


In 1858, Louis Pasteur, the first to accomplish the separation 

of two enantiomers wrote: “Most natural organic products, 

the essential products of life, are asymmetric and possess 

such asymmetry that they are not superimposable on their 

image.  

This establishes perhaps the only well-marked line of 

demarcation that can at present be drawn between the 

chemistry of dead matter and the chemistry of living matter.” 



The FDA Policy Statement for the Development of New Stereoisomeric 

Drugs, issued May 1, 1992. The policy noted that the term 

stereoisomers included enantiomers, geometric isomers (e.g., cis/trans), 

and diastereomers (isomers with more than one chiral center that are 

not mirror images of one another). Since the agency considered 

diastereomers and geometric isomers as chemically and 

pharmacologically distinct, and which can be separated without chiral 

techniques, these are generally treated as separate drugs, with some 

very specific exceptions (e.g., in vivo interconversion). There is no 

reason to develop a mixture of diastereomers or geometric isomers 

unless they fortuitously present a reasonable fixed-dose combination. 



• Dobutamine enantiomers are both positive ionotropes. 
• Ibuprofen enantiomers are both anti-inflammatory agents. 
• Warfarin and phenprocoumon enantiomers are both anticoagulants. 
• Bupivicaine enantiomers both produce local anesthesia, but the incidence of severe 
arrhythmias in isolated rabbit heart is much less with the S(−)-enantiomer than the 
R(+)- isomer or the racemate. 
• Quinolones and β-lactam antibiotic enantiomers are all antibacterial. 

There are numerous examples of enantiomers with same qualities, such as: 

There are numerous examples of enantiomers with strikingly different qualities, such 
as: • The R(+)-enantiomer of thalidomide has sedative action but the S(−)- enantiomer is 
a teratogen. 
• The l-propranolol enantiomer is a β-adrenergic receptor antagonist (β-blocker), but 
d-propranolol is not. 
• The d-sotalol enantiomer is a type 3 antiarrhythmic, whereas l-sotalol is a β-blocker. 
• The d-levodopa isomer is associated with granulocytopenia. 
• The d-levamisole isomer is associated with vomiting. 
• The d-carnitine isomer is associated with myasthenia gravis symptoms. 



What is chirality? Chirality is a term used to describe an object or compound that is non-
superimposable on its mirror image. 





Chiral Biological Macromolecules 

• Proteins 
– Enzymes 

– Structural elements of membranes 

– Receptors 

• Carbohydrates 

• Nucleic acids 

• Chiral “building blocks” of L-amino acids and 
D-carbohydrates. 



Thalidomide was widely marketed in over 46 countries as a sleep aid. Its use during pregnancy 
was responsible for over 10,000 children born with profound birth defects. Thalidomide would 
have been approved in the United States were it not for the vigilance of a medical officer, 
Frances O. Kelsey. 
The public health catastrophe prompted stronger regulation (Kefauver–Harris Amendment of 
1962) for demonstrating the safety of a product prior to marketing. Although it was commonly 
thought the toxicity resided solely with the S(−) form of thalidomide, several in vitro studies 
showed that the drug could racemize quickly in various aqueous media. Metabolic inversion has 
been observed with other compounds, such as 2-arylpropionic acid (2-APA) and mandelic acid. 





The CD signal for a protein depends on its 

secondary structure 

—— chymotrypsin (~all b) 

—— lysozyme (mixed a & b) 

—— triosephosphate isomerase  

 (mostly a some b) 

—— myoglobin (all a) 







Enzymatic resolution and separation of ibuprofen sulphonmethyl ester. 









The key step in enantiomer separation and chiral recognition is the formation of labile 
diastereoisomeric complexes between the enantiomers and the chiral selector.  

The three-point interaction model. Enantiomer (a) presents three groups that match 
exactly three sites of the selector when its mirror image, Enantiomer (b) can interact 
with a maximum of two sites of the selector 
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two of the three proposed interactions occur 
with the same substituents 



Incorrect use of the three-point interaction model. Interaction of methyl-N- 
(2-naphthyl)alaninate with the chiral selector N-(3,5-dinitrobenzoyl)-(S)-leucine n-
propylamide. Switching Hydrogen 15 and Group 18 on the selector asymmetric center ( 
∗) would produce the other enantiomeric form. Switching hydrogen 9 and methyl 10 of the 
leucine asymmetric center (∗) would make the (R)-leucine enantiomer. In both cases, the 
three interactions mentioned would be similarly possible not allowing for any chiral 
discrimination 

PirkleWH, Pochapsky TC (1987) J Am Chem Soc 109:5975–5982 

This model cannot be 
right since 
two of the three 
proposed interactions 
occur with the same 
substituents 

The three interactions 
must occur between 
three different 
substituents of both 
the chiral molecule 
and the chiral selector 



In the original model, all interactions were attractive 
such as:  
 
1. Steric fits in a cleft 
2. Cavity 
3. Repulsion 
4. At least two geometrical points or a plane by at least three points 
etc 



Strength, direction, and working distances of molecular interactions 





Top: the quinine and quinidine selectors. Bottom: Chiral recognition mechanism by a 
quinine-based chiral stationary phase (CSP). The strongest interaction is the ionic docking 
attraction between charges of opposite signs. DNB-D-valine is more retained by the quinine CSP 
than its L-enantiomer. DNB-L-valine is more retained by the quinidine CSP. All three interactions 
occur between three different substituents of both the quinine selector and amino acid 
selectand 



Chiral GC 

• Gil-Av et al. used N-TFA-D-isoleucine lauryl ester and N-TFA-L-
isoleucine lauryl ester as the stationary phase which were 
coated on the walls of a capillary column 100 m long, 250 μm 
I.D. 



Chiral Stationary Phases for Gas 
Chromatography 

• Amino acid derivatives 

• Polysiloxane polymers 

• Cyclodextrin derivatives 

• Chiral Metal Chelating Stationary Phases 

– resolution of chiral unsaturated hydrocarbons, ethers, 
ketones, etc 



Cyclodextrin Chiral Stationary Phases 

• The cyclodextrins are produced by the partial degradation of starch 
followed by the enzymatic coupling of the glucose units into crystalline, 
homogeneous toroidal structures of different molecular size. 
 
 
 
 
 
 

• alpha-, beta- and gamma-cyclodextrins  
• and have been shown to contain  
• 6 (cyclohexamylose), 7 (cycloheptamylose)  
• and 8 (cyclooctamylose) glucose units, 
• respectively. 



The very effective chiral characteristics 
arise from the many chiral centers 

they contain 

most effective stationary phases 



Chiraldex B-PM is also a permethylated 
b-cyclodextrin 



The Separation of the 
Enantiomers of Ibuprofen 

 on open tubular columns coated with derivatized b-cyclodextrin 



 



Chirality and HPLC 



Typical pharmaceutical development stages.  



Commonly Employed Chiral Derivatizing 
Reagents (CDR) and Their Application 



OPA-chiral thiol derivatization for the 
stereoselective analysis of primary amines 
and amino acids (indirect enantiomer 
separation). 

Enantiomeric separation of amino acids 
obtained from the hydrolysis of baci- 
tracin A, followed by OPA-chiral thiol 
derivatization 



Reaction scheme for indirect HPLC 
enantiomer separation (in the presence of 
an S-CDR impurity in the chiral derivatization 
reagent R-CDR). All four stereoisomers 
areformed and two pairs of enantiomers, 
respectively (d, diastereomeric to each other; 
e, enantiomeric to each other). 

Illustrative kinetic profiles for the reaction of a 
sample with a chiral derivatizing reagent. The 
two enantiomers are assumed to have different 
rate constants and an identical detector 
response for the resulting diastereomers. 



Equilibria for the retention of R-and S- enantiomers (chiral–mobile-phase additive, CMPA) 
mode. Subscripts m and s refer to corresponding species in mobile and stationary phases; 
Ka and Kd represent association and distribution constants, respectively. 

The addition of the Chiral Selector to the mobile phase is one of the simplest approaches 
for chi-ral separation. This approach is particularly simple and cheap in nano-LC but 
expensive when using HPLC. 



5 type chiral stationary phase 

– Type I : Form complexes based on pi donor and 
acceptor interactions 

• Ex: Brush Type (Pirkle) CSPs 

 

– Type II : Seperation based on a combination of 
complex formation, usually due to H bonding, and 
the existence of cavities 

• Ex: Polysaccharide and Macrocyclic Antibody CSPs 



– Type III : Separates primarily based on compounds 
ability to fit in a cavity 

• Ex: Cyclodextrin, Crown Ether and Polymer CSPs 

 

– Type IV : Forms diastereomeric metal complexes 
• Ex: Ligand Exchange CSPs 

 

– Type V: Based on hydrophobic and hydrophilic 
interactions 

• Ex: Protein Based CSPs 

• natural proteins bonded to a silica matrix 

 



Brush Type 
 • Type I 

• Developed by Pirkle 

• First CSP 

• Operates on pi donor and acceptor interactions 

 
The small molecular weight chiral substances bonded to silica, commonly 
called the Pirkle phases, usually have a limited number of chiral centers but a 
large number of the groups bonded to the silica.  

The system suffers from certain disadvantages which results from the spatial 
arrangement of the chiral center and other interacting moieties around it. 
The relative short bond between the chiral agent and the silica restricts the 
approach of some molecules, so that their chiral center can not interact with 
the chiral center of the stationary phase.  

However, for certain molecules, the spatial arrangement can be ideal. 

 







Polysaccharide 
 

• Type II 
• The first practical chromatographic use of polysaccharides came in 1973, when Hesse 

and Hagel prepared cellulose triacetate from microcrystalline cellulose and used it as a 
liquid chromatographic stationary phase. 

• Most common CSP. These CSPs are well known to any practitioner of the art of HPLC-
based enantiomer separation under the product names Chiralcel and Chiralpak. These 
phases were developed originally by Professor Yoshio Okamoto and co-workers at 
Osaka University and commercialized by Daicel Chemical Industries.  

• They take two basic forms, those derived fromc ellulose polymers and those derived 
from amylose polymers; they are reported to have molecular weights of up to 40,000 
Daltons. The basic difference between the two polymers is that the cellulose adopts a 
linear structure, whereas the amylose forms a helical structure. Both cellulose adn 
amylose unit contains 5 chiral centers. 

• Cellulose or amylose bonded to silica Generally substituted with aromatic rings 



Distribution of CSPs for HPLC used for the determination of enantiomeric excess 
reported in Journal of the American Chemical Society in (a) 2005 and (b) 2007. The 
values in parentheses represent the number of the counted papers.  



An incredible number of chiral separations have been and continue to be made with just four 
commercial chiral stationary phases: Chiralpak AD and AS and Chiralcel OD and OJ. Now these 
same problems can usually be solved with just three immobilized columns: Chiralpak IA, IB, and 
IC. 

Due to the fact that the stationary phase is coated on the silica and not chemically bonded to it, 
certain limitations are placed on the type of solvents, the linear velocity of the mobile phase 
and the operating temperatures that can be employed. The solvents that are recommended for 
use as the mobile phase are heptane/alcohol mixtures which would indicate that the material is 
used largely in the polar phase mode (i.e. the dominant forces employed in the retention and 
selectivity are polar). 



Commercially available polysaccharide-based CSP structures. 



The 3,5-dimethylphenylcarbamate (CDMPC) and 3,5-dichlorophenylcarbamate 

appear to have the most general chiral selectivity. This high degree of 

selectivity is also exhibited by the 3,5- dimethylphenylcarbamate of amylose 

(ADMPC).  

In this context it is interesting to note that in studies involving 510 racemic 

compounds, 315 showed either full or partial resolution on the CDMPC 

column. Similarly, of 384 racemates examined on an ADMPC column, 107 were 

resolved completely, and another 102 were resolved partially. In a combined 

screening experiment with 510 compounds, 129 were resolved only on 

CDMPC, 85 were resolved only on ADMPC, and 129 were resolved on both 

columns, with a combined success rate of about 78% (400 of 510 compounds). 



Structures  of  tris-phenylcarbamate  derivatives  of  cellulose  and  amylose. 



Octamer of CTPC reported by Yashima et al. 
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Examples  of  opposite  elution  order  of  enantiomers  on  chiral  columns  containing  coated  
and  covalently  immobilized  versions  of  the  “same”  polysaccharide-based chiral selectors. 





A number of significant advantages over coated columns: 

1. Immobilized CSPs can be used with any organic solvent; consequently, the immobilized 

columns are very rugged and behave like any other HPLC column. 

2. Any organic solvent can be used to dissolve a sample into solution. This feature can be 

especially useful for preparative separations, in which productivity is usually linked to sample 

solubility. 

3. A broader range of solvent polarities, including a large group of medium polarity 

organic solvents, is now available to be used as mobile phases. 

4. A greater variety of solvents is available for method development. Numerous separations have 

been developed on immobilized columns with extended-range solvents, for cases in which 

conventional solvents and coated solvents were unsuccessful. 

5. More appropriate solvents can be used to flush undesired adsorbed material 

from the columns. 

6. Solvent flushing can also be used to regenerate column selectivity. 

7. Mobile phases can be chosen that are least likely to cause racemization of 

samples. 

8. Immobilized columns can be used over a higher temperature range. 



Macrocyclic Antibody 
 

• Type II 

• More universal than other CSPs 

• Most recently developed CSP 

• Up to 20 Chiral Centers on CSP 

 



July 24-27, 2006, San Diego, CA 

Chirobiotic Phases 
– Macrocyclic glycopeptides linked to silica  
– Contain a large number of chiral centers together with 

cavities for analytes to enter and interact 
– Potential interactions: 

• π-π complexes, H-bonding, ionic interactions 
• Inclusion complexation, steric interactions  

– Capable of running in RP-HPLC, normal phase, polar 
organic, and polar ionic modes 

• Available columns: 
– Chirobiotic V and V2 (Vancomycin), Chirobiotic T and T2 

(Teicoplanin), Chirobiotic R (Ristocetin A) from Astec 

http://www.raell.demon.co.uk/chem/CHIbook/chiral.htm#Macrocyclic 



( a ) Structure of vancomycin and ( b ) X-ray 
crystal structure of the complex with N a , N w 
-diacetyl- L -Lys- D -Ala- D -Ala (in 
orange). The X-ray crystal structure image was 
generated with Accelrys Discovery Studio 
Visualizer 2.5 software from the 
coordinates from the Brookhaven Protein Data 
Bank ( www.rcbs.org/pdb , fi le 1FVM). 



Method development protocols on 250  × 4.6 mm glycopeptide columns. V: vancomycin, 
T: teicoplanin, R: ristocetin A. 



Cyclodextrin, Crown Ether, Polymer 
 • Type III 

• Compounds will selectively align in cavity 

• Very selective to differently sized analytes 

 

One or two of the primary hydroxyl groups (position 6) are used to link the cyclodextrin to the 
silica surface. The secondary hydroxyl groups (positions 2 and 3) can be derivatized selectively, 
usually first in position 2 and then subsequently in position 3. A number of different derivatives 
of the cyclodextrins have been synthesized to provide specific types of interaction to increase 
their chiral selectivity. 



Structure of cyclodextrins and trade names of corresponding CSPs. 
X-ray data has indicated that the b and g structures are quite rigid whereas the a structure 
appears to exhibit some flexibility. Thus solute molecules, if spatially suitable, can be included 
and interact by dispersive, polar of ionic forces with any neighboring groups to which they are 
approriately close. 



Summary of derivatives of 
 Cyclobond 



Structures of the complexes of ( R )-propranolol with ( a ) heptakis (2,3-di-O-acetyl-6-O-sulfo)- 
b -CD in nonaqueous background electrolyte and ( b ) heptakis (2,3-di-O-methyl-6-O-sulfo)- b -
CD in aqueous background electrolyte as derived from ROESY NMR experiments. The arrows 
indicate the observed intermolecular NOE upon irradiation of the respective protons 



Ion and Ligand Exchange 
 

• Type IV 

• Mainly used for amino acid separations 

• Usually uses copper complexes 

• Mobile phase must include metal 



Basic principle of ligand exchange (3) is the involvement of a complexing metal ion 

into interaction between the analyte enantiomers to be resolved and the chiral 

selector, namely, through the formation of diastereomeric ternary complexes 

selector/metal ion/analyte. It is essential that the complexes be kinetically labile, i.e., 

they must form and dissociate at a high rate; otherwise the chromatographic column 

efficiency would be compromised. Complexes of Cu(II), Zn(II), Ni(II), and few other 

ions meet this condition while coordinating amino, carboxy, hydroxy, amido, thio, and 

few other electron donating functional groups. Here with, the lone electron pairs of 

the hetero atoms (N, O, S) of the functional groups, belonging to the analyte and 

selector, occupy definite positions in the coordination sphere of the central metal ion, 

to result in the formation of the ternary complex. During the chromatography 

process, the coordinated ligands are reversibly replaced by other ligands, such as 

molecules of water, ammonia, or other components of the eluent. Quick exchange of 

ligands in the metal ion coordination sphere dictates the name of the technique—

ligand-exchange chromatography (LEC). 



Principle of chiral ligand-exchange 
chromatography. Ternary 
diastereomeric Cu(II)-complexes of 
immobilized S-enantiomer of proline 
(X = H) (or hydroxyproline X = OH) 
ligand with S-and R-proline analytes, 
(a)and(b), respectively. 

Enantiomer separation of hydroxy acids by 
chiral ligand-exchange chromatography (CLEC). 
Experimental conditions: column, 
CHIRALPAKMA; mobile phase, 10% 
ACN/H2Oplus2-mMCuSO4. 



Ion exchange 
Commercially available cinchona alkaloid-derived chiral anion-exchangers. (a) Structure; (b) 
illustration of a reversal of elution order by change from the quinine-derived CSP to the 
corresponding pseudoquinidine-derived CSP. Experimental conditions: Column dimension, 150 × 
4-mm column; mobile phase, 1%acetic acid in methanol; temperature, 25◦C; flow rate, 1 
mL/min; UV detection at 230 nm.  



Protein Based 
 • The α1-acid glycoprotein, sold under the name Chiral-AGP 

• Sensitive to variations in pH max 4-7 

• Changing solvents changes retention non-linearly 

• CHIRAL-AGP is commonly used for the separation of 
enantiomers carrying secondary and tertiary amines and for 
substances containing nitrogen in a ring. 







X-ray  crystal  structures  of  HSA–warfarin  (Wf)  complexes.  (a)  Superimposed  complexes,  (R)-Wf  
(magenta),  (S)-Wf  (cyan)  and  (b)  active  sites  with  binding  modes. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version  of  the article.) 



Reactions  for the preparation of an HAS silica monolith 







Preparative 
chiral 
separations. 













Armodafinil 

 



CHROMATOGRAPHY 

 • The strategy that we developed was the following: 

• • To determine solubility of substrate in common eluent solvents, 

• • To screen a large number of chiral stationary phases (CSPs) and chiral intermediates 

• To optimize the eluent system for use with the selected CSP/intermediate, 

• • To demonstrate the selected conditions on analytical and pilot scale, and 

• • To develop a process for large-scale separation. 

Based on the analyte solubility (greatest in MeOH 20 
g/l at 208C), selectivity and productivity, Chiralpak AD 
20 µm (Chiral Technologies) was selected as the CSP 
for the process. Conditioning of the CSP with 
isopropanol after column packing and prior to the 
VARICOL1 separation in methanol 

• 0.5 kg (R)-modafinil/kg CSP/day, chromatographic yield was 93% and 
recovery yield of (R)-modafinil, including subsequent drying process, 
was 77.6%. The optical purity of the desired enantiomer 

• was greater than 99.2% and the chemical purity was 99.7% 



 CRYSTALLIZATION 
theoretical yield for any crystallization process is only 50%. 

  

ASYMMETRIC SYNTHESIS 

 



• CHIRALPAK® IA 
• amylose tris (3,5-dimethylphenylcarbamate) immobilised on A 3 μm & 5 μm 

silica support 

 

 

 

 

• CHIRALPAK® IB 
• CELLULOSE tris (3,5-dimethylphenylcarbamate) immobilised on A 3 μm & 5 

μm silica support 

 



• CHIRALPAK AC 

• CELLULOSE tris (3,5-DICHLOROPHENYLCARBAMATE) immobilised on A 

3 μm & 5 μm silica-gel 

 

 

 

 

 

• CHIRALPAK AD & AD-H 

• amylose tris (3,5-dimethylphenylcarbamate) on A 3 μm & 5 μm silica 

support 

 

 



• COATED CHIRALPAK® AD  

• amylose tris (3,5-dimethylphenylcarbamate) 
on a 10 μm silica support 

 

 

 

 

• COATED CHIRALPAK® AS & AS-H  

• amylose tris ( (s) - α-
methylbenzyLcarbamate) on a 3 μm & 5 μm 
silica support 





• Whelk-O® 1 Analytical to Preparative Columns The Whelk-O 1 is useful for the separation of 

underivatized enantiomers in a number of families including amides, epoxides, esters, ureas, 

carbamates, ethers, aziridines, phosphonates, aldehydes, ketones, carboxylic acids, alcohols and 

non-steroidal antiinflammatory drugs (NSAIDs). This -electron acceptor/-electron donor phase 

exhibits an extraordinary degree of generality. The broad versatility observed on the Whelk-O 1 

column compares favorably with polysaccharidederived chiral stationary phases. In addition, 

because Whelk-O 1 is covalently bonded to the support, the phase is compatible with all 

commonly used mobile phases, including aqueous systems — a distinct advantage over 

polysaccharide derived chiral stationary phases. Other advantages include column durability, 

excellent efficiency, ability to invert elution order and excellent preparative capacity 



 



Chiral Stationary Phases for HPLC 

Applications 

• Many biologically active molecules are 
chiral 

• Enzymes, which are chiral, contain a 
glove-like cavity called the active site  

• If the glove is “right-handed,” then one 
enantiomer will fit inside and be bound, 
the other will have a poor fit and is 
unlikely to bind 

 

In biology 



chiral ionic liquids (CILs) 

• new chiral solvents should play a central role in 
enantioselective organic chemistry 
 

• most of ILs possess a polymeric behavior and are highly 
ordered H-bonded liquids (three-dimensional networks of 
anions and cations linked together by hydrogen bonds). 
 

•  In addition, it was recently shown that hydrogen bonding is 
involved in controlling the endo-selectivity of Diels– Alder 
reactions. These findings suggest that CILs could be highly 
more efficient than classical chiral solvents for asymmetric 
induction. 




