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Abstract: This study consists of two parts. In the first part of the study; a Pirkle-type chiral stationary phase was 

prepared by synthesizing an aromatic amine derivative of (R)-2-amino-1-butanol as a chiral selector and binding to 

L-tyrosine-modified cyanogen bromide (CNBr)-activated Sepharose 4B and then, packed into the separation 

column. The chromatographic performance of the separation column was evaluated with racemic mandelic acid and 

2-phenylpropionic acid by using phosphate buffers at three different pHs as mobile phase. In the resolution 

processes, the prepared solutions were loaded onto the separation column at two different concentrations and at 

three different pHs for each racemic organic acid, separately. Enantiomeric excess (ee%) of the eluates was 

determined on CHIRALPAK AD-H chiral analytical column by HPLC. The maximum ee% for mandelic acid and 

2-phenylpropionic acid was determined to be 60.84 and 27.4, respectively. Separation factors (k1
’
, k2

’
, α, and Rs) 

were calculated for each acid. The structures of the obtained compounds were characterized using the spectroscopic 

methods (NMR, and elemental analysis). In the second part of the study; enantioselective interactions between the 

prepared CSP and the analytes have been widely studied by docking, molecular dynamics simulation and quantum 

mechanical computation methods. The reason of column eluation of rac-2-phenylpropionic acid with lower 

enantiomeric yield was explained by these techniques. 

 

Keywords: Pirkle-type chiral stationary phase; enantioseparation; molecular dynamics; docking.  ©2017 ACG 

Publications. All rights reserved. 

 

1. Introduction 

 
Liquid chromatographic separation of racemic compounds on chiral stationary phases (CSPs) is 

one of the research topics in chemistry and has become increasingly important recently, since the 

enantiomers of chiral compounds have different pharmacological or toxicological activities in living 
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systems. Therefore, the separation of racemates is required for applications in many different areas such 

as the pharmaceutical industry, environmental chemistry, food chemistry and agriculture.
1-6 

In the chiral 

resolution of a racemic mixtures in chemistry, the various methods such as asymmetric synthesis, 

chromatographic separation, chemical or enzymatic kinetic resolution, and diastereomeric crystallization 

were utilized to acquire selectively the desired enantiomer.  Among the methods used for the chiral 

resolution, enantio separation by HPLC using CSPs is currently the most popular one. 
7-12

 For this reason, 

significant effort was devoted to the development of new effective CSPs in recent years. For this purpose, 

various kinds of CSPs have been developed and tested so far.
13-16 

α-Hydroxy acids (AHAs) are naturally 

occurring carboxylic acids found in many foods, and constitute one of the most important classes of chiral 

molecules. One of AHAs, mandelic acid (MA) generally exists as a racemic mixture, and applies widely 

as a synthetic intermediate. On the other hand, there is an increasing demand for the chiral resolution of 

its racemate.
 
(R)-MA is used as a precursor for the preparation of some the antibiotics such as penicillin 

and cephalosporin. The 2-arylpropionic acids (2APAs) are an important subgroup within the class of 

Nonsteroidal anti-inflammatory drugs (NSAIDs), and indicate their pharmacological activity mainly in 

the (S)-enantiomer.
17-22 

Computational methods are important tools for determining systems’ microscopic 

analysis such as atomic and molecular properties of molecules which are problematic or impossible to 

define by experimental procedures, especially in complex chromatography-like systems. Molecular 

dynamics (MD) simulation and quantum mechanical computation can provide valuable information about 

behavior of chiral discrimination of racemic compounds. Enantioselectivity of enzymes and also CSPs 

have been widely studied. Bikadi and Hazai studied chiral preference of CYP2C enzymes with molecular 

docking and molecular dynamics methods.
23

 Cann and et al. performed computational methods to define 

the mechanism of chiral selectivity of Whelk-O1 CSP by docking different analytes to CSPs
24

 and they 

also used MD for optimization of CSPs of the Whelk-O1.
25

 Yang et al. used molecular mechanics and 

QSRR methods for the discrimination of organophosphonate derivatives on a pirkle-type CSPs. In 

another study, Jiang and Hu ran a molecular dynamics simulation study for chiral separation of racemic 

phenylglycines in thermolysin crystal. 
 

Here, we report the synthesis and application of a Pirkle-type CSP for enantio separation of rac-

MA and 2-phenylpropionic acid (2-PPA). In this application, ee% of the eluates was determined on 

commercially available CHIRALPAK AD-H chiral analytical column by HPLC. In the scope of present 

study, we used molecular docking, molecular dynamics (MD) simulation and quantum mechanical 

computational methods to obtain an accurate picture of enantioselective interactions between prepared 

Pirkle-type CSP and racemic organic acids. In the resent study, the prepared Pirkle-type CSP was 

synthesized to according to MSc Thesis
33

 in 2010. In the mentioned MSc thesis work, the same CSP, 

prepared by our group, was used for the chiral resolution of racemic mixture of 3-hydroxybutanoic acid 

(3-HBA), and the maximum enantiomeric purity was found as 11.4% for 3-HBA. In this study, the chiral 

discrimination processes of racemic mixtures of two the different organic acids, instead of 3-HBA, were 

carried out and ee% of the eluates was differently determined on CHIRALPAK AD-H by HPLC, instead 

of the calculation with a known formula by determining of the rotation angles of the fractions by a UV 

spectrophotometer. Additionally, the enantioselective interactions between the prepared CSP and the 

analytes have been extensively investigated. 

  

2. Experimental 

 
All chemicals used in this work were obtained from Sigma-Aldrich and Merck. They were of 

analytical grade and used as received without any further purification. A 1.0 cm x 20.0 cm (IDXL) Luer-

lock, non-jacketed liquid chromatography column was purchased from Sigma-Aldrich, and utilized for 

packing into of the prepared CSP. Flow rate of the eluates was adjusted with a peristaltic pump (Watson 

Marlow-323). The concentration of the eluates was determined with a UV spectrophotometer (Perkin-

Elmer, Lambda 35). The 
1
H and 

13
C NMR spectra of the chiral selector were recorded with a NMR 

spectrometer (Bruker AC 400 MHz). Elemental analyses were carried out with a Thermo Scientific 

FLASH 2000 instrument. LC–MS analyses were performed by a Shimadzu LC/MS 8040 instrument. The 

rotation angels were recorded with a Polarimeter (Atago Dr-21949). The melting points were measured 

by a Barnstead Electro thermal 9100. The optical purity of all the eluates was determined with a HPLC 

apparatus (Agilent 1200) and by using CHIRALPAK AD-H analytical column which had 250 mm×4.6 

mm i.d. dimensions with 5 µm particle sizes and CHIRALPAK guard cartridge. Distilled water was 
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purified by using a Millipore MilliQ water system. 2D structures of molecules were drawn by an easy to 

use chemical drawing program Marvin.
26

 Molecular visualization program DS Visualizer
27

 was used for 

converting 2D structures of molecules to 3D structures. AMBER v.12
28

 suite program was used for 

molecular dynamics calculations while Autodock4 (v. 4.2.6)
29

 and its visualization program MGL Tools 

were used for molecular dockings. All quantum mechanical computations were carried out with Gaussian 

09 program.
30

 Chimera and DS Visualizer programs were used for simulations of structures and 

analysis.
31

 The stationary parts of chiral phase acted as –CH3 (it does not affect the stereoselectivity of 

branch in interaction with analytes) which bound to ester oxygen (Scheme 1). CSP was optimized with 

semi-empirical am1 method while (R) and (S) configurations of MA and 2-PPA were optimized at 

MP2/6-31+G (d) level. After optimization, the force field parameters of molecules were created by 

antechamber and parmchk module of Amber suite program. Topology and coordinate files were created 

by Xleap module for implicit model without a boundary condition. CSP molecule is minimized by 1000 

steps of Steepest Descent and followed by 1000 steps of Conjugate Gradient method. Afterwards, system 

was heated to 700 K from 0 K in seven steps with a 0.5 fs time step of totally 175 ps of simulation time. 

Production simulation was carried out with a constant temperature of 700 K by using a weak-coupling 

algorithm. Hydrogen bonds constrained with Shake algorithm and MD simulation was carried 10 ns time 

length. A structure of CSP having minimum energy was selected from molecular dynamics simulations 

and minimized for docking procedure. 

 

 

 
 

Scheme 1. Modified structure of CSP used for computational studies 

 

Docking studies (flexible ligand-rigid receptor (CSP)) were performed by Autodock4. All the water 

molecules left from MD simulations in the CSP are deleted for docking procedure. Gasteiger charges are 

added to atoms after assigning atom types as Autodock 4 atom types.  Lamarckian Genetic Algorithm was 

employed for docking with the settings of 150 individuals in a population, maximum energy evaluations 

of 2 500 000, maximum generations of 27 000 and 50 docking runs for each ligand. Receptor and ligand 

file preparation was done by MGL Tools. Interactions of analytes with CSP were analyzed with MGL 

Tools, Chimera and DS Visualizer. Complexes are optimized with Gaussian 09. Four complexes were 

firstly optimized by semi-empirical AM1 method. Last optimization was carried out by B3LYP/6-31+G 

(d).
32 

Basis set of DFT method. 

  

2.1. Chemistry 

2.1.1. General Procedure for Synthesis of Chiral Selector (4):
33-35 

Preparation of N-p-nitrobenzyl-(R)-2-amino-1-butanol (3): 4.46 g (50 mmol) (R)-2-amino-1-

butanol (2), 1.3 g (12.3 mmol) Na2CO3 and 2.7 g (12.5 mmol) p-nitrobenzyl bromide (1) in 100 mL 

benzene were placed in a 250 mL two-necked round bottomed flask equipped with an Dean-Stark 

apparatus, which applies to separate water from refluxing benzene. The mixture was refluxed by stirring 

at 110 
º
C for 12 h in an oil bath under dry N2. Afterwards, it was cooled, filtered off and, then the solvent 

was removed by evaporation. The remaining crude product was crystallized from benzene/ethanol (1:1).  
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N-p-nitrobenzyl-(R)-2-amino-1-butanol (3): White crystal, yield, 70% , M.P. 113
 o
C,  = -12.4 (c:0.5, 

in ethanol); 
1
H NMR (CDCl3) δ: 0.95 (t, 3H, J=8Hz), 1.44–1.62 (m, 2H, AB system), 1.98 (broad s, 1H), 

2.61–2.65 (m, 1H), 3.37–3,41 and 3,66-3.70 (dd, 2H  J1=6,8Hz ;J2=4,4 Hz), 3.94 (dd, 2H J1=2,4Hz ; 

J2=1,4 Hz), 7.53 (d, 2H,  J=8,4 Hz ), 8.19 (d, 2H, J=8,4 Hz). 
13

C NMR (CDCl3) δ: 10.35, 24.22, 50.30, 

59.98, 62.81, 123.70, 128.65, 147.08, 148.22. (Figures S7a and S7b) Anal calcd for C11H16N2O3 (224.26): 

C, 58.91; H, 7.19; N, 12.49; O, 21.40. Found: C, 58.77; H, 7.25; N, 12.68; O, 21.28. 

 

Preparation of N-p-aminobenzyl-(R)-2-amino-1-butanol (4): 1.2 g 3 was dissolved by stirring in 100 mL 

ethanol, and then 0.15 g Pd/C was added to the stirred solution. The obtained mixture was heated at 65 
º
C 

for 30 min. Afterwards, 25 mL hydrazine hydrate was added drop wise to the mixture. It was refluxed at 

80 
º
C for 3 h. At the end of this time, the hot mixture was filtered immediately and the ethanol was 

evaporated. The remaining crude product was crystallized from benzene. 

 

N-p-aminobenzyl-(R)-2-amino-1-butanol (4): Yellow crystal, yield, 80 %, M.P. 73 
º
C, = -17.6 

(c:1.2, in ethanol); 
1
H NMR (CDCl3) δ: 0.93-198 (m, 9H,), 3.98 (m, 2H), 6.72 (d, 2H,  J=8,4 Hz), 7.09 (s, 

1H,broad), 7.28-7.38 (s, 2H, broad), 7.65 (d, 2H, J=8Hz). 
13

C NMR (CDCl3) δ: 14.13, 19.76, 22.71, 

29.72, 30.05, 114.75, 130.16, 160.99. (Figures S8a and S8b). HRMS for C11H18N2O: calc’d m/z:195.1447; 

found m/z: 195.1477.  

 

2.1.2. General Procedure for Preparation of the Pirkle-type CSP 9:
33-34 

 

5.0 g activated Sepharose 4B (5) was swelled out  by stirring in 25 mL distilled water, and then 

filtered, washed with 250  mL distilled water and 100 mL NaHCO3 buffer (0.2 M, pH 10.0)  on a Buchner 

funnel, respectively. The remaining solid was placed in a 100 mL beaker, and 20 mL of L-tyrosine (6) 

solution (4 mg.mL
-1

) was added by stirring magnetically for 2 h at +4 
º
C. Then, it was allowed for 18 h at 

the same temperature. In the end of the time, it was washed with 100 mL NaHCO3 buffer (0.2 M pH 8.8) 

on a Buchner funnel again, consequently 6 was coupled with (5). 60 mg 4 was dissolved in 10 mL 1 N 

HCl. 5 mL of NaNO2 solution (20 mg.mL
-1

) was added slowly to this solution by stirring at 0 
º
C. The 

diazo compound (8) was poured into 45 mL suspension of 7. The pH of the mixture was adjusted to 9.5 

with 1N NaOH, and then the suspension was stirred for 4h at room temperature. The yellow suspension 

(9) was washed with 750 mL distilled water and 300 mL phosphate buffer (PBS) (0.2 M pH 6.0) on a 

Buchner funnel, respectively, and CSP 9 was finally prepared.  It was packed into the separation column 

and equilibrated with the same PBS by a peristaltic pump to use in the resolution processes. 

  

2.2. Resolution and Determination of ee% by HPLC  

2.2.1. General Procedure for Resolution of Racemic Organic Acids on the Separation Column 

All test solutions containing racemic organic acids were prepared in two different concentrations 

in 0.2 M PBS for each pH values. At three different pH, each racemic organic acid were loaded onto the 

separation column, separately. The studies were conducted at laboratory temperature. The elution was 

carried out with appropriate PBS at the studied pH. At the each pH value, 12 eluates were taken, and the 

elution volume of each eluate was 3 mL. Absorbance value of each eluate was determined by UV.  It was 

observed that the organic acids were generally collected in the 8
th
, 9

th
 and 10

th
 tubes (Table S1). In this 

section, after each resolution process, the separation column was renewed by washing with 1 N 100 mL 

HCl solution, hence amine groups of the chiral selector at CSP were returned into non-ionic form. Then, 

it was equilibrated with appropriate elution buffer (100 mL 0.2 M PBS). Thus, the resolution column 

became ready to use in another resolution process.  

 

2.1.4. General Procedure for Determination of ee% of Eluates 

The enantiomers of organic acids in the eluates were in the form of salt in PBS. For this reason, 

the solutions in the fractions were acidified with 1 M HCI solution to return into acid form and, then it 

was extracted with diethyl ether (3 times 3 mL), consequently the organic acids were taken to the ether 

phase from the aqueous phase. The ether was evaporated and 2 mL of n-hexane/2-PrOH (50:50 v/v) was 
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added to the residue in each tube. After that, the solutions were taken into vials. Ee % of eluates was 

determined by using Chiralpak AD-H analytical column by HPLC apparatus with a UV detector (Table 

S2). The retention times of (S) and (R)-enantiomers for MA and 2-PPA were separately determined. The 

retention times for (S) and (R)-enantiomer of MA and were found as 8.3 and 9.6 minutes, respectively.
36 

The retention times for (S) and (R)-enantiomer of 2-PPA were 7.6 and 8.3 minutes, respectively. The 

retention times of the enantiomers (tR1 and tR2) were utilized to determine the capacity factors of first and 

second eluted enantiomers, k’1 and k’2, respectively, by use of the equations k’1 = [t1-t0]/t0 and k’2 = [t2-

t0]/t0. As for the separation factor (α) was determined by using the equation α = k’2 /k’1. The resolution 

factor (Rs) was determined by using the equation Rs = 1.18[tR2-tR1]/[W1 0.5+W2 0.5] where  W1 0.5 and W2 0.5 

are the corresponding peak width measured on half height.
37 

 

3. Results and Discussion  

3.1. Chemistry 

 

In this study, a chiral selector 4 was prepared in good yield with reduction of the compound 3 in 

the presence of Pd/C in ethanol for 3 hours (Scheme 2). The compound 3 was synthesized with the 

reaction of (R)-2-amino-1-butanol (2) and N-p-nitrobenzyl bromide (1) in the presence sodium carbonate 

in benzene with dean stark apparatus for 12 h. The structures of compounds were explained on the basis 

of spectral data (NMR). 

   

 

 

Scheme 2. Synthetic pathway of the aromatic amine derivative 4 

  

Pirkle-type CSPs was generally prepared by immobilizing different amino acid derivatives on an 

inert chromatographic support, typically the silica gel.
38-40 

In present study, CNBr-activated Sepharose 4B 

(5) was used instead of silica as a matrix and L-tyrosine (6) was used as a spacer arm. 6 was covalently 

bounded to 5. An excess of 6 solution was then added to completely react with imin groups of 5 to give 

amide derivative of 7 in a one-pot method and it was washed with distilled water for removal of 

impurities. Then, 4 as a π-basic chiral selector was diazotized in the presence of HCI/NaNO2 at 0 
º
C, and 

then bound to the o-position of phenyl ring of 6 linked to7 and washed again with distilled water. The 

color of chiral gel (9) was changed to light yellow which indicated that diazotization reaction was 

successfully performed (Scheme 3). 
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Scheme 3. Synthetic pathway of an aromatic amine derivative-based CSP 9 

 

3.2. Chiral Separation 

 
For each racemic organic acid, the resolution processes were performed in six series, in total, at 

two different concentrations for each pH values, and at three different pHs on the separation column. The 

maximum ee % for rac-MA was determined at pH 6.0 for a sample containing 3 mg.mL
-1

, and 9
th
 fraction 

compared to the others (Figure 1). The ee % was found to be 60.84 (R) %. Thus, it was found that the 

optimum binding amount is 3 mg.mL
-1

, and the optimum pH is 6.0 (Figure S 1). 

The ee % became prominent in favor of the (R)-enantiomer of MA. The maximum ee % for rac-

2-PPA was at pH 8.0, a sample containing 5 mg.mL
-1

, and 10
th
 fraction compared (Figure  2). The ee % 

was found to be 27.4 (S)%. Thus, it was found that, the optimum binding amount was 5 mg mL
-1

, and the 

optimum pH was 8.0. The ee% became prominent in favour of the (S)-enantiomer of 2-PPA (Figure S2). 
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                  Figure 1. ee % values versus different pHs and the concentration values for MA 
 

 

 
  

                    Figure 2. ee % values versus different pHs and the concentration values for 2-PPA 
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As a result, the separation capacity of the separation column was determined by using rac-MA 

and 2-PPA. Optimum pH values were also found, and resolution parameters and ee% values were 

calculated for each organic acid. In this study, a significant relationship with regard to resolution yields 

could not be detected between the studied pHs and the concentration values. However, it is known that 

polar amino alcohol and azo groups on chemically modified Sepharose 4B can probably form multiple-

interactions with a racemate via hydrogen bonding on the -OH, -C=O and -N=N- groups, and a dipole-

dipole interaction on -C=O groups (Scheme 4). The π-π interaction between the phenyl group in the 

molecular structure of chiral selector and the phenyl group of racemate may also play some role in the 

chiral separation.
 
Phenyl rings gives high concentrations of π-delocalized electrons. -OH and -N-H groups 

of 4a allow dipol stacking and hydrogen bonding. As the orientation is localized towards the matrix 

surface, some steric hindrance may be encountered. Ethyl group forms a hydrophobic interaction site.
41-43 

(S)-MA shows stronger overall binding and convenient stereochemical approaches to CSP.  Hydrophobic 

ethyl groups form weak Van der Waals interactions with analytes. 
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Scheme 4. Presentation of the interactions between analytes and CSP   

 

3.2. Elucidation of Binding Behavior of Analytes on the CSP by a Docking Process and Quantum 

Mechanical Methods 
 

As mentioned before, a docking process was performed to determine settling of analytes through 

CSP and to detect the enantioselective interactions between analytes and CSP.  Autodock4 scores ligands’ 

docking mode by binding free energy calculations. (R)-MA (MA-R) have a docking score of -3.46 

kcal/mole, (S)-MA (MA-S) have a docking score of -3.76 kcal/mole and (R) and (S) 2-PPA (PP-R and 

PP-S) have docking scores of -3.4 kcal/mole and -3.44 kcal/mole, respectively. Experimental results show 

that MA-R leaves column later then MA-S and PP-S leaves column later then PP-R which also mean 

MA-R and PP-S have better interactions with CSP than other configurations. It has been seen that 

analytes that have the best interactions with CSP are docked at inner cavity of CSP while analytes that 

have fewer interactions with CSP are located at outer site of cavity (Figure 3). 
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Figure 3. Docking poses of analytes on CSP 

 

It must be noted that MA-S has a slightly better docking score than MA-R while experimental 

results contrast to this outcome. However, analysis of docking outputs shows that this may be caused by 

intermolecular energy of MA-R complex that may have greater intermolecular energy, which leads to 

have a low docking score. Interaction analysis of molecules can offer a better understanding of chiral 

discrimination of molecules (Figure S 3-6). MA-R molecule forms four hydrogen bonds with CSP. 

Phenyl group of MA is being in a π- π stacked interaction with phenyl group of CSP and this phenyl 

group also contacts with carboxylic acid oxygen of MA by a π-lone pair interaction. These interactions 

lead MA-R to leave column later. The MA-S only interacts with two hydrogen bonds with CSP molecule. 

From the experimental data it is known that PP-S leaves column later than PP-R. Docking results assist 

this with detailing interactions of these two analytes with CSP. It was shown that PP-S has four hydrogen 

bonds and a π- π T shaped interaction between phenyl groups and also a π- lone pair interaction with CSP 

molecule while PP-R has only two interactions with CSP molecule. 

After docking process, the complexes are optimized by quantum mechanical methods. By 

increasing the level of method, all complexes are finally optimized with B3LYP/6-31+G(d) basis set. The 

calculations show that MA-R and PP-S complexes with CSP have a smaller energy than MA-S and PP-R 

complexes with CSP, respectively. It is also seen from HPLC chromatogram that MA-R is separated 

better with MA-S while PP-R and PP-S are more closely positioned to each other. The quantum 

mechanical computations show that the optimized structure of MA-R interacts with CSP by three 

hydrogen bonds while MA-S interacts with only one hydrogen bond which allows an accurate separation. 

However, PP-R and PP-S have same degree of interaction with CSP by only two hydrogen bonds, which 

decrease the gap of releasing time. 

 

4. Conclusion 

 

In the first part of the study; the separation column containing a Pirkle-type CSP was successfully 

prepared and resolution processes of racemic organic acids on the separation column was carried out in 

detail. Then, the separation capacity of the separation column was evaluated by determining ee% of the 

eluates on CHIRALPAK AD-H chiral column by HPLC. The maximum ee% for MA and 2-PPA was 

determined to be 60.84 and 27.4, respectively. Separation factors (k1’, k2’, α, and Rs) were calculated for 
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each acid. In the final part of the study; enantioselective interactions between the Pirkle-type CSP and the 

analytes have been thoroughly investigated. The reason of lower enantiomeric yield of rac-2-PPA, with 

respect to rac-MA, was indicated by a docking process and quantum mechanical methods. 
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