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SUMMARY 

An asymmetric resin containing copper(H) ions with L-hydroxyproline ligands 
fixed in a macronet isoporous polystyrene matrix has been used for the separation of 
optical isomers of amino acids. The resin selectivity and the column efhciency were 
dete,-mined and their dependence on the c@romatographic conditions (the degree of 

satpration of the. resin with copper@) ions, ammonia concentration, column param- 
eters) disc~sed- 

INTROD&TION 

: 

Ligand-exchange chromatography (LEC), which h&s recently been reviewed’, 
has proved to be a powerful method for separating compounds with very. similar 
molecular structures, including geometrical and optical isomers. For example, 
asymmetric resins with residues of optically active a4mino acids fixed on a poly- 
styrene matrix can be used to separate the enantiomers of amino acids, provided the 
resin contains metal ions capable of forming complexes with both the fixed and the 
mobile amino acid l&and?. E&her we have studied some gene& features charac- 
teristic of LEC of enantiomers, including its dependence on the amount’of the com- 
p&x-forming metal ion3, on the temperature and concentration of the eiuent4 and on 
the structure of the fixed liga&W. 

.However, in order to evaluate the possibilities of ~pr&tical applica~on of 
Iigand~xchange separation ,of optical isomers, a more detailed and quantitative study 
is needed .of the jnteraction of. enantiomers wjth the resin phase. In the previous 
papf&*’ we &cussed the method arid rest&s of calculating the stabiJ.ity co~tants 
of the tied (stationary) complexes formed by the tied ligands with the metal ions 
and of mixed-ligand- sorption complexes containing both the fixed and the mobile 
ligands co-ordinated to the metal ion. 

1: The pn%ent report deals with results. of a. systematic chromatographic study 
of the interaction of the enak&iomers of amino acids with a resin loaded-with copper 
ions and containing L-hydroxyproline .as the fixed ligand. The chromatographic: 
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experiments were performed on a scale which would permit evaluation of the tech- 
nique for use in both analysis and preparation. 

EXPERIMENTAL 

The asymmetric resin was prepared by aminating a chloromethylated poly- 
styrene containing 11 mol% of cross-links of structure f with methyl L-hydroxy- 
prolinate hydrochloride6. According to the nitrogen content and potentiometric 
titration of the resin obtained, the content of fixed ligand of structure II amounted 
to 3.44 &no1 per gram of dry resin, taken in the zwitterionic form. The resin particles 
were of irregular shape and had an average size in the swollen state of 100 pm. 

On treacaent with excess copper-ammonia solution, the resin was saturated 
with copper(n) ions to an extent of 92 y0 of the theoretical capacity calculated for the 
fixed complexes containing two tied ligands per copper ion. The equilibrium 
water content of the copper-containing resin in neutral media amounted to 200%. 
To maintain the copper saturation of the resin at 92x, the eluents used contained 
copper(H) ions in the following concentrations: 1.2- 10S5 M in 0.1 M NH,OH for 
the chromatography of neutral amino acids; 2.5. loss M in 0.025 M Na(NH&POd 
solution of pH 8.3 for acidic amino acids and 2.0 - lo-; M in 1.5 M NE&OH for basic 
amino acids. 

The resin (6.3 ml) was packed into a column of 140 x 7.8 mm I.D. Portions of 
1.0-l .5 mg of optically active or 2-3 mg of racemic amino acids were introduced into 
the column and eluted at a rate of 10 ml/h. Elution cnrves were recorded with a 
Uvicord III (LKB) detector at 206 nm. The void column volume of 4.7 ml was 
determined using acetone, which was assumed to be able to enter the resin phase 
without being strongly retained. * 

The retention volumes, V, and V,, of amino acid enantiomers L and D were 

determined from the distance between their peak maxima and that of acetone and 
expressed in void cohmm volumes. The ratio of V,, to V, is the enantioselectivity, cc, 
of the sorption process and was used for calculating the difierence, @Go, between the 
free energies of the two diastereomeric sorption complexes formed in the resin phase: 

6AG” = AGoR--Cu_-D -AGo,,, = -RTln a = -RTlnF 
L 

If ins&icient resolution of the racemate rendered a precise determination of the 
maxima positions or caIcuIation of HETP values impossibIe,~a separate chromato- 
graphy of D- and L-enantiomers was performed. 
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RESULTS AND DESCUSSION 

Modern chromatographic methods can separate components that differ in 
sorption energy, &iG”, by as little as LO Cal/m01 (sorption selectivity cc = 1.01). For 
separation on a preparative scale, it is desirable that a should be not less than 1.5 
(or 6bG” >, 250 cal/mol). It is helpful to bear these figures in mind when considering 
the results (Table I) of the LEC of amino acid enantiomers on the resin containing 
L-hydroxyproline. 

Aliphatic amino acidrs 
As illustrated by Table I and Fig. 1, the retention volumes of the L-enantiomers 

increase steadily as t& size of the a-C-atom substituent increases from methyl in 
alanine to butyl in norleucine. The retention times of the D-isomers increase faster 
still. This leads to a rise in the selectivity factor from I.04 to 2.20, corresponding to 
&lG” values of 24 and 460 cal/mol. Among amino acids with the same number of 
carbon atoms, racemic compounds with a linear side-chain (norvaline; norleucine) 
are resolved better than their isomers with a branched one @line; leucine, isoleucine). 
In the latter instance branching at the &carbon atom (isoleucine) is more favourable 
than that in the y-position (leucine). However, the presence of two substituents on 
the same a-C-atom has an adverse effect on the separation of enantiomers (compare 
isovaline with valine and norvaline). 

The retention volumes of glycine (6.44) and @&mine (0.28) clearly show the 
large difference in stability between five-membered and six-membered chelate rings. 

Hydroxyamino acids 
Substitution of a B-H-atom in &nine and aminobutyric acid by a hydroxy 

group (to give serine and threonine) results in a significant decrease in the retention 
volume (Fig. 2), probably reflecting the lower stability of copper(U) complexes of 
serine and threonine as compared with those of alanine and aminobutyric acid. 
However, the presence of a hydroxy group in the &position enhances the enantio- 
selectivity of the sorption process so that the 6dG” values rise to 150 and 245 cal/mol 
for serine and threonine from 24 and 120 Cal/m+ for alanine and aminobutyric acid, 
respectively. Contrary to this, a hydroxy group in the y-position has almost no 
infiuence on either the retention volumes of the enantiomers or their separation 
(compare homoserine with aminobutyric acid)_ Other functional groups in the y- 
position (as in methionine and asparagine), just like the hydroxy group, do not 
increase the enantioselectivity above the value for aminobutyric acid. It is likely that 
@-hydroxy groups alone have the ability to participate in the coordination process. 
This suggestion explains the noticeable role of the #?-C-atom cotiguration (compare 
threonine with allo-threonine) and the unusually high values of HETP for serine and 
threonine. 

Aromatic amino acids 
Amino acids containing a phenyl ring demonstrate comparatively high reso- 

lution ability and a high affinity towards the resin (large retention volumes). Some 
additional interactions with the polymer matrix must be increasing the stability oft 
sorption complexes of these amino acids, especially fi-phenyl-a-alanine (Fig. 3). Its 
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TABLE I -_ 

ELUTION PARAME TERS OF AMINO ACIDS ON THE L-HYDROXY-PROLINE RESIN IN 
THE COPPER(U) FOEUS - 
muens: 0.1 M N?&OH @J = l-28); 1.5 M N&OH (N = 29-32); O-025 +f :N&NH&PO~. 
pH 8.3 (N = 33-36). . ~_. 

N Aod~~acid 

1 Giycine 
2 &A&mine 
3-e 
4 Aminobkyric acid 
5 Norvaline 
6 Norleucine 
7 V&e 
8 Isov2line 
9 Leucine 

10 IsoIeucine 
11 Serine 
12 Tbreonine 
13 allo-Threonine 
14 Homoserine 
15 Methionine 
16 Aspamgine 
17 Glutamine 
18 Phenylglycine 
19 PhenylaIanine 
20 a-Phenyl-a-alanine 
21 Tyrosine 
22 Phenylserine . 
23 8_Phenyl-/k&mine 

24 Proline. 

25 Hydroxyproline 

26 a&+Hydroxy-proline 

H- 
H,NCH2CH,CGOH 
CHS- 
CH,CHz- 
CH,cH&Hr 
CH,CH,CHzCHr 
CWCH(CH+ 
CH3CHr; CHr 
CH,CH(CH3)CHz- 
CH&HzCH(CH&- 
HOCHr 
HOCH(CHSb 
HOCH(CH& 
HOCHzCHz- 
CHSCH>CHr 
H,NCGCH, 
HzNCGCH2CHr 

g&Hr 
GHs-; C&- 
HOC&I.CH~ 
CsHsCH(OHt 
GH,CHCH,COOH 

I 
NHz 

0 COOH 
HO 

NH 
27 Azetidkcarbo~lic acid (r cow 

28 Ornitbine HzNCH&HzCHr 
29 Omithime HzNCH&H&H~ 
3OLysine H~NCI-&CH&H&H~ 

31 Histidine “==F+=2- 
AH 

.a4N 

32 Tryptophan OQ- =%- 
33 Asparticacid HOOCCHT 
34 GIutamic acid HOOCCHJZH~ 
35 Imkdkceticacid HN(CHK!OOH)z 
36 Se&e HOCHr 

6.44 - - 
0_28 - - 

5.82 6.04 1.04 24 
6.48 7.95 1.22 120 

11.2 19.9 1.65 290 
21.4 47.4 220 460 
7.27 11.8 1.61 280 
6.8 8.5 1.25 130 

14.2 24.2 1.70 310 
11.1 20.9 1.89 370 
3.47 4.48 1.29 150 
3.47 527 1.52 245 
2.65 3.85 1.45 220 
5.32 6.65 1.25 130 

11.7 14.3 1.22 120 
4-60 5.37 1.17 90 
2.46 3.70 1.50 240 
6.15 13.6 2.22 465 

33.8 97.6 2.89 620 
11.9 12.5 1.07 39 
8.95 19.8 2.23 465 

22.6 41.1 1.82 350 
1.25 2.23 1.79 340 

14.6 57.8 3.95 800 

9.18 29.1 3.17 680 

29.4 17.7 1.65 290 

14.0 31.5 2.25 475 

344 
2.0 2.0 1.0 0 
2.5 3.04 1.22 120 

14.6 5.22 2.80 600 

20.7 36.5 1.77 330 

11.5 11.5 1.0 - 
2.2 1.8 1.22 12: 

32.6 - - 
42.5 

0.31 
-100 

0.38 0.56 
0.29 0.32 
0.30 o-21 
0.26 0.17 
0.31 0.43 

O-44 0.51 
0.53 0149 
0.94 0.90 
1.03 0.63 

0.35 
0.53 0.53 
0.39 0.38 
0.52 
0.70 0.74 
0.59 0.62 
1.25 1.25 
1.25 0.83 
0.98 0.94 

0.6Q 0.8s 

0.67 0.43 

0.68 0.51 

1.02 0.92 

1.2 1.2 
0.84 0.87 

0.49 0% 

0.81 0.63 

1.34 1.45 
1.63 1.42 

I.28 
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c Nle 
2 4 6 6 10 h 

Fig. 1. Chromatography of the enantiomers of &nine (a = l-04), tiobutyric acid (a = l-22), nor- 
valii (a = 1.65). norleucine (a = 2.20), valise (a = i-61), Ieucine (a = 1.70) and isoleuciue 
(a = 1.89). Column 7.8 x 140 mm; 0.1 MN&OH; 10 ml/h. The degree of saturation of the L-hydro- 
xyproline resin by c+~pper(II) ions was 92%. Particle size CQ. IOOpm. 

L 0 l&?J!L 
1 2 h 1 2 h 

Fig. 2. chromatography of the enantiorners of serine (a = 1.29) and tbreonine (a = 1.52). Condi- 
tions as given in Fig. 1. 

hydroxy analogue, tyrosine, is partially ionized under the chromatographic conditions 
(0.1 M NH,OH) and, to a certain extent, expelled from the negatively charged resin 
phase. A very low retention time of the &phenyl-@-alanine isomers forming a six- 
membered chelate ring (but nevertheless resolving with a factor of a = 3.79) indicates 
that there are no additional hydrophobic interactions between the aromatic sorbate 
and the resin matrix, other than in the coordination sphere of the sorption complex. 

Among the aromatic ammo acids, a-phenyl-cr-alanine alone contains two 
substituents at the a-carbon atom. As was the case with isovaline, it is poorly resolved. 

Cyclic amino acids 
proline enantiomers show the-high_@ sorption selectivity on the resin con- 

&sling L-hydroxyprohne (a-= 3.95; &iG” = SOO_cal/mol). E$ydroxypFoline (a = 3.27) 
is also completely resolved into its enantiomers. Its diastereomer, aho-hydroxyproline, 



Fig. 3. Chromatography of the emtiomers of phenylglycine (Q = 2.22), phenyl&iie (a = 2.89) 
and phcnykerine (a: = 1.82). Conditions as given in Fig. 1. 

displays a lower selectivity (a = 1.65) and surprisingly, a reversed elution order of 
the components: the o-isomer is eluted before the L-isomer (Fig. 4). The /3-hydroxy 
group of the latter is undoubtly coordinated to the axial position of the copper(H) 
ion. The D-enantiomer cannot do this because the corresponding axial position is 
blocked by the N-benzyl group of the tied I&and. 

Azetidinecarboxylic acid, a four-membered heterocyclic homologue of proline, 
shows a sufficiently high selectivity (&lG” = 475 cal/mol) but unusually broad 
elution peaks (HETP CQ. 1 cm). 

- 
5 10 15 h 

5 h 

Fig_ 4. Chromatography of the emantiomers of allo-hydroxyprolie (a = 1.65) and hydroxyproline 
(a = 3.17) in 02 M N!&OH at a flow-rate of 20 ml/h and proline (Q = 395) in OS M NE&OH at a 
flow-rate of 8 ml/h_ Other conditions as given in Fig. 1. _ 

Basic amino acids 
Basic amino acids are strongly retained by the resin, so 1.5 M-N&OH is used 

for their elution. This is probably due to the partial positive charge of these coin- 
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pounds,v&ich can strongly infiuence their distribution between the resin and the 
solution, rather than to the stability of the sorption complexes: A&nine, which con- 
tains a positively charged side-chain is not efuated even if 6 M N&OH is used. 

Omithine isomers are not resolved, and iysine isomers only poorly so. Trypto- 
phan shows a high selectivity factor (a = l-77), but its peaks are too broad to be 
completely resolved under standard conditions (Fig. 5). The elution order of histiciine 
isomers is reversed, whick can be accounted for in terms of axial coordination of the 
imidazoIe group of the L-isomer. 

10 20 30 h 

10 20 h 

Fig. 5. Chromatography ofthe enantiomers of tryptophan. Above: in 1.5 MNI-LOH, other conditions 
as given in Fig. 1; a: = 1.77. Below: in 0.2 M NWOH at a flow-rate of 6 ml/h on a column of 4.5 x 
280 mm with the L-hydroxyproline resin saturated by copper ions to an extent of 15 %, particle 
size 20-30pm; a = 3.09. 

Monominodicarbonic acids 
Acid compounds are eluted by ammonia within the void column volume in 

spite of the fact that the stability of their copper complexes does not yield to that of 
aliphatic amino acids -negatively charged species are expelled from the resin phase. 
However, the distribution coefficients of amino acids rise signi&antly at lower pH 
values’. Thus, chromatography of acid compounds can be carried out in an amrno- 
ni-um phosphate buffer solution at a pH of 8.3. The retention volumes increase in the 
series: glutamic acid, aspartic acid, iminodiacetic acid, in accordance with the 
increasing stability constants of their copper complexes. (On chromatography in the 
phosphate buffer, neutral amino acids show very high retention volumes.) 

Unfortunately, no resolution was observed in the case of aspartic acid and 
only a small one (MG” = 120 cal/mol) in the case of glutamic acid. From unknown 
reasons, D-glutamic acid forms more stable sorption complexes than the L-isomer 
does. 

General remarks 
Though there is a general correlation between the stability of copper(U) com- 

plexes of djfferent amino. acids and their retention volumes on tke L-hydroxyproline 
resin, contributions from electrostatic interactions and hydrophobic interactions 
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undoubtedly play an important role in the Fin phase. Besides, only mixed f&and 
(amino acidato) (N-ben.zyEL-hydroxyprolinato) qopper(E). complexes cam be con- 
sidered as adequate low molecular weight models for sorption complexes. 

Sorption selectivity of many amino acid euantiomers on the L-hydroxyproline 
resin is sufkiently bigh to petit their complete separation nnder the conditions used 
and to indicate tbat the process can be succes&lly carried out on a preparative s&e. 

The efficiency of the column used was rather poor: the values of HETP 
amounted to 0.3-0.5 cm for aliphatic amino acids, 0.642 cm for aromatic, basic and 
bydroxy amino acids, and greater than 1 cm for acid compounds. However, the 
efficiency can be substantially improved by using resins with a smaller particle size 
(Fig. 6), which reduces the values of HETP by a factor of 2 or 3 and results in com- 
plete resolution of valine, leucine, tryptophan, phenylglycine and some other amino 
acids.. 

The LEC process can be improved in other ways. The very high retention 
vo!umcs of basic amino acids can be reduced by lowering the degree of saturation 

2 3 4 5 h 

Fig- 6. Chromatography of the .+antiomers of phenylglycine. Abovr: under standard conditions 
(see Fig. 1); HEZP = 7 mm, a = 2.22, RI = 0.75. &law: on a column of 3.5 x 190 mm at a ffow- 
rate of 8.2 ml/h, particle size 20-30,wn; HETP = 2.8 mm, a = 222, R. = 122 

Fig. 7. Chromatography of the enantiomers of hi&dine. Above: in 1.5 MN&OH, other cokiitions 
as given in Fig. 1; a = 2.80. Be&w: in 0.5 MN&OH at a flow-r&e of 20 d/h; the de&ee of resin 
saturation by copper@) ions was 70%; a: = 8.0. 
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of the resin by copper(S) ion& ‘. More dilute ammonia solutions can then be used 
for chromatography. Unexpectedly, a signikant increase in sorption selectivity was 
observed in diIute ammonia for h&Sine (Fig. 7), tryptophan (Fig. 5) and proline. 
Obviously, this phenomenon indicaks that ammonia molecules can take part in the 
formation of mixed-&and sorption complexes, sometimes lowering the enantio- 

selectivity. 
Fig. 8 shows an example of how elution profiles can be improved by the use 

of ammonia gradients. 

n 

pro) 

2 4 6 h 

Fig. 8. Chromatography of the enantiomers of proline in a OS-l.5 M gradient of ammonia. Other 
conditions as given in Fig. 1. 

Following further improvement of the LEC process, we hope to develop a 
simple and rapid method for the analysis of the enantiomeric composition of many 

amino acids, which would differ from the GLC method by making superfluous the 
preparation of volatile derivatives of amino acids. 
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