R)-sel2

The synthesis of (S,S)-sel2 and (R,R)-sel2 started from 8a and
8b, respectively (Scheme 4). They were solubilized in anhydrous
chloroform, and then triethylamine and acryloyl chloride were
added drop by drop at 0°C.

O\/\
o.
NH, NH
seastietIne v
+ EE—. NO,
o
NO,

(0]
Cl (o]

NO,

5 8a(s,s) (S,5)-sel 1
8b (R.R) (R,R)-sel 1

SCHEME 3 | Synthesis of (R,R)-sell and (S, S)-sell.

2.5 | Immobilization on Silica

The derivatization of the silica consisted of a two-step procedure.

2.51 | StepI: Preparation of Mercaptopropyl-Silica Gel
(Scheme 5)

6.40g of Kromasil silica (5u, 100A, 320 m?/g), previously
dried at reduced pressure (0.1mmHg at 120°C for 2h), was
dispersed in 90mL of dry toluene at 60°C. Finally, a solution
of (3-mercaptopropyl)trimethoxysilane (3.26g; 16.59 mmol) in
3mL of dry toluene was added dropwise over 20 min. The reac-
tion was stirred for 20h at 60°C under N, atmosphere. The mod-
ified silica, MPSG silica, was isolated by filtration, washed with
toluene, methanol, and dichloromethane (30 mL each), and then
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SCHEME4 | Synthesis of (R,R)- and (S,S)-sel2.
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SCHEMES5 | Activation of silica gel and immobilization of selectors. Step I: Preparation of mercaptopropyl-silica gel MPSG. Step II (A): Synthesis

of (S,S)-CSP1. Step II (B): Synthesis of (S,S)-CSP2.

dried at reduced pressure (0.1 mmHg; T: 60°C), until the weight
was constant (7.13 g; weight increment 11%).

FT-IR (KBr) 2939; 2847; 2581; 1460; and 1370cm™!

Elemental analysis: 5.00% C; 1.00% H; 2.03% S, corresponding to
0.63mmol of substrate per gram of silica or 2.20 umol/m? (based
on S).

2.5.2 | Step II: Anchoring of Selectors on
Mercaptopropyl Silica (Scheme 5)

The (S,S)-sell (0.50g; 0.87mmol) was dissolved in 40mL of
chloroform (ethanol stabilized, filtered on neutral aluminium
oxide, under a nitrogen atmosphere, and degassed with helium).

3.15g of MPSG silica was dispersed in the solution previously
obtained. 2,2’-Azobis(2-methylpropionitrile), AIBN (0.072g;
0.44mmol) was added to the reaction flask three times (at
the start, after 2 and 4h). The reaction was stirred for 6h at
90°C. Modified silica was filtered, washed with chloroform,
acetone and dichloromethane, and dried at reduced pressure
(0.1mmHg; T: 50°C) up to constant weight (3.28 g; weight in-
crement 4%). FT-IR (KBr) 3278; 2944; 1682; 1550; 1344cm™".
Elemental analysis: 7.65% C; 1.18% H; 0.58% N; 1.98% S, cor-
responding to 104 umol of substrate per gram of silica or
0.35umol/m? (based on N).

The (S,S)-sel2 (0.20 g; 0.54 mmol) was anchored in the same
way onto 2.34 g of MPSG silica previously obtained. Modified
silica was filtered, washed with chloroform, acetone, and di-
chloromethane, and dried at reduced pressure (0.1 mmHg; T
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50°C) up to constant weight (2.45g; weight increment 5%).
FT-IR (KBr) 3278; 2944; 1682; 1551; and 1344 cm™!. Elemental
analysis: 7.98% C; 1.14% H; 0.74% N; 2.00% S, corresponding
to 132umol of substrate per gram of silica or 0.45umol/m?
(based on N).

Elemental analysis and FT-IR confirm the selectors’ successful
anchoring to the appropriate stationary phase. Above all, the
presence of the two stretching bands of the —NO, group (see the
Supporting Information) at 1550 (asymmetrical) and 1334cm™!
(symmetrical) shows the selector's correct anchoring.

2.6 | LC Packing Column

A stainless-steel column (150x4.6mmLXID) was packed by
the slurry method. About 2.5g of CSP was used to pack the col-
umn, which was dispersed in chloroform/isopropanol 80:20 and
sonicated for 20 min. The slurry was instantly pumped into the
column by methanol, and the packing pressure was 700 bar.

2.7 | Molecular Docking

Structures of (S,S)-sell, (S,S)-sel2, and 1,1-bi-(2-naphthol)
were submitted to conformational search according to the al-
gorithm implemented in the software package SPARTAN 10,
v. 1.1.0 (Wavefunction, Inc., Irvine, CA, USA). Inside a win-
dow of 3kcal such an analysis afforded just one conformation
of 1,1’-bi-(2-naphthol) in M or P configuration (i.e., (M)-Guest
and (P)-Guest), whereas two more representative geometries
of (S,S)-sel2 and three of (S,S)-sell. Next, rigid dockings be-
tween the structures of the (S,S)-sel2 host and the M and P
1,1’-bi-(2-naphthol) guest were performed using the homemade
computer program MolInE [27, 28]. The same computational
procedure was repeated for the dockings between the structures
of the (S,S)-sell host and the M and P 1,1’-bi-(2-naphthol) guest.
The host-guest approach options set were 50 directions of trans-
lation and 256 relative orientations of the guest to host for each
couple of host-guest conformations. Molecular mechanics op-
timizations of all the adduct geometries obtained by the rigid
docking algorithm were next performed using the Batchmin
computer program, with the following options set: MM2* Force
Field, PR conjugate gradient minimization. Finally, again re-
sorting to the Spartan program, all the geometries of adducts
(S,S)-sel2/(P)-Guest and (S, S)-sel2/(M)-Guest were also sub-
mitted to equilibrium geometry optimization by resorting to the
following five independent semiempirical levels of theory AM1,
PM3, PM6, RM1 and MNDO. Also, the (S,S)-sell/(P)-Guest
and (S,S)-sell/(M)-Guest adducts were subjected to geometry
optimization but, in this case, limited only at the semiempirical
PM3 level of theory.

3 | Results and Discussion

The experimental workflow was divided as follows: (i) synthe-
sis of chiral molecules capable of giving multiple interactions
(hydrogen bond and van der Waals interactions) based on the
structure of Whelk-O1; (ii) evaluation of the enantioselective
recognition capabilities; (iii) once this capacity was evaluated,

the selectors were anchored on silica; (iv) the CSPs were eval-
uated from the thermodynamic point of view; (v) finally the
stability of the selector-selectand adducts were evaluated by
molecular docking approaches.

3.1 | Preliminary Evaluation of Chiral Recognition
Capabilities

We investigated the enantioselective properties of the synthe-
sized selectors using them as CSAs in NMR spectroscopy. CSAs
induce chemical shift inequalities of specific (proton) signals
of enantiomers in NMR spectra. In this context, CDCl, was
selected as the solvent, and the presence of a CSA, specifically
(S,S)-sell, was used to induce distinct chemical shifts of the
proton signals of the alpha-hydrogen of ibuprofen enantiomers.
Two prepared samples were employed: One contained an equi-
molar solution of the selector and ibuprofen in CDCI, (50mM,
at 25°C), whereas the other consisted solely of ibuprofen under
similar conditions. Both samples underwent 'H NMR spectros-
copy, and the respective spectra were registered and compared.
The comparative analysis revealed that in the presence of the
selector (S,S)-sell, the proton on the stereogenic center of ibu-
profen exhibited signal splitting, as depicted in Figure 1. This
splitting phenomenon suggests a pronounced enantioselectivity
of (S,S)-sell.

Moreover, in order to assign the signals of 'H NMR spectra
to S- and R-enantiomers of ibuprofen, the single enantiomers
were also tested in the presence of (S,S)-sell as shown in the
Supporting Information.

The enantioselective recognition capacity of selectors obtained
was also assessed by injecting a mixture of sell enantiomers
onto a column (R,R)-Whelk-O1 5um (250X 4.6 mm L XID). The
analysis shows that the two enantiomers are solved with an o
value of 3.17. The (R,R)-sell is eluted at 12.17 min, and the (S, S)-
sell elutes at 30.58 min (Figure 2 and Table 1).

Although not considered orthodox, the effective separation of
the racemate of sell on a chiral column instils confidence in
its enantioselective capabilities. Therefore, given the very good
separation of the racemate of sell on the Whelk-O1 column, we
have subsequently packed (S,S)-CSP 1. This decision was made
to evaluate the separation proficiency of analytes sharing struc-
tural similarities with Whelk-O1, specifically with groups capa-
ble of hydrogen bond interactions and bulky aromatic groups
within these analytes.

These preliminary studies on the enantio-recognition capability
in a solution of the developed selectors provided a starting point
to assess whether proceeding with the chromatographic evalua-
tion was worthwhile.

3.2 | HPLC Enantioseparation

To determine the enantioselective capability of the stationary
phase, we inject racemic compounds, such as 1-(9-anthryl)-2,2,2
-trifluoroethanol and 1,1’-bi-(2-naphthol), containing functional
groups that can interact with the selector (viz., hydroxyl groups
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(S,S)-sel1: rac-ibuprofen
(1:1 molarratio)

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 0 35 3.0 2.5 2.0 1.5 1.0f 05 0.0
f1 (ppm)

© < o -
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OH 0 L] 0 0
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'H NMR (400 MHz, Chloroform-d)

FIGURE1 | Comparison between the two 'H NMR spectra.

(R.R)-sell

S.S)sell

(

v v L L) L Al AJ A
0 s 10 15 20 25 n 35 40
minutes

FIGURE 2 | Chromatogram of (S,S)- and (R,R)-sell. Column: (R,R)-Whelk-O1 5um (250 x 4.6 mm L X ID). Mobile phase, n-hexane/chloroform

(40/60% v/v)+0.5% MeOH. Flow rate, 1 mL/min; UV wavelength, 280nm (black trace top); CD wavelength 280nm (red trace bottom).
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for hydrogen bond interactions and bulky aromatic groups for
van der Waals interactions). Then, we carried out a mobile phase
optimization process to find the best eluent to analyze such
compounds. The results show that the most effective eluent for
(S,S)-CSP1 (Figure 3) is n-hexane/chloroform (70/30% v/v) and
n-hexane/chloroform (80/20% v/v) for (S,S)-CSP2 (Figure 4).
The parameters obtained from enantiomeric separation, such as
selectivity factor (cr), resolution (Rs), and retention times (Rt),
are indicated in Table 2. The same analytes were injected for
both columns, and the chromatograms show discrete separation
capacity for racemic mixtures.

3.3 | Molecular Docking Results

In the Supporting Information reported are the chromato-
grams of single enantiomers of 1,1’-bi-(2-naphthol), showing

TABLE 1 | Resolution and selectivity parameters of sell separation
reported in Figure 2.

Rt (min) k o1
(R,R)-Sell 12.17 2.69 3.17
(S,S)-Sell 30.58 8.52

—— UvV@ 220 nm
A) —— CD@ 254 nm
|

|

‘ | |
|\

R

J

P Neoo——

minutes

that the elution order on the (S,S)-CSPs is (M)— as first eluted
and (P)— as second eluted enantiomer. From the docking
analysis performed at the MM2* molecular mechanics level
of theory between the (S,S)-sel2 host and the (M)-1,1-bi-(2-
naphthol) guest structures (complex hereafter quoted with the
acronym (S,S)-sel2/(M)-Guest), within an energy window
of 30kcal, they were obtained 188 adduct geometries. In the
same energy window, the docking performed between the
(S,S)-sel2 host and the (P)-1,1’-bi-(2-naphthol) guest struc-
tures (complex hereafter quoted with the acronym (S,S)-
sel2/(P)-Guest) afforded instead 96 adduct geometries. The
enantio-discrimination resulting from difference in energy
stability accords with the experimental data (i.e., (S,S)-
sel2/(P)-Guest most stable of the (S,S)-sel2/(M)-Guest
adduct), although the estimated DDE values of —1.54kcal is
much more extensive with respect to the experimental one,
which amounts to only —0.14 kcal. However, this difference
is totally compatible with what was expected in consideration
of the initial, necessarily not too high, level of calculation ad-
opted (i.e., molecular mechanics). In answer to this consider-
ation, all the 188 adduct geometries of (S,S)-sel2/(M)-Guest
and 96 adduct geometries of (S, S)-sel2/(P)-Guest were sub-
mitted to further geometry-optimization steps (independent
one to each other) based on the following five semiempirical
Hamiltonians: (1) AM1; (2) PM3; (2) PM6; (2) RM1; and (2)

——UV@220nm
B) | ——cb@ 254nm

minutes

FIGURE 3 | (A) Chromatogram of 1-(9-anthryl)-2,2,2-trifluoroethanol in (S,S)-CSP1. Mobile phase, n-hexane/chloroform (70/30% v/v). Flow
rate, 1 mL/min; UV wavelength 220nm; CD wavelength 254nm. (B) Chromatogram of 1,1-bi-(2-naphthol) in (S,S)-CSP1. Mobile phase, n-hexane/
chloroform (70/30% v/v). Flow rate, 1 mL/min; UV wavelength 220nm; CD wavelength 254 nm.
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FIGURE 4 | (A) Chromatogram of 1-(9-anthryl)-2,2,2-trifluoroethanol in (S,S)-CSP2. Mobile phase, n-hexane/chloroform (80/20% v/v). Flow
rate, 1 mL/min; UV wavelength 220nm; CD wavelength 254nm. (B) Chromatogram of 1,1’-bi-(2-naphthol) in (S,S)-CSP2. Mobile phase, n-hexane/
chloroform (80/20% v/v). Flow rate, 1 mL/min; UV wavelength 220 nm; CD wavelength 254nm.
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TABLE 2 | Resolution and selectivity parameters of (S,S)-CSP1 and (S, S)-CSP2 for racemates. The conditions used are reported in Figures 3 and

4, respectively.

Column Sample k, k, a Ry Rt1 Rt2

(S,8)-CSP1 1-(9-Anthryl)-2,2,2-trifluoroethanol 7.60 8.60 1.13 1.37 17.92 20.01
1,1’-Bi-(2-naphthol) 7.03 7.74 1.10 1.09 17.87 19.45

(S,S)-CSP2 1-(9-Anthryl)-2,2,2-trifluoroethanol 12.17 13.29 1.09 1.24 26.45 28.70
1,1’-Bi-(2-naphthol) 12.41 15.71 1.27 1.63 27.36 34.09

TABLE 3 | Enantio-discrimination of racemic 1,1’-bi-(2-naphthol)
estimated by docking analysis and compared with the relevant
experimental data.

DDE
(BiNP-BiNM) a
(kcal)
Experimental —-0.14 1.27
MM2* -1.54 13.46
AM1 -0.79 3.82
PM3 -0.17 1.34
PM6 —0.88 4.43
RM1 -0.76 3.59
MNDO -0.29 1.64

MNDO. Also, in this case, the order of the assessed enantio-
discrimination data appears correct, with the obtained DDE
values now resulting quantitatively much more coherent with
the experimental datum (Table 3).

In particular, the best agreement has been obtained by using
the PM3 Hamiltonian that, compared with the experimental
one, afforded a DDEPMs_DDEExp difference of only —0.03 kcal,
corresponding to a difference in resolution A3 gy of
0.07 units. Thus, it seems reasonable to be able to extract from
the structures of the diastereomeric adducts obtained with
the best computational agreement information regarding the
mechanism underlying the observed enantioselectivity. This
can be done by analyzing the three-dimensional (3D) structure
of the most stable diastereomeric adducts reported in Figure 5.
Within the (S,S)-sel2/(P)-Guest structure, it is well visible
the establishment of three effective H-bonds between the host
and guest geometries. Two of these involve the participation
of the electron-accepting N-H framework of the amide group
departing from the DNB moiety of the CSP and the electron-
donating C=0 framework of the amide group bound to the
propenyl of the CSP, which interact with one of the (P)-1,1'-
bi-(2-naphthol)'s OH groups (left side of Figure 5). The third
H-bond is instead established between the oxygen of one nitro
group belonging to the CSP and the electron-accepting hydro-
gen of the remaining (P)-1,1"-bi-(2-naphthol)'s hydroxyl group.

Unlike this, within the (S,S)-CSP/(M)-Guest structure, it is
instead visible the establishment of only two H-bonds (right
side of Figure 5), which involve the same electron-accepting
and electron-donating groups observed in its diastereomeric
adduct, but it is absent the involvement of the CSP's nitro
groups within the formation of additional secondary bonds
with the (M)-1,1"-bi-(2-naphthol) guest, because of a greater
distance existing between the moiety endowed with comple-
mentary reactivity.

This different propensity in the formation of H-bonds seems to
be the basis of the discriminating behavior of the analyzed CSP
towards the chiral structure of 1,1’-bi-(2-naphthol).

Taking into consideration that for the just above-considered
dockings between selector (S, S)-sel2 and (M)/(P)-Guests the
best final result has been obtained by resorting to a semiem-
pirical optimization of the adducts with the PM3 Hamiltonian,
also to perform a new additional docking simulation among
selector (S,S)-sell and (M)/(P)-Guests, we replayed all the
same computational steps of calculus only limited to the PM3
semiempirical level of theory. The obtained results afforded a
DDE ¢, mssp, Value of —0.0527 kcal, which corresponds to a
selectivity factor a of 1.08 units, that is to say, a very minimal
enantio-discrimination. However, a comparison between cal-
culated and experimental data puts in evidence a correct en-
antiomers' elution order, as well as a good agreement between
the relevant **'DDE values, with the **'DDE,,,,- SellDDEEXP
difference amounting to only —0.04 kcal, which corresponds
to aresolution disagreement SellaPMs-se“aExp of only 0.02 units.
As in the case of the already considered sel2, to obtain some
possible information regarding the mechanism with which
the correlate, although quite modest, experimental enantio-
discrimination obtained by sell takes place, we analyzed the
3D structures of the energetically most stable diastereomeric
adducts (S,S)-sell/(P)-Guest and (S,S)-sell/(M)-Guest af-
forded by calculation (see Figure 6). From their inspection, al-
though the (S,S)-sell/(P)-Guest adduct show a 3D structure
very similar to the one already described for (S,S)-sel2/(P)-
Guest (although with the absence of the third H-bond be-
tween the nitro group's oxygen belonging to the CSP and the
H-bond donor hydroxyl group of the (P)-1,1’-bi-(2-naphthol)),
the (S,S)-sell/(M)-Guest displays a geometry quite different
from that observed for (S,S)-sel2/(M)-Guest, with the estab-
lishment, in this case, of only one H-bond, but also of a new
favorable p-p interaction between one of the two 2-naphthol's
moieties of (M)-Guest and the 3,5-dinitrobenzoyl group of
sell (see Figure 6).
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(S,S)-Sel2/(P)-Guest
3 H-Bond

(S,S)-Sel2/(M)-Guest
2 H-Bond

FIGURES5 | Most stable geometries of the diastereomeric (S,S)-sel2/(P)-Guest and (S,S)-sel2/(M)-Guest adducts were assessed by the docking

approach.

(S,S)-Sel1/P-Guest
2 H-Bond

- n-n -
interaction

(S,S)-Sel1/M-Guest
1H-Bond

FIGUREG6 | Moststable geometries of the diastereomeric (S,S)-sell/(P)-Guest and (S,S)-sel1/(M)-Guest adducts assessed by docking approach.

4 | Conclusions

New enantiomeric Pirkle-type CSPs were prepared using a sim-
ple procedure. These CSPs were found to be enantioselective
towards simple test compounds. Large enantioselectivity was
observed for the enantiomers of sel-1 on the WhelkO-1 column
with a complementary molecular structure. Molecular docking
studies were conducted to reveal the structure of the diastereo-
meric complexes and understand the origin of enantioselectiv-
ity. It is not possible to objectively evaluate the advantage of
using these bis-amido selectors with respect to the most used
commercial ones (i.e., DACH-DNB and Whelk-01) as the two
columns produced should be optimized both from the synthetic
point of view of the stationary phase and of the packing. To date,

the structures of the proposed selectors have a certain potential,
and in the case of 1,1’-bi-(2-Naphthol) as selectand, a structural
simplification turns out to give better results in terms of chiral
recognition (as shown by docking studies).
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