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Abstract: Six chiral stationary phases (CSP) were evaluated for their enantioselectivity towards a series of 45 drugs with 
different acidic, basic or neutral properties. These CSPs were: a polyacrylamide phase, Chiraspher; two polysaccharide- 
based phases, cellulose tris-3,5-dimethyl phenylcarbamate (Chiralcel OD) and the S-naphthylethylcarbamate derivative 
of [3-cyclodextrin (SN-13-CD; Cyclobond I SN); and three protein-based CSPs - -  al-acid glycoprotein (Chiral-AGP), 
ovomucoid (OVM) and cellulase. A total of 28 different mobile phases were involved. Chiral-AGP, OVM and Chiralcel 
OD appeared to be the most promising CSPs for the enantioseparation of the series of structurally different compounds 
evaluated. Cellulase and Chiralcel OD show particularly high enantioselectivity towards the group of [3-blocker drugs. 
The different protein-based CSPs were used in their usual reversed-phase mode. The other phases were used in 
combination with apolar mobile phases, except for SN-[3-CD, which was evaluated in both modes. Formal optimization 
strategies were not adopted, although the effect of organic modifier and eluent pH on enantioselectivity was briefly 
examined for the protein-based phases. 

Keywords: Polymeric chiral stationary phases; f3-blocker drugs; calcium-channel blocker drugs; barbiturates; amides; 
cyclodextrin derivative; ctFacid glycoprotein; ovomucoid; cellulase; polysaccharide-based phases; liquid chromatography. 

Introduction 

The pharmacological, pharmacodynamic and 
toxicological behaviour of the enantiomers in 
chiral drugs can differ widely. It is therefore 
important to develop enantioselective sep- 
aration methods for studies on chiral phar- 
macokinetics, stereoselective metabolism and 
quality control. In the last few years, the 
number of approaches for the resolution of 
enantiomers based on liquid chromatography 
(LC) has increased rapidly, as indicated in 
recent books and reviews on this subject [1, 2]. 

In LC, each type of chiral stationary phase 
(CSP) can be classified according to the prin- 
ciple of its design and/or the molecular size of 
the chiral selector molecules involved. In 
general, two main groups can be distinguished: 
'brush' type CSPs, where small molecule chiral 
selectors are immobilized upon silicagel; and 
polymeric-type CSPs, based for instance on 
polysaccharides, proteins or on synthetic 
polymers [3]. 

In the present work, six different stationary 
phases (Fig. 1) are evaluated as regards their 
enantioselectivity towards a range of struc- 
turally different chiral drug compounds. The 

phases have been selected in order to illustrate 
the principal types available, with emphasis on 
the polymeric CSPs. The various stationary 
phases selected are described in Fig. 1 and 
Table 1. The synthetic polymer phase (Chira- 
spher) is stable both in aqueous mobile phase 
systems as well as in normal-phase mode. The 
enantioselectivity is considered to be attribut- 
able to the presence of chiral monomers or 
chiral suprastructures or cavities in the poly- 
mer [4]. 

In the S-naphthylethylcarbamate derivative 
of [3-cyclodextrin (SN-[3-CD) [5], the hydroxyl 
functions on the edge of the toroidal cavity, 
formed by the cyclic glucose polymer in the 
well known silica-bonded [~-cyclodextrin phase 
(Cyclobond), are derivatized. The enantio- 
selectivities for the original Cyclobond phase 
and its derivative are known to be quite 
different [5]. The SN-~-CD phase can be used 
either in reversed-phase or in normal-phase 
mode; the chiral discrimination mechanism is 
different for each mode [5]. 

Derivatives of naturally occurring polymers 
such as cellulose have also been used as chiral 
stationary phases [1, 2]. The presence of chiral 
cavities within the polymeric structure is con- 
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Three of the chiral stationary phases evaluated. (a) S-phenylalanine ethylester of polyacrylamide (Chiraspher); (b) S- 
naphthylethylcarbamate derivative of [3-cyclodextrin (Cyclobond I SN); and (c) cellulose tris-3,5-dimethylphenylcarb- 
amate (Chiralcel OD). See Table 1 for protein-based phases. 

Table 1 
Protein-based CSPs 

Protein type CSP AGP* OVM? CEL~: 

MW 41000 28800 60000-70000 
IEP 2.7 3.9-4.5 3.9 
Sialic acid residues 14 0.3 - -  
Disulphide bridges 2 8 12 
% carbohydrate 45 30 6 

* AGP: al-acid glycoprotein (Chiral-AGP). 
tOVM:  ovomucoid (Ultron ES-OVM). 
$CEL: cellulase. 

sidered to contribute to the chiral discrimi- 
nation mechanism. In this work, a cellulose 
tris-3,5-dimethylphenylcarbamate derivative, 
coated upon silicagel (Chiralcel OD) has been 
used. The separation of a number of [3- 
blocking agents has been reported on this CSP, 
using non-aqueous mobile phases [6-8]. 

Finally, a number of protein-based CSPs 
have been evaluated. Several kinds of protein 
have been successfully linked to silicagel for 
use as a chiral stationary phase. Cellulase, 
ovomucoid (Ultron ES-OVM) and eq-acid 
glycoprotein (Chiral-AGP) phases have been 
selected for this study. An evaluation of the 
enantioselectivity of these proteins towards [3- 
blocking agents has already been reported 
previously [9, 10]. 

It is the purpose of the present study to 
attempt to deduce some general guidelines to 
characterize the enantioselective abilities of 
these CSPs. It should, however, be noted that 
the protein type CSPs can only be used with 
aqueous mobile phases, whereas the others are 
used under normal-phase and/or aqueous 
mobile phase conditions. 

A wide range of compounds with different 
structural characteristics and different acidic, 
basic or neutral properties were selected for 
this study. The drugs selected include: a series 
of strong to weakly basic compounds, viz. 24 [3- 
blocking agents including propafenone, and six 
calcium-channel blockers of the dihydropyri- 
dine type; weakly acidic compounds such as 
mephenytoin, hexobarbital, methylpheno- 
barbital and thalidomide; and neutral com- 
pounds such as chromakaline, its structural 
analogue CL 89-19-02 and oxazepam, plus 
some additional amides. 

Experimental 

Apparatus 
A Hewlett-Paekard 1090 liquid chromato- 

graph with a diode-array detector was used. 
The synthetic polymer phase (S-phenylalanine 
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ethyl ester of polyacrylamide) was a Hibar RT 
250-4 Chiraspher column (250 × 4 mm i.d.) 
and was obtained from Merck (Darmstadt, 
Germany). The mobile phase flow rate used 
with this phase was 1 ml min -1 at ambient 
temperature. The Cyclobond I SN column 
(250 × 4.5 mm i.d.) was kindly provided by 
D.W. Armstrong (University of Missouri- 
Rolla, USA) and manufactured by Astec 
(USA). The mobile phase flow rate was 1 ml 
rain -l,  both in normal-phase as well as in 
reversed-phase mode at ambient temperature. 
The Chiralcel OD column (250 × 4.5 mm i.d.) 
was obtained from Daicel (Tokyo, Japan); the 
mobile phase flow rate was 0.6 ml min -a and 
the experiments were performed at a constant 
oven temperature of 30°C. The Chiral-AGP 
column (100 mm × 4.5 mm i.d.) was obtained 
from ChromTech AB (Stockholm, Sweden). 
The ovomucoid column (150 mm × 4.5 mm 
i.d.) (Ultron ES-OVM) was a gift from G. 
Tamai and manufactured by Shinwa Ltd 
(Kyoto, Japan). The mobile phase flow rate 
used with both these phases was 0.8 ml min -1. 
The cellulase CSP was packed into a small- 
bore column (100 × 2.1 mm i.d.) and was 
provided by C. Pettersson (Uppsala, Sweden). 
The mobile phase flow rate was 0.1 ml min -1. 
The experiments with all these protein-based 
phases were performed at a constant oven 
temperature of 25°C. 

Standards and reagents 
Heptane, dioxane and methyl tert-butyl 

ether were of Pro-Analysis quality from Merck 
(Darmstadt, Germany). Acetonitrile, ethanol 
and isopropanol were of HPLC grade from 
Merck. Buffer solutions were prepared by 
dissolving sodium dihydrogenphosphate and 
disodium hydrogenphosphate in doubly-dis- 
tilled water. Samples of racemic mixtures of 
each compound were obtained either from the 
manufacturers or by synthesis at the University 
of Graz (Graz, Austria). Solutions of each 
racemic compound (ca 200 Ixg ml 1) were 
prepared in the relevant mobile phase. Ali- 
quots of 5 or 10 txl of these solutions were 
injected, except for the cellulase CSP, where 
1 Ixl was injected. 

Results and Discussion 

The chromatographic results are described 
and considered separately for each CSP. 

The choice of the initial mobile phase used 
with each different column was based on 
literature data and on information given by 
the manufacturer concerning the enantiosep- 
aration of other substances. Changes in the 
concentration of organic modifier and the pH 
of the phosphate buffer were systematically 
studied for some phases in order to evaluate 
the influence of these parameters on the 
separation of the enantiomers. Optimization of 
the mobile phase composition by means of 
systematic designs, such as the Simplex design 
[11], was not carried out in view of the large 
number of different compounds studied. It 
should be emphasized that the optimum con- 
ditions would clearly be expected to differ for 
each compound on each chiral stationary 
phase, so to this extent the results obtained for 
individual racemates may be considered to be 
of limited value. Nevertheless, it would be 
entirely reasonable to regard the present initial 
study as one of the first broad surveys in the 
field, forming the basis for certain tentative 
conclusions and indicating further directions 
for systematic research. 

Chiraspher 
This CSP can be used with both apolar and 

polar mobile phases. Most of the enantio- 
separations described on this CSP were, how- 
ever, achieved in normal phase mode (cf. 
Application Guide, Merck, Darmstadt, 
Germany). In this study, several kinds of 
apolar eluent composition were used. Aprotic 
solvents were preferred in order to facilitate 
formation of possible hydrogen bonds between 
the chiral solute (chiral selectand) and the 
chiral stationary phase (chiral selector). Only a 
few of the compounds studied could be chirally 
separated on this CSP (Table 2). 

The first mobile phase consisted of heptane- 
dioxane-diethylamine (70:30:0.1, v/v/v; MP 
1). DEA was added to the mobile phase to 
minimize the effects of any residual silanol 
groups. Retention was decreased when 5% of 
the protic solvent isopropanol was added 
(mobile phase 2). As dioxane has strong 
eluting properties, a further decrease in reten- 
tion was obtained by increasing its content in 
the mobile phase (mobile phase 3). The eluent 
composition methyl tert-butyl ether-dioxane- 
DEA (70:30:0.1, v/v/v; MP 4) resulted in a 
decrease in k' values and, for the chirally 
separated compounds, in an increase in the ~- 
values (Table 2). This may be attributable to 
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Table 2 
Enantioselectivity of Chiraspher for four racemates, k'~ represents the capacity factor of 
the first eluting enantiomer, ~ is the separation factor and P is the peak-valley ratio [18] 

Compound Mobile phase* k'l  c~ P 

Mephenytoin 3 0.77 1.09 0.26 
4 0.39 1.13 NM 

Oxazepam 1 10.7 1.21 0.98 
2 5.85 1.17 NM 
4 1.74 1.24 NM 

Chromakaline 1 6.74 1.07 0.57 
2 2.66 1.04 NM 
4 1.06 1.08 NM 

CL 89-19-02 1 6.71 1.09 0.83 
Structural 2 2.48 1.07 0.39 
Analogue of chromakaline 4 1.08 1.12 NM 

* Mobile phases used were: MP l = heptane-dioxane-diethylamine (70:30:0.1, v/v/v); 
MP 2 = heptane-dioxane-isopropanol-diethylamine (70:25:5:0.1, v/v/v/v); MP 3 = 
heptane-dioxane-isopropanol-diethylamine (60:35:5:0.1, v/v/v/v); MP 4 = methyl tert- 
butyl ether-dioxane-diethylamine (70:30:0.1, v/v/v). 

NM: not measured. 

the different hydrogen bonding properties of (A) 
the various solvents. 

The presence of amide functions in the 
vicinity of the stereogenic centre of the select- 
and seems to be beneficial for enantiosep- 
aration on this CSP. To study this more 
closely, the enantioselectivity of Chiraspher 
towards some simple chiral amides was evalu- (B) 
ated. The structural formulae of these com- 
pounds are given in Fig. 2, from which it can be 
seen that the compounds differ only in their 
aryl substituents and in the positions of these 
groups relative to the amide function. Only the 
dinitro-benzoic acid phenylethylamide 
enantio~mers, which are -rr-acidic in character, (C) 
could be resolved on this phase (MP 1: k'l  = 
2.73, o~ = 1.10, P = 0.56). As all the com- 
pounds in Fig. 2 are secondary amides, capable 
of hydrogen bond formation and/or dipole- 
dipole interaction, it seems that, under the 
given eluent conditions, these structural 
elements are not sufficient to lead to chiral (D) 
recognition, so that additional strong w-~r 
interactions would seem to be crucial. The 
separation of the enantiomers of the ~r-acidic 
compound D (Fig. 2) may well be an indication 
that this CSP is serving as a ~r-base. 

SN-~-cyclodextrin (Cyclobond I SN) 
The structure of this stationary phase is 

illustrated in Fig. 1. In this study, the CSP was 
used both in normal-phase (NP) and in re- 
versed-phase (RP) mode. 

In NP mode, two different mobile phase 
combinations were used, i.e. heptane-isopro- 
panol-DEA (70:30:0.1, v/v/v) (MP 5) and 

0 

CH 3 

c f °  

cH, 

CH 3 

~k ) ~ - ~ C - - N H - -  C H ~ - ~  

Figure 2 
Amide compounds with differing w-acidic and n-basic 
character: (A) benzoic acid 1-phenylethylamide; (B) 
naphthalene-l-carboxylic acid 1-phenylethylamide; (C) 
benzoic acid 1-naphthylethylamide; (D) dinitrobenzoic 
acid 1-phenylethylamide. 

heptane-ethanol-DEA (70:30:0.1, v/v/v) (MP 
6) (MP 11). As ethanol is more polar than 
isopropanol, retention times are shorter with 
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mobile phase 6. The enantioselectivity of this 
CSP towards the selected compounds seemed 
only minor. Mephenytoin and methylpheno- 
barbital were chirally resolved with a values, 
respectively, of 1.10 (MP 5) and 2.73 (MP 6). 

Hexobarbital did not elute from this CSP 
under the mobile phase conditions evaluated. 
Oxazepam enantiomers were resolved with an 
a value of 1.08 (MP 6). Some of the neutral 
amide enantiomers (Fig. 2) were separated 
using MP 5. Their k ' l ,  ot and P values are 
summarized in Table 3. Hydrogen bonds and 
dipole-dipole interactions between the amide 
and the CSP, and also -rr--rr interactions, seem 
to be important for chiral recognition on this 
phase. In Table 3, it can be seen that, although 
enantiomers of compound C are separated, 
this is not the case for compound B, which may 
be attributable to the spatial position of the 
naphthyl ring relative to the amide function. 
The proximity of this bulky group to the 
stereogenic centre would also be expected to 
be significant. 

In RP mode, mobile phases comprising 
0.1 M ammonium acetate buffer (pH 7.0)- 

Table 3 
Enantioselectivity of S-naphthylethylcarbamate sub- 
sti tuted 13-cyclodextrin (normal-phase mode)  

Amide* k '  1 o~ P 

A 0.82 1.10 0.52 
B 1.27 1 0 
C 1.05 1.13 0.91 
D 3.15 2.05 1 

* Key (cf. Fig. 2). 
A = benzoic acid phenylethylamide;  B = naphthalene-  

1-carbonic acid phenylethylamide;  C = benzoic acid 
naphthylethylamide;  D = dinitrobenzoic acid phenylethyl- 
amide. The mobile phase used in these experiments  was: 
hep tane- i sopropano l -d ie thy lamine  (70:30:0.1, v/v/v) 
(MP 5). 

Table 4 

acetonitrile (70:30, v/v; MP 7) or (80:20, v/v; 
MP 8) were used. Of all the compounds 
studied, only those listed in Table 4, could be 
chirally separated. In Table 4, it can be seen 
that SN-[3-cyclodextrin is enantioselective for 
some weakly acidic compounds. Interestingly, 
the enantiomers of compound CL 89-19-02 
could be separated, while those of its structural 
analogue chromakaline, could not be resolved 
under these eluent conditions. 

Oxazepam enantiomers can be separated 
with mobile phase 8, as illustrated in Fig. 3; 
however, the spontaneous transition of one 
isomer to the other is observed in aqueous 
solution (the phenomenon of peak co- 
alescence). This isomerization also takes place 
in biological matrices such as plasma, so the 
usefulness of chiral analysis for drugs such as 
oxazepam is open to question. 

Some kind of inclusion complex formation in 
the 'hydrophobic cavity' of the cyclodextrin 
toroid is considered to be one of the basic 
requirements for chiral separations in re- 

30 
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Figure 3 
Isomerization of oxazepam enant iomers .  Stationary phase: 
SNq3-cyclodextrin; MP 8: a m m o n i u m  acetate buffer (pH 
7.0:0 .1  M)-acetoni t r i le  (80:20, v/v). 

Enantioselectivity of  S-naphthylethylcarbamate substi tuted 13-cyclodextrin (reversed-phase mode)  

MP 7 MP 8 

C o m p o u n d  k ' l  c~ P k '  l c~ P 

CL 89-19-02 0.98 1.04 0.23 1.85 1.06 0.79 
Mephenyto in  0.93 1.23 l 1.71 1.36 1 
Methylphenobarbi ta l  1.45 1 0 3.01 1.05 0.44 
Hexobarbital  1.56 1.11 0.97 3.33 1.15 1 
Amide  A* 2.01 (R)? 1.09 l - -  - -  - -  
Amide  B* 3.86 1 0 - -  - -  - -  
Amide  C* 4.24 (R ) t  1.04 0.58 - -  - -  - -  
Amide  D* 0.71 1 0 1.19 1 0 

MP 7: a m m o n i u m  acetate buffer (pH 7.0; 0.1 M)-acetoni t r i le  (70:30, v/v). 
MP 8: a m m o n i u m  acetate buffer (pH 7.0; 0.1 M)-acetoni t r i le  (80:20, v/v). 
* For key to amides A,  B, C and D, see Table 3 and Fig. 2. 
?The  R-enant iomer  elutes first. 
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versed-phase mode on a native [3-cyclodextrin 
phase [12]. The different stability constant for 
inclusion formation for each enantiomer in the 
cavity is considered to be a key factor in 
leading to chiral separation. 

In this study, a decrease in k' and oL values is 
observed when the organic modifier concen- 
tration is increased, analogously with the be- 
haviour of a RP packing. This can be explained 
by the fact that the hydrophobic interactions of 
the solute within the cyclodextrin cavity are 
competitively disturbed by the addition of 
organic modifier to the mobile phase. 

The difference in the chiral recognition 
mechanism of SN-13-CD in RP and NP mode is 
illustrated clearly by compound D (Tables 3 
and 4). In RP mode, the enantiomers of this 
amide with w-acidic character cannot be sep- 
arated, while a baseline separation is obtained 
in NP mode. This indicates that the naphthyl 
substituent of the cyclodextrin moiety, which 
has a ~-basic character, might be of import- 
ance for the chiral recognition mechanism in 
NP mode. In this mode, the cyclodextrin cavity 
is probably filled with the hydrophobic mobile 
phase, so that inclusion complexes are not 
favoured, which implies that the naphthyl 
substituent may become more important in the 
retention and the chiral discrimination 
mechanism. 

compared for a limited number of compounds. 
As isopropanol is a less polar solvent than 
ethanol, higher retention times are obtained in 
mobile phases with isopropanol as the polar 
component. It is important to note that for 
most of the compounds studied, enantioselec- 
tivity increases with higher retention times. 

Effect of solute hydrophobicity. In Fig. 4, a 
plot is shown of log k'l  on Chiralcel OD vs log 
k'RP18 forcompounds listed in Table 5. The log 
k'RP18 values give an indication of the hydro- 
phobicity of each compound. A significant 
negative correlation (P = 0.007) is obtained 
between the two sets of data. This means that, 
with some exceptions, the more polar com- 
pounds are better retained by the stationary 
phase. The value of the slope of the relation- 
ship is, however, rather low. One also observes 
that mepindolol (No. 7 in Fig. 4) is retained 
more strongly than pindolol (No. 5 in Fig. 4), 
despite the fact that pindolol is a more polar 
compound. When apolar groups were sub- 
stituted on the naphthyl ring of propranolol, an 
increase in retention on Chiralcel OD was also 
observed [W. Lindner, unpublished results]. 
Thus, a clear relationship betwen the enantio- 
selectivity, expressed as a, and the hydro- 
phobicity of the compounds, could not be 
found in this case. 

Cellulose tris-3,5-dimethylphenyl carbamate 
(Chiralcel OD) 

In Table 5, the results of these experiments 
are summarized, based on the use of this CSP 
in normal-phase mode, using heptane with 
either isopropanol or ethanol, plus diethyl- 
amine (DEA). 

It is clear from Table 5, that baseline 
separation (P = 1) can be obtained for most of 
the [3-blocking agents studied (compounds 1- 
23). For the calcium-channel blockers (com- 
pounds 24-29), however, enantioselectivity 
was found to be limited. As this phase seemed 
to be rather general in its application, a more 
detailed investigation on the effect of key 
factors was carried out, as indicated below. 

Effect of the mobile phase composition. 
Retention can be controlled by changing the 
concentration and/or the kind of polar modifier 
added to heptane. An increase in the per- 
centage of polar component in the mobile 
phase, leads to a decrease in k'. This is 
illustrated if data in Tables 5 and 6 are 

Effect of structural elements. The position of 
the asymmetrical stereogenic carbon atom is 
the same for all the [3-blocking agents studied. 
They differ mainly in the structure of the aryl 
substituent. Only one chromatographic peak 
was observed for sotalol (No. 3), prenalterol 
(No. 2), pindolol (No. 5) and mepindolol (No. 
7) in mobile phase 9 (Table 5). The S- 
enantiomers of pindolol and mepindolol, how- 
ever, did not elute from the column under 
these conditions. But in a mobile phase with 
30% ethanol, pindolol and mepindolol enan- 
tiomers were baseline separated (Table 6; MP 
13). For sotalol and prenalterol, however, it is 
not clear whether the CSP is fundamentally not 
enantioselective towards them, or whether the 
second enantiomer simply did not elute under 
the conditions evaluated. It could be that these 
conditions were unsuitable, due to the lack of 
optimization discussed above. 

Some derivatives of propafenone (No. 41, 
resolved partially with MP 9; P = 0.47) were 
also studied. For 5-hydroxypropafenone, no 
separation was observed in MP 9, whereas the 
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Table 5 
Evaluation of the enantioselectivity of cellulose tris-3,5-dimethylphenylcarbamate (Chiralcel OD) 

901 

MP 9 MP 10 

Compound logk'cls  k' l  a P (R~) k ' l  a P (Rs) 

1 Atenolol - 0 . 6  2.85 (R)* 1.80 1 1.44 1.41 1 
1 Prenalterol - 0 . 5 6  4.58 NS 1.43 NS 
3 Sotalol -0 .55  3.18 NS 1.21 NS 
4 Practolol -0 .55  1.93 1.32 1 0.81 1.16 0.92 
5 Pindolol -0 .34  2.32 NS 1.16 NS 
6 Nifenalol -0 .29  0.33 1 0 0.22 l 0 
7 Mepindolol -0 .24  3.45 NS 1.56 NS 
8 Bunitrolol -0 .09  0.50 1.11 (0.83) 0.27 l 0 
9 Acebutolol -0 .08  0.99 1.08 0.28 0.43 1.09 0.18 

10 Timolol 0.012 0.20 (R)* 1.26 (0.93) I t  
11 Metoprolol 0.014 0.37 3.52 1 0.24 2.38 1 
12 Celiprolol 0.069 1.29 (S)* 1.41 1 0.45 1.30 1 
13 Carazolol 0.099 4.38 1.22 1 2.21 1.19 1 
14 Oxprenolol 0.259 0.57 6.02 1 0.39 3.23 1 
15 Metipranolol 0.39 0.24 1.33 (1.12) 0.15 1.17 (0.62) 
16 Toliprolol 0.428 0.65 1.09 0.51 0.37 l 0 
17 Talinolol 0.468 3.80 (+)* 1.20 1 1.30 1 0 
18 Propranolol 0.545 1.12 (R)* 1.84 1 0.67 1.40 1 
19 Tertatolol 0.598 0.49 6.65 1 0.31 4.11 1 
20 Alprenolol 0.603 0.23 4.63 1 0.12 2.42 1 
21 Carvedilol 0.654 >15 >15 
22 Bupranolol 0.668 0.10 2.91 1 0.07 1.97 0.90 
23 Isopenbutol 1.276 0.09 (R)* 3.56 1 I t  
24 Amlodipine 0.149 1.2 1 0 0.76 1.13 (0.60) 
25 Nicardipine 0.152 0.67 1.09 0.24 0.43 1 0 
26 Nitrendine 0.346 0.46 1 0 0.30 1 0 
27 Nimodipine 0.444 0.48 1.09 0.24 0.30 l 0 
28 Nisoldipine 0.538 0.43 1.09 0.17 0.27 l 0 
29 Felodipine 0.693 0.37 1 0 0.21 1 0 
30 Mephenytoin 0.41 0.77 1.05 (0.56) 0.63 1 
31 Chromakaline 0.484 0.66 1.69 1 0.44 1.44 1 
32 CL 89-19-02 0.502 0.78 1.42 1 0.50 1.31 1 
33 Methylpheno- 0.555 3.84 1.10 (0.89) 2.11 1.16 (1.27) 

barbital 
34 Hexobarbital 0.571 2.24 1.070 0.38 1.69 1.04 0.08 
35 Thalidomide -0 .10  >15 - -  - -  
36 Amide A 0.748 0.75 (R)* 1.68 1 0.33 1.40 1 
37 Amide B 1.17 1.46 (R)* 1.53 1 0.70 1.45 1 
38 Amide C 1.3 0.71 (R)* 2.06 1 0.34 1.77 1 
39 Amide D -0 .09  >15 >15 
40 Oxazepam 0.869 >15 1.86 1.56 1 
41 Propafenone 0.966 0.80 1.09 0.47 - -  - -  

MP 9: hep t ane - i sop ropano l -DEA (80:20:0.1, v/v/v). 
MP 10: h e p t a n e - e t h a n o l - D E A  (80:20:0.1, v/v/v). 
NS: not separated or one enantiomer not eluted. 
Rs values (in brackets) are given instead of P values, when calculation of P was difficult, or when enantiomers were 

baseline resolved. 
* (R),  (S) and (+)  indicate the nature of the first-eluting enantiomer,  where this is known. 
t I :  serious interference was observed at the to position in the chromatogram. 

enantiomers of 5-methoxypropafenone were 
separated with a = 1.09. This might indicate 
that polar groups such as OH in the aryl group 
do not favour chiral separation. If true, this 
could be a possible explanation for the low 
enantioselectivity displayed by this CSP to- 
wards the B-blocking agents prenalterol (No. 
2), nifenalol (No. 6) and bunitrolol (No. 8). 

Chiral stationary phases with proteins as chiral 
selector 

Since the early work of Allenmark based on 

bovine serum albumin [2], it has been found 
that several different proteins can be used for 
the enantiomeric separation of compounds. It 
is however difficult to characterize these CSPs 
as their conformation is known to change 
under different mobile phase conditions [13, 
14]. For ovomucoid, a transition to a more 
ordered conformation has been described in 
the low-pH region [14]. The conformation of 
non-immobilized cellulase is known to change 
under different conditions [15]. 

Recently, three protein-based chiral station- 
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T a b l e  6 
Evaluation of cellulose tris-3,5-dimethylphenylcarbamate (Chiralcel OD) 

CHRISTEL VANDENBOSCH et al. 

MP 11 MP 12 MP 13 

Compound k' l  a P (R~)* k' l  a P k' l  a P 

5 Pindolol - -  - -  0.54 (R) t  5.35 1 
7 Mepindolol - -  - -  0.75 4.69 1 
8 Bunitrolol 0.89 1.14 (1.32) 0.65 1 0 - -  
9 Acebutolol 4.36 1.08 (1.02) 1.75 1.1 0.82 - -  

15 Metipranolol 0.61 1.26 (1.67) 0.49 1.12 0.69 - -  
16 Toliprolol 0.86 1.10 (1.06) 0.71 1 0 - -  
24 Amlodipine - -  1.94 1.14 0.28 - -  
25 Nicardipine 2.11 1.09 0.77 1.21 1.05 0.15 - -  
26 Nitrendine 1.47 1 0 0.88 1 0 - -  
27 Nimodipine 1.58 1.09 0.65 0.89 1.05 0.11 - -  
28 Nisoldipine 1.37 1.10 0.67 0.77 1.05 0.10 - -  
29 Felodipine 1.16 1 0 0.63 1 0 - -  
39 Amide D - -  - -  1.32 1.49 1 

Mobile phase 11 : hep tane- i sopropanol -DEA (90:10:0.1, v/v/v). 
Mobile phase 12: hep tane -e thano l -DEA (90:10:0.1, v/v/v). 
Mobile phase 13: hep tane -e thano l -DEA (70:30:0.1, v/v/v). 
* R, values (in brackets) are given instead of P values, when calculation of P was difficult. 
t (R) indicates the first eluting enantiomer. 

.sd 

0.8 E 
0 2  0 6  t l 3  

OiO3 *7 " / "17"33 

*s o-4 V ,34 

I ~ 2 * 2 ~  I , is  • 37 
I I I I I 

~0~6 m014 ~Og2 
.0 .2~46304~,26  • 36 ,~ 41 I 

mO~ 2 025 
• 14 16 - - ~ "  O I Q ~ " . . , . , , , , , , , , , , , ~ .  ~ 

0 A ~ q ~ ' ~ . , , ~ . ~  " 1 1.2 • 381.4 

e6 -o.4 ~11 -u *29  

-0 .6  - 015  0 2 0  
I' 10 

-0 .8  

-1 022 
023 

-1.2 

Log k' RP 18 

F i g u r e  4 
Plot of log k't on Chiralcel OD vs log k'Rp]~. Slope = -0.3934; intercept = +0.03726; r = 0.44; P = 0.007. Key to 
compounds as in Table 5. 

ary phases were evaluated in the authors' 
laboratories for their enantioselectivity to- 
wards [3-blocking agents: oq-acid glycoprotein 
(Chiral-AGP) [9], ovomucoid (OVM) and 
cellulase (CELl [10]. In the present study, the 
enantioselectivity of these proteins towards a 
more heterogeneous group of compounds has 
been examined. 

oL l-acid glycop rotein type CS P ( Chiral-A G P) 
Table 7 summarizes the results for the 

evaluation of Chiral-AGP. The neutral race- 
mates with ~-basic properties (amides A, B 
and C in Fig. 2) could be separated, but they 
showed high affinity to the CSP. The effects of 

hydrophobicity and mobile phase composition 
on retention behaviour and enantioselectivity 
are discussed below. 

Effect ofhydrophobicity. Figure 5 shows that 
the retention behaviour of the compounds is 
correlated with their hydrophobicity, ex- 
pressed as the retention behaviour on RP C18 
stationary phase. This confirms that hydro- 
phobic interactions are important in the reten- 
tion mechanism on AGP, as observed in an 
earlier paper concerning [3-blocking agents [9]. 

Effect of organic modifier. As organic 
modifiers interfere with the hydrophobic inter- 
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T a b l e  7 
Evaluation of Chiral-AGP for basic, acidic and neutral 
compounds 

Compound Mobile phase k ' l  a P 

Calcium-channel blockers (weak bases) 
1 Nitrendipine MP 16 3.26 1.21 0.71 
2 Nimodipine MP 16 2.87 1.27 0.88 
3 Nisoldipine MP 16 7.34 1.38 1 
4 Nicardipine MP 14 4.20 1 0 
5 Amlodipine MP 14 4.04 1.10 0.20 
6 Felodipine MP 16 10.6 1.16 0.59 

Others 
70xazepam MP 14 4.80 1 0 
8 Chromakaline MP 17 2.75 1.19 0.31 

10 Omeprazole MP 14 4.15 1.27 0.94 
11 Propafenone MP 14 3.44 1.15 0.60 

Weak acids 
9 Thalidomide MP 14 0.89 1.12 0.09 

12 Mephenytoin MP 14 0.71 1.25 0.64 
13 Prominal MP 18 1.35 1.18 0.43 
14 Hexobarbital MP 18 0.72 1.31 0.70 

Acids 
15 Ibuprofen MP 17 1.70 1.28 0.83 
16 Naproxen MP 15 6.87 1.13 0.85 

Mobile phases used were: MP 14: phosphate buffer (pH 
4.6; 0.02 M)-isopropanol (95:5, v/v); MP 15: phosphate 
buffer (pH 4.6; 0.02 M)-isopropanol (90:10, v/v); MP 16: 
phosphate buffer (pH 4.6; 0.02 M)-isopropanol (87:13, 
v/v); MP 17: phosphate buffer (pH 6.5; 0.02 M)-iso- 
propanol (99:1, v/v); MP 18: phosphate buffer (pH 6.5; 
0.02 M)-isopropanol (95:5, v/v). 
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Correlation between retention behaviour on Chiral-AGP 
and hydrophobicity, expressed as log k'c~8. Compounds 
are numbered as in Table 7. 

actions, it is to be expected that an increase in 
the organic modifier content of the mobile 
phase would cause a decrease in retention 
time. This is illustrated in Fig. 6 and Table 7. 
With some exceptions, the dihydropyridine 
calcium channel blockers show a relatively high 
affinity for this stationary phase; in fact the 
addition of up to 13% (v/v) isopropanol (MP 
16) is necessary to obtain reasonable retention 
times. However, nicardipine and amlodipine 
are larger molecules and show less affinity for 
Chiral-AGP, or indeed for RP C18. This 
difference in behaviour could be attributable to 
the more basic character of amlodipine, with 
its primary amine function. Thus amlodipine 
can only be resolved at low concentrations of 
organic modifier (MP 14), and even then it is 
very poorly resolved (Table 7). The structure 
of nicardipine, which cannot be resolved with 
this organic modifier (MP 14), differs from the 
other dihydropyridines in that it has a larger 
side chain with a benzylaminoalkyl residue 
esterified in the pyridine nucleus. Since this is 
close to the stereogenic centre, this might be 
expected to lead to steric repulsion. In Table 7, 
it is clear that the enantiomers of the dihydro- 
pyridine calcium-channel blockers that contain 
small alkyl chains substituted in the R1 and R2 
positions can be well separated by AGP. This 
has been confirmed by De Lorenzi et al. [16] 
who proposed a modified Simplex procedure 
[11] to optimize the organic modifier (aceto- 
nitrile) content and the pH of the mobile phase 
for the enantioseparation of nimodipine and 

1.4 
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1 . 0 -  

0 . 8 -  

7= 0.6- 

M 0 . 4 -  

0 , 2 -  

I I 
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Figure 6 
Effect of fraction of organic modifier on the retention of 
dihydropyridine calcium-channel blockers on Chiral-AGP, 
using buffer conditions listed in Table 7. I1, nitrendipine 1 ; 
El, nitrendipine 2; ~ ,  nimodipine 1; ~ ,  nimodipine 2; at, 
nisoldipine 1; A, nisoldipine 2; 0 ,  nicardipine 1; C), 
amiodipine 1; and x,  amlodipine 2. 
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other calcium channel blockers on Chiral-AGP 
[16]. 

It has been found for the other compounds 
in Table 7 that enantioselectivity increases 
when the organic modifier content of the 
mobile phase decreases. For example, the 
enantiomers of the ampholyte omeprazole, a 
chiral sulphoxide, are separated with 5% (v/v) 
isopropanol in the mobile phase (MP 14), but 
enantioselectivity disappears with 10% (v/v) 
isopropanol. A similar pattern is also observed 
for thalidomide, hexobarbital and amlodipine 
and indicates that hydrophobic interactions are 

:L 

2 4 6 8 10 12 

T i m e  (min) 

involved in the chiral discrimination mech- 
anism. For the other dihydropyridine calcium- 
channel blockers (except for amlodipine and 
nicardipine), enantioselectivity remains about 
the same when organic modifier concentration 
is changed, as illustrated in Fig. 6. The enantio- 
separation of some of these calcium antagon- 
ists is illustrated in Figs 7 and 8. Although the 
separation factor o~ remains about the same 
when the isopropanol concentration is de- 
creased, the peak-valley ratio, P, increases. 

Effect of pH. The influence of pH on 
retention behaviour and enantioselectivity has 
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Enant ioseparat ion of calcium-channel blockers on Chiral- 
A G P  with 10% (v/v) isopropanol. (A) nimodipine (c~ = 
1.29, P = 0.94), (B) nisoldipine (c~ = 1.38, P = 1), (C) 
nitrendipine (c~ = 1.26,. P = 0.91). Mobile phase: phos- 
phate  buffer (pH 4.6; /).112 M)- isopropanol  (90:10, v/v) 
MP 15. 
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Enant ioseparat ion of calcium-channel blockers on Chiral- 
A G P  with 13% (v/v) isopropanol. (A) nimodipine (c~ = 
1.27, P = 0.88), (B) nisoldipine (c~ = 1.38, P = 1), (C) 
nitrendipine (c~ = 1.21, P = 0.71). Mobile phase: phos- 
phate  buffer (pH 4.6; /).02 M)- isopropanol  187:13, v/v) 
MP 16. 
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Table 8 
Influence of pH and organic modifier on retention behaviour and enantioselectivity 
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MP 14 MP 15 MP 17 MP 18 

Compound k'1 ct P k'i et P k'l et P k'i ct P 

8 Chromakaline 0.71 1 0 0.35 1 0 2.75 1.19 0.31 0.70 1 0 
12 Mephenytoin 0.71 1.25 0.64 0.44 1.15 0.06 1.90 1.14 0.22 0.73 1.19 0.29 
13 Prominal 1.38 1 0 0.72 1 0 5 1 0 1.35 1.18 0.43 
14 Hexobarbital 0.67 1.18 0.24 0.4 1 0 2.34 1.39 0.97 0.72 1.31 0.70 

MP 15 MP 16 MP 17 MP 18 

k' l  ol P k ' l  ~ P k ' l  o~ P k ' l  ct P 

15 Ibuprofen 5.67 1.10 0.39 4.37 1.06 0.05 1.70 1.28 0.83 0.68 1 0 
16 Naproxen 6.87 1.13 0.85 - -  2.44 1.22 0.92 1.40 1 0 

For key to mobile phase compositions MP 14-MP 18: see Table 7. 

been briefly studied (Table 8), for some rep- 
resentative solutes. 

Although pH increase does not have much 
influence on the retention of the weak acids or 
chromakaline (cf. MP 14 and 18, Table 8) since 
these are practically uncharged, the separation 
factors are, however, affected. For example, 
the separation of hexobarbital enantiomers 
improves substantially whereas the chiral dis- 
crimination between the mephenytoin enan- 
tiomers is significantly diminished when the pH 
of the mobile phase buffer is increased. 
Furthermore,  the prominal enantiomers are 
only separated at pH 6.5 (MP 18), although the 
retention time remains about the same. Sur- 
prisingly, however, the prominal enantiomers 
are no longer separated if the isopropanol 
content of the mobile phase is lowered (cf. MP 
17 and MP 18, Table 8). A similar observation 
was made by Hermansson,  who described the 
separation of prominal enantiomers when a 
mobile phase containing 2% (v/v) isopropanol 
was used compared with pure phosphate buffer 
[13]. Chromakaline enantiomers are only sep- 
arated when the retention is increased by 
decreasing the mobile phase isopropanol con- 
tent to 1% (v/v) and increasing the pH to 6.5 
(MP 17). 

The reverse seems to apply for ibuprofen 
and naproxen,  for which a significant decrease 
of the capacity factors is observed when the 
mobile phase pH is increased to 6.5 (Table 8). 
For  these compounds,  higher enantioselec- 
tivity is observed in mobile phases with higher 
pH and lower content (1% v/v) of isopropanol 
(MP 17). 

The retention times of the basic J3-blocking 
agents increase with increase in the mobile 
phase pH. As the enantioselectivity of this 

class of compounds is higher for conditions of 
high retention, the discrimination between the 
enantiomers improves at higher mobile phase 
p n  [9]. 

All these findings concerning the different 
enantioselectivity of Chiral-AGP towards 
acids, bases and neutral compounds and the 
relationship of enantioselectivity with mobile 
phase changes indicate that the conformation 
of Chiral-AGP is linked to mobile phase 
composition. Indeed,  there may very well be 
several stereoselective binding sites, which can 
be brought into operation under different 
conditions of mobile phase. 

Ovomucoid (OVM) 
Table 9 shows the results of the evaluation of 

the enantioselectivity of OVM towards the 
same set of substances (excluding propafen- 
one) as for Chiral-AGP. 

Neutral  amides C and D (Fig. 2) could also 
be separated but the addition of 50% ethanol 
to the mobile phase was necessary to obtain 
reasonable retention times. 

Table 9 indicates that the dihydropyridine 
calcium antagonists also show a strong affinity 
for OVM; in fact it was necessary to add 30% 
(v/v) ethanol to the mobile phase (MP 23) in 
order  to obtain reasonable retention times. 
Felodipine enantiomers were not separated on 
OVM (by contrast with Chiral-AGP), although 
their affinity for the stationary phase was high. 
Ovomucoid shows high enantioselectivity to- 
wards the weak acids (mephenytoin,  hexo- 
barbital, prominal and thalidomide) and also 
for chromakaline and omeprazole.  

An increase in pH causes an increase in k '  
and in et for the basic compounds, and a 
decrease in k '  and ot for the acidic compounds 
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Table 9 
Evaluation of ovomucoid CSP for basic, acidic and neutral 
compounds 

Compound Mobile phase k ' l  ct P 

Calcium-channel blockers (weak bases) 
1 Nitrendipine MP 23 0.74 1.18 0.40 
2 Nimodipine MP 23 0.55 1.39 0.88 
3 Nisoldipine MP 23 0.56 1.27 0.65 
4 Nicardipine MP 23 0.32 1 0 
5 Amlodipine MP 20 7.50 1 0 
6 Felodipine MP 23 1.26 1 0 

Others 
70xazepam MP 20 6.48 1 0 
8 Chromakaline MP 20 1.18 1.45 1 

10 Omeprazole MP 20 5.94 1.18 0.76 

Weak acids 
9 Thalidomide MP 19 1.97 1.18 0.72 

12 Mephenytoin MP 20 0.80 2.92 1 
13 Prominal MP 20 2.29 1.25 0.94 
14 Hexobarbital MP 19 2.23 1.50 1 

Acids 
15 Ibuprofen MP 21 7.77 1.21 1 
16 Naproxen MP 22 3.55 1 0 

Mobile phases used were: MP 19: phosphate buffer (pH 
4.6; 0.02 M)-ethanol  (95:5, v/v); MP 20: phosphate buffer 
(pH 4.6; 0.2 M)-ethanol  (88:12, v/v); MP 21: phosphate 
buffer (pH 5.5; 0.02 M)-ethanol (95:5, v/v); MP 22: 
phosphate buffer (pH 6.5; 0.02 M)-ethanol (99:1, v/v); 
MP 23: phosphate buffer (pH 4.6; 0.02 M)-ethanol (70:30, 
v/v). 

Table 10 
Evaluation of cellulase CSP for basic, acidic and neutral 
compounds 

Compound Mobile phase k ' l  a P 

Calcium-channel blockers (weak bases) 
1 Nitrendipine MP 26 1.26 1 0 
2 Nimodipine MP 26 0.83 1 0 
3 Nisoldipine MP 26 1.50 1 0 
4 Nicardipine MP 24 3.52 1 0 
5 Amlodipine MP 24 3.86 1 0 
6 Felodipine MP 26 3.44 1 0 

Others 
7 Oxazepam MP 24 2.83 1 0 
8 Chromakaline MP 24 0.34 1 0 

10 Omeprazole MP 24 3.34 1.13 0 
11 Propafenon MP 24 2.04 1.51 0.85 

Weak acids 
9 Thalidomide MP 24 0.55 1.36 0.74 

12 Mephenytoin MP 24 0.40 1 0 
13 Prominal MP 24 0.49 I 0 
14 Hexobarbital MP 24 0.25 1 0 

Acids 
15 Ibuprofen MP 25 3.55 1 0 
16 Naproxen MP 26 3.63 1 0 

Mobile phases used were: MP 24: acetate buffer (pH 
5.0; 0.01 M)-isopropanol (99.5:0.5, v/v); MP 25: acetate 
buffer (pH 5.0; 0.1 M)-isopropanol (99:1, v/v); MP 26: 
acetate buffer (pH 5.0; 0.01 M)-isopropanol (85:15, v/v); 
MP 27: acetate buffer (pH 6.3; 0.01 M)-isopropanol 
(99:1, v/v). 

[10, 14, 17]. For hexobarbital, a slight increase 
in the capacity factor and an increase in a have 
been reported when increasing the mobile 
phase pH [J. Haginaka, unpublished data]. 

It seems that OVM is well suited for the 
enantioseparation of acidic, neutral and basic 
compounds. The chiral separation of benoxa- 
profen, flurbiprofen, ketoprofen, chlorpren- 
aline and chlorpheniramine has been recently 
described in the literature [14]. 

Cellulase 
This stationary phase is enantioselective for 

a large number of the B-blocking agents 
studied [10, 15]. However, only three of the 
other selected compounds could be chirally 
separated on this type of column under the 
mobile phase conditions evaluated in this study 
(MP 24): thalidomide, omeprazole and propa- 
fenone, which has a [3-blocker structure (Table 
10). Although the calcium-channel blockers 
show high affinity for this stationary phase 
(addition of 15% isopropanol to the mobile 
phase is necessary, MP 26) they are not chirally 
separated. 

Increasing the pH (MP 27) did not seem to 
have much influence on the retention time or 
the enantioselectivity of the weak acidic com- 
pounds. For omeprazole, the enantioselectivity 
was lost at pH 6.8, where the molecule is 
uncharged [15]. 

Conclusions 

From this limited study in respect of the 
relatively small number of racemic compounds 
and from two previous publications from the 
authors' laboratories [9, 10], it can be con- 
cluded that the Chiralcel OD phase, the OVM 
phase and the AGP phase appear to be the 
most widely applicable for the set of substances 
evaluated, including acidic, basic and neutral 
compounds. Cellulase as a chiral selector 
shows very good enantioselectivity towards the 
[3-blocking agents, which correspond to basic 
compounds sharing an aminopropanol struc- 
tural element. This is illustrated in Table 11, 
where all the stationary phases have been 
compared for three selected compounds. The 
high enantioselectivity of the cellulase CSP is 
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Table 11 
Comparison of the six chiral stationary phases evaluated for three representative chiral compounds 

907 

Chiral-AGP OVM CEL 

Compound k'l N* a Pt k'l  N* a P k'i  N* et P 

Oxprenolol 0.77 3472 1.11 0.101 6.41 1182 1.15 0.334 0.53 945 1.89 16 
Nisoldipine 7.34 1526 1.38 12 0.56 1882 1.27 0.655 1.50 560 1 07 
Hexobarbital 0.72 1186 1.31 0.703 2.23 912 1.50 14 0.25 839 1 06 

Chiraspher SN-13-cyclodextrin (RP mode) SN-[3-cyclodextrin (NP mode) 

k'l  N ct P k'l  N c~ P k'l N a P 

Oxprenolol 0.74 1566 1 08 1.32 9585 1 0 w 1.30 651 1 0 s 
Nisoldipine 1.24 2635 1 08 1.97 15602 1 0 H 0.89 4234 1 08 
Hexobarbital 0.97 2526 1 09 1.56 11444 1.11 0.9712 

Chiralcel OD 

k'l N ~ P 

Oxprenolol 0.39 8328 3.23 113 
Nisoldipine 0.43 9822 1.09 0.1714 
Hexobarbital 2.24 7592 1.07 0.38 ~4 

Key to mobile phase used: 
Z Phosphate buffer (pH 4.6; 0.02 M)-isopropanol (95:5, v/v) MP 14. 
2phosphate buffer (pH 4.6; 0.02 M)-isopropanol (87:13, v/v) MP 16. 
3phosphate buffer (pH 6.5; 0.02 M)-isopropanol (95:5, v/v) MP 18. 
4phosphate buffer (pH 4.6; 0.02 M)-ethanol (95:5, v/v) MP 19. 
5Phosphate buffer (pH 4.6; 0.02 M)-ethanol (70:30, v/v) MP 23. 
6Acetate buffer (pH 5.0; 0.01 M)-isopropanol (99.5:0.5, v/v) MP 24. 
7Acetate buffer (pH 5.0; 0.01 M)-isopropanol (85:15, v/v) MP 26. 
8Heptane-isopropanol-DEA (70:30:0.1, v/v/v) MP 5. 
9Heptane-dioxane-DEA (70:30:0.1, v/v/v) MP 1. 
mAmmonium acetate buffer (pH 7.0; 0.1 M)-acetonitrile (80:20, v/v) MP 8. 
~ Ammonium acetate buffer (pH 7.0; 0.1 M)-acetonitrile (60:40, v/v) MP 28. 
12Ammonium acetate buffer (pH 7.0; 0.1 M)-acetonitrile (70:30, v/v) MP 7. 
13Heptane-ethanol-DEA (80:20:0.1, v/v/v) MP 10. 
X4Heptane-isopropanol-DEA (80:20:0.1, v/v/v) MP 9. 
*N is calculated from the data for peak 1, where there is chiral discrimination. 
tFigures in supersciprts refer to the mobile phase used for each experiment. 

i l lus t ra ted  for  o x p r e n o l o l ,  w h e r e  a base l ine  
s epa ra t i on  is o b t a i n e d  with  ve ry  low re t en t ion .  
C h i r a l - A G P  and  O V M ,  h o w e v e r ,  s eem to be  
enan t iose l ec t ive  t owards  c o m p o u n d s  with  dif- 
fe ren t  p rope r t i e s ;  all t h r ee  se l ec t ed  c o m p o u n d s  
could  be  chira l ly  s e p a r a t e d  by  these  two 
phases .  

Chi ra lce l  O D  also shows high enan t iose l ec -  
t ivi ty t owards  [3-blockers. T a b l e  11 shows tha t  
the  eff iciency,  as e x p r e s s e d  by  the  p l a t e  
n u m b e r ,  is high. The  co lumn seems  to be  less 
enan t iose l ec t ive  t owards  the  o t h e r  c o m p o u n d s  
e x a m i n e d  (Tab le  11). C h i r a s p h e r  and  the  
der iva t ive  of  [3-cyclodextrin do  no t  s eem to be  
very  enan t io se l ec t ive  t owards  the  c o m p o u n d s  
s tud ied  u n d e r  the  mob i l e  phase  cond i t ions  
eva lua t ed  (Tab le  11). On ly  h e x o b a r b i t a l  enan-  
t i omers  cou ld  be  p rac t i ca l ly  base l ine  r e so lved  
on  the  highly eff ic ient  SN-[3-cyclodextr in  CSP 
in a r e v e r s e d - p h a s e  sys tem.  

It  shou ld  be  n o t e d  tha t  the  p r o t e i n - b a s e d  
phases  a re  on ly  used  in r e v e r s e d - p h a s e  m o d e ,  
while  the  o t h e r  CSPs  a re  used  in n o r m a l - p h a s e  
m o d e ,  wi th  the  excep t ion  of  SN-13-cyclodex- 
tr in,  which was used  in bo th  modes .  Sys temat ic  
op t im iz a t i on  [11, 18] of  the  28 mobi le  phases  
used  in this w o r k  was no t  ca r r i ed  ou t  in these  
s tudies  on  a p p r o x i m a t e l y  45 r acemic  mixtures .  
Thus  the  p r e se n t  resul ts  for  ind iv idua l  race-  
ma te s  m a y  b e  c ons ide r e d  as p r e l i m i n a r y  in 
na tu re ,  giving a b r o a d  ove rv iew on some  of  the  
po in t s  of  con t ras t  b e t w e e n  the  six chi ra l  phases  
examined .  In  the  f ie ld of  e n a n t i o s e p a r a t i o n  by  
LC,  new phases  and  new der iva t ives  of  CSPs  
are  a p p e a r i n g  regular ly .  F o r  e x a m p l e ,  with the  
new g e n e r a t i o n  of  O D  phases ,  aqueous  mob i l e  
phases  can be  used.  I t  will be  of  in te res t  to 
eva lua t e  the  d i f fe rences  in t e rms  of  enan t io -  
se lect iv i ty ,  c o m p a r e d  with the  phases  s tud ied  
in this  work .  
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