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Abstract

A macrocyclic glycopeptide, ristocetin A, was used as chiral stationary phase for the high-performance liquid
chromatographic separation of enantiomers of 28 unnatural amino acids, such as analogues of phenylalanine, tyrosine and
tryptophan, and analogues containing 1,2,3,4-tetrahydroisoquinoline, tetraline or 1,2,3,4-tetrahydro-2-carboline skeletons.
Excellent resolutions were achieved for most of the investigated compounds by using reversed-phase or a new polar-organic
mobile phase system. The conditions of separation were optimized by variation of the mobile phase composition,
temperature and flow-rate. O 2000 Elsevier Science BYV. All rights reserved.
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1. Introduction

Determination of the biologically active conforma-
tion of peptide hormones is an important goa in
modern biology. Since most peptide hormones are
highly flexible molecules with numerous possible
conformations under physiological conditions, one
highly useful approach involves the introduction of
conformational constraints [1]. In this approach,
mimetics of secondary structures such as an «-helix,
B-turns, y-turns, etc., are built into the peptides in
order to stabilize their structures. The incorporation
of conformational constraints into biologically active

*Corresponding author. Tel.: +36-62-544-000/3656; fax: +36-
62-420-505.
E-mail address: apeter@chem.u-szeged.hu (A. Péter).

peptides derived from a-amino acids is a well-known
approach for enhancement of their receptor selectivi-
ty and modulation of their efficacy. Several unusual
a-amino acids have recently been designed with a
view to constraining the side-chain functional groups
of natural a-amino acids [1].

These new «-amino acids are produced synthet-
icaly. The syntheses lead either to a mixture of
stereoisomers or, via asymmetric synthesis strategies,
to enantiomerically enriched products, whose en-
antiomeric purity rarely approaches 100%. Such
stereochemically and/or enantiomerically impure
components should not be incorporated into peptides
since this will lead to a mixture of compounds with
different biological properties. It is therefore very
important to have available enantiomerically pure
and defined substances and analytical methods for
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the separation and identification of the different
stereoisomers.

For this purpose, chromatographic methods are
widely used. Successful high-performance liquid
chromatographic (HPLC) methods for the resolution
of amino acids include indirect and direct methods.
Indirect methods involve pre-column derivatization
reaction with chiral reagents, with subsequent sepa-
ration of the diasterecisomers on an achiral column
[2,3]. Direct methods are performed by ligand-ex-
change chromatography [4—7], or by application of
other chiral dsationary phases (CSPs) [8-10].
Through the application of CSPs, the occurrence of
racemization during the derivatization can be avoid-
ed. Macrocyclic antibiotics are a recent class of
CSPs that have been used successfully to resolve
enantiomers in liquid chromatography [11-19],
capillary electrophoresis [20—34], thin-layer chroma-
tography [35], supercritical fluid chromatography
[36,37] and capillary electrochromatography [38,39].

In the present paper, a direct HPLC method is
described for the separation of enantiomers of 28
unnatural amino acids, most of which are sterically
constrained. The CSP containing the macrocyclic
glycopeptide, ristocetin A, was used in a reversed-
phase mode (RPM) or a new polar-organic mode
(POM). The effects of maobile phase composition,
temperature and flow-rate on the separation were
investigated, and the conditions affording the best
resolution were determined. The sequence of elution
of the enantiomers was in most cases determined by
spiking of racemic samples with enantiomers with
known absolute configuration.

2. Experimental

2.1. Chemicals and reagents

With the exceptions of 7, m-tyrosine (m-Tyr) and
11, a-methyltyrosine («-MeTyr), which were pur-
chased from Aldrich (Steinheim, Germany), the
amino acids were synthesized in our laboratories by
literature methods. The names of the investigated
compounds, nomenclature and abbreviations are in
accordance with the IUPAC-IUB JCBN recom-

mendations [40]. The synthesis of 1, 2'-methyl-
phenylalanine (2'-MePhe) [41], 2, 4'-methylphenyl-
aanine (4'-MePhe) [42], 3, 2',6’-dimethylphenylala-
nine (2',6'-diMePhe) [41], 4, a-methylphenylalanine
(x-MePhe) [43], 8, 2'-methyltyrosine (2'-MeTyr)
[41], 15, 1,2,3,4-tetrahydroisoquinoline-3-carboxylic
acid (Tic3) [44], 16, 6'-hydroxy-1,2,3,4-tetrahydro-
isoquinoline-3-carboxylic acid (6’-HO-Tic3) [44],
17, 7'-hydroxy-1,2,3,4-tetrahydroisoquinoline-3-car-
boxylic acid (7'-HO-Tic3) [44], 18, 5'-methyl-
1,2,3,4-tetrahydroi soquinoline-3-carboxylic acid (5'-
MeTic3) [41], 19, 3-methyl-1,2,3 4-tetrahydroiso-
quinoline-3-carboxylic acid (a-MeTic3) [44], and 27,
1,2,3,4-tetrahydro-3-carboxy-2-carboline (Tcc) [44]
led to one enantiomer of the substrate, depending on
the configuration of the starting material, whereas 5,
erythro-(2S3S and 2R,3R)-B-methylphenylalanine
(erythro-p-MePhe) [45], 6, threo-(2S3R and 2R,3S)-
B-methylphenylalanine (threo-p-MePhe) [45], 9,
2'6'-dimethyltyrosine (2',6’-diMeTyr) [46], 10,
2',6'-dimethyltyrosineamide  (2',6'-diMeTyrNH,)
[47], 12, erythro-(2S3S and 2R 3R)-B-methyltyro-
sine (erythro-g-MeTyr) [45], 13, threo-(2S3R and
2R,3S)-B-methyltyrosine (threo-p-MeTyr) [45], 14,
1,2,3,4-tetrahydroisoquinoline- 1-carboxylic  acid
(Ticy) [48], 20, erythro-(2S53S and
2R, 3R)-4-methyl - 1,2, 3,4-tetrahydroisoquinoline- 3-
carboxylic acid (erythro-p-MeTic3) [44], 21, threo-
(2S3R and 2R,3S)-4-methyl-1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid (threo-B-MeTic3) [44],
22, 2-aminotetraline-2-carboxylic acid (Atc) [49], 23,
6-hydroxy-2-aminotetraline-2-carboxylic acid (Hat)
[50], 24, 6-methoxy-2-aminotetraline-2-carboxylic
acid (MeOAtc) [50], 25, erythro-(2S3S and 2R,3R)-
B-methyltryptophan (erythro-g-MeTrp) [45], 26,
threo-(2S3R and 2R,3S)-B-methyltryptophan (threo-
B-MeTrp) [45], and 28, 1,2,3,4-tetrahydronorharm-
ane-1-carboxylic acid (norharmane) [51] were ob-
tained as racemates. Methanol (MeOH) and acetoni-
trile (MeCN) were obtained from Merck (Darmstadt,
Germany); both were of HPLC grade. Triethylamine
(TEA), glacial acetic acid (HOAC) and other reagents
of analytical-reagent grade were also obtained from
Merck. The inorganic component of the mobile
phase used in the RPM was prepared from Milli-Q
water, which was further purified by filtering on a
045 pm filter, type HV, Millipore (Molsheim,
France).
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2.2. Apparatus

Two HPLC systems were used. The Waters chro-
matographic system consisted of an M-600 low-
pressure gradient pump, equipped with an M-996
photodiode-array detector and a Millennium 32
Chromatography Manager data system (Waters
Chromatography, Milford, MA, USA). The system
working under isocratic conditions included an L-
6000 Merck—Hitachi pump (Tokyo, Japan) with a
Shimadzu SPD-6AV variable-wavelength UV-Vis
detector. For data processing, a Hewlett-Packard HP
3395 integrator (Waldbronn, Germany) was applied.
The Model 7125 injectors with a 20-pl loop were
from Rheodyne (Cotati, CA, USA).

The column used was a Chirobiotic R CSP
(bonded with ristocetin A), 250X4.6 mm 1.D., 5 pm
particle size (Astec, Whippany, NJ, USA). The
column was thermostated with a water-bath. The
temperature was regulated and controlled by a
heating-cooling circulator system, type MK-70
(Mechanik Prufgeréte, Medlingen, Germany).

2.3 Methods

All the analyzed compounds were free (underiva-
tized) unusual amino acids. Solutions of 1 mg/ml
were prepared by dissolving the analytes in metha-
nol, or in the mobile phase.

The RP mobile phases were prepared by mixing
Milli-Q water with MeOH (by volume). The PO
mobile phases were prepared in a similar way by
mixing MeOH, HOAc and TEA (by volume). The
eluents were degassed in an ultrasonic bath, and
during the analysis helium gas was sparged through
the solution.

3. Results and discussion

The synthetic amino acids were analyzed on the
ristocetin A-containing stationary phase working in
RPM or POM. All the analytes were chromato-
graphed and detected without pre- or post-column
derivatization. Ristocetin A is one of the more
complex molecules evaluated as a CSP chiral selec-
tor [16]. Ristocetin A has 38 chiral centres, seven
aromatic rings surrounding four pockets or cavities,

six amide linkages, 21 hydroxyl groups, two primary
amino groups, one methyl ester group, a pendant
tetrasaccharide and two monosaccharide moieties.
These saccharides include p-arabinose, p-mannose,
p-glucose and p-rhamnose. The ionizable primary
amine groups control their charge and are thought to
play a role in their association with and chiral
recognition of chiral analytes. The only other ioniz-
able groups are the phenolic moieties. At operational
conditions these are generally protonated and proba-
bly serve mainly as hydrogen-bonding sites [16].

3.1 Retention and enantioselectivity in RPM

The separations were carried out with an un-
buffered RP mobile phase containing water—MeOH.
For comparison purposes, the results are given for
one particular eluent composition (water—MeOH,
80:20, v/v), but in some cases data for various other
eluent compositions are provided (Table 1).

The retention and selectivity can be controlled by
atering the concentration and nature of the organic
modifier, but variation of the flow-rate or tempera-
ture sometimes has a beneficial effect on the res-
olution. Change of the water—MeOH ratio affects the
retention factors. Increase of the MeOH content in
the mobile phase led to a decrease in the retention
factor (Table 1), but this decrease was not so
pronounced as in the case of RP C,, phases. 10—
20% (v/v) changes in MeOH content resulted in
changes of only a few percent in the retention
factors, which was far from the expected 2—3-fold
changes. On decrease of the MeOH content, the
selectivity factor («) and the resolution (R,) of two
enantiomers generally increased in parallel with the
retention factor (k). This was true, for instance for
the tetraline analogues (22—24), but the B-methyl-
substituted «-amino acids proved to be exceptions.
The « and R, values for these compounds were
higher in the MeOH-rich mobile phase, in spite of
the smaller retention factors. Especially high R,
values were obtained for B-MeTic3 (20, 21).

It seems that the polarity of analyte is one of the
factors governing retention. At the same eluent
composition, the more hydrophobic 2’,6'-diMePhe
(3) has a higher retention factor than that of 2'-
MePhe (1), 2',6’-diMeTyr (9) has a higher value
than that of 2'-MeTyr (8), and the Phe analogues
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Retention factors (k), separation factors («) and resolutions (R;) for the separation of enantiomers of unusual o-amino acids on ristocetin

A-bonded stationary phase in RPM*

Compound k. Ko a R, Detection wavelength  Eluent composition, Flow-rate (ml/min) and
(A, nm) water—-MeOH (%, v/v)  temperature® (°C)
Phenylalanine analogues
1. 2’-MePhe
130 180 138 152 205 80:20 1.00
CH— CH— COCH
Q 7
CH,  NH,
2. 4'-MePhe
C_@ 157 225 143 163 205 80:20 1.00
H CH—CH— COOH
3 2
NH,
3. 2',6'-diMePhe
CH, 120 231 192 384 205 80:20 1.00
CH.—CH— COOH
CH, NH,
4°, a-MePhe
097 097 1.00 0.00 205 80:20 1.00
@7(}{2—([3((}13)—-&)0[-1 122 110 0.90 0.80 205 70:30 0.75; 10°C
NH,
5. erythro—B—MePhe 074 134 185 216 205 90:10 1.00
062 130 210 295 205 80:20 1.00
(‘H—LH—(()OII 072 172 238 382 205 75:25 0.75; 15°C
079 203 209 428 205 70:30 0.75; 10°C
6. threoBMePhe 100 113 113 <040 205 90:10 1.00
086 106 124 090 205 80:20 1.00
LH—UI—“X)H 105 140 133 135 205 75:25 0.75; 15°C
C 118 164 139 145 205 70:30 0.75; 10°C
Tyrosine analogues
7°. mTyr
083 152 183 233 205 80:20 1.00
— CH— COOH
oo
HO NH
8. 2'-MeTyr
088 130 147 200 205 80:20 1.00
’Q H_CH COOH
9.2',6'- dlMeTyr
074 172 232 225 205 80:20 1.00
‘@’CH_(H_L(JOH
10. 2',6'- dlMeTerH
190 208 109 <020 205 70:30 0.75; 10°C

Q( H=CH—CONH,
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Compound k. Ko @ R, Detection wavelength Eluent composition, Flow-rate (ml/min) and
(A, nm) water—-MeOH (%, v/v) temperature® (°C)
11. o-MeTyr 0.65 0.65 1.00 0.00 205 90:10 1.00
056 056 1.00 0.00 205 80:20 1.00
H0~©—CH2—<|?(@13%—CCX)H 0.75 0.75 1.00 0.00 205 80:20 1.00; 20°C
NH,, 1.04 104 1.00 0.00 205 70:30 0.75; 10°C
12. erythro-p-MeTyr 043 097 225 3.05 205 90:10 1.00
CH, 0.38 0.98 258 315 205 80:20 1.00
([H_’ e OO 055 164 298 228 205 70:30 0.75; 10°C
HO e 103 324 314 545 205 65:35 0.75; 5°C
NH,
13. threo-B-MeTyr 072 072 1.00 0.00 205 90:10 1.00
0.70 0.70 1.00 0.00 205 80:20 100
(“—( —=COOH 101 122 120 090 205 70:30 0.75; 10°C
C_ \q 193 239 125 1.05 205 65:35 0.75; 5°C
Tic analogues
14°. Ticl
138 175 127 155 205 80:20 1.00
90!
COOH
15. Tic3
@( 001 160 295 185 400 205 80:20 1.00
16. 6'-HO-Tic3
O\GC[( ool 103 274 138 750 205 80:20 1.00
17. 7'-HO-Tic3
O/@:Iu) OH 086 208 242 3.30 205 80:20 1.00
18. 5'-MeTic3
iy 198 423 214 466 205 80:20 1.00
19. «-MeTic3 289 235 081 <020 205 90:10 1.00
COOH 223 218 097 <020 205 80:20 1.00
©j< °H 297 276 093 <020 205 75:25 0.75; 5°C
20. erythro-B-MeTic3 177 250 141 175 205 90:10 1.00
165 254 154 235 205 80:20 1.00
167 274 164 3.05 205 75:25 0.75; 15°C
176 302 172 3.07 205 70:30 0.75; 10°C
21. threo-B-MeTi(‘B 167 367 219 3.84 205 90:10 1.00
176 397 225 4.00 205 80:20 1.00
COOH 174 337 193 250 205 75:25 0.75; 15°C
162 333 205 400 205 70:30 0.75; 10°C
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Compound k. Ko a R,

Detection wavelength

Eluent composition, Flow-rate (ml/min) and

(A, nm) water—-MeOH (%, v/v)  temperature® (°C)
Tetraline analogues
22. Atc
NH, 146 176 121 120 205 90:10 1.00
@mou 108 128 119 110 205 80:20 1.00
108 129 119 110 205 70:30 1.00
23. Hat
NH, 090 143 159 222 205 90:10 1.00
(@OLCOOH 072 100 138 157 205 80:20 1.00
- 075 105 137 150 205 70:30 1.00
24, MeOAtc
NH. 225 288 128 145 205 90:10 1.00
/@Lmon 148 187 125 130 205 80:20 1.00
H,CO 138 174 125 125 205 70:30 1.00
Tryptophan analogues
25. erythro-B-MeTrp 171 256 150 095 205 90:10 1.00
CH, 124 205 165 142 205 80:20 1.00
coon 143 270 189 187 205 75:25 0.75; 15°C
OU . 145 297 204 248 205 70:30 0.75; 10°C
NH,
i
26. threo-B-MeTrp 18 398 219 285 205 90:10 1.00
CH, 170 342 201 337 205 80:20 1.00
coop 214 435 203 3.60 205 75:25 0.75; 15°C
OU . 233 452 194 375 205 70:30 0.75; 10°C
NH,
i
27. Tcc
coon 218 250 114 <060 220 90:10 1.00
1
H
28°. Norharmane
80:20 1.00

4.06 5.62 138 222 220
<
H

COCH

*k_and k, are the retention factors of the L isomer (eluting first) and the o isomer (eluting second) of a-amino acids; ®if not indicated,
analyses were carried out at 25°C; "reverse elution sequence; ‘the elution sequence was not determined.

have higher k values than Tyr analogues. The same
holds for the B-methyl-a-amino acid series B-MePhe
(5, 6), B-MeTyr (12, 13), B-MeTic3 (20, 21) and
B-MeTrp (25, 26), for the tetraline analogues, Atc
(21), Hat (22), MeOAtc (23), etc.

For the series of B-methyl-a-amino acids, the
erythro stereocisomers of B-MePhe (5) and B-MeTyr
(12) exhibited larger enantioselectivities on the
ristocetin A column than those of the threo counter-

parts (6 and 13, respectively). This is similar to our
earlier results relating to the separation of these
stereoisomers on a teicoplanin-containing CSP [18].
The sterecisomers of B-MeTic3 (20, 21) and B-
MeTrp (25, 26) displayed an inverse trend: the threo
stereoisomers had the higher « and R, values.

The analyses were generally carried out at a flow-
rate of 1.0 ml/min. In some cases, besides variation
of the maobile phase composition, decrease of the



A. Péter et al. / J. Chromatogr. A 904 (2000) 1-15 7

flow-rate might be a possible way to improve the
resolution. This procedure increases the retention
time, but the increased resolution sometimes com-
pensates for the longer analysis time. As expected,
the flow-rate does not affect the enantioselectivity
(@), but it does affect the separation efficiency (data
not shown).

Significant effects can sometimes be attained by
atering the temperature. A lower temperature usual-
ly enhances chiral separation (i.e., increasesin o and
R,). In our case, the effect of lower temperature was
utilized in the separation of the stereoisomers of
B-methyl amino acids (Table 1). Lowering the
temperature incressed the a and R, values and
rendered possible the separation of four stereoiso-
mers in one chromatographic run (see Section 3.4).

The enantiomeric elution sequence of these amino
acids could readily be identified by co-chromatog-
raphy of single pure enantiomers of each amino acid.
The elution sequence for the a-amino acids was
found to be the L enantiomer before the b enantiomer
(except for the a-methyl-a-amino acids, if they were
separable). This is similar to our earlier observations
on the more common protein amino acids [16].

Interesting observations were made concerning the
elution sequence of the stereoisomers of B-methyl-a-
amino acids with two stereogenic centres. It was
found for the enantiomeric pairs that the component
eluting second had the R configuration at the carbon
atom adjacent to the carboxyl group. The observed
elution sequence were: erythro-(2S3S)-p-MePhe
before erythro-(2R,3R)-B-MePhe, and threo-
(2S3R)-pB-MePhe before threo-(2R,3S)-B-MePhe.
The same elution sequences were obtained for
erythro-p-MeTyr, -B-MeTic3 or -B-MeTrp and for
threo-B-MeTyr, -pB-MeTic3 or -pB-MeTrp. In al
cases, a stronger interaction with the ristocetin A
column was observed for the 2R sterecisomers.

In the case of dipeptides bearing two stereogenic
centres, Berthod et al. [13] found that the p—b or L—b
dipeptides underwent the strongest interaction with
the teicoplanin column, and Ekberg-Ott et al. [16]
reported that the p-carboxy-terminal dipeptides were
retained longer than the L-terminal ones on ristocetin
A CSP; however three groups of compounds de-
viated from this trend (p,.-Ala, b,L-Leu-containing
dipeptides and dansyl-amino acids). It seems that
compounds with the b configuration at the carbon

atom adjacent to the carboxyl group had the greatest
affinity for the stationary phase.

3.2, Sructure—enantioselectivity relationship

The main molecular interactions thought to take
place in the RPM are (i) electrostatic (charge—
charge) interactions, occurring between the racemate
and the free amino group of the ristocetin A mole-
cule, and (ii) hydrophobic associations, occurring
with the chiral analyte and the hydrophobic *‘ pock-
et” of the ristocetin A CSP [16,19]. Secondary
interactions most probably involve hydrogen-bond-
ing and steric effects. In the applied water—MeOH
mobile phases the actual pH, pH, was about 6. The
isoelectric point of ristocetin A is 7.5 [52], ristocetin
A and most of the amino acids exist in ionic form.
Chiral recognition requires a minimum of three
points of interaction [53]. The cationic ammonium
group of ristocetin A is the most available and
logical site for initial docking and retention. The
secondary and tertiary structures of the ristocetin A
molecule play an additional important role in chiral
recognition by supplying appropriate hydrogen-bond-
ing, hydrophobic and steric interaction sites [16,19].
This mechanism is supported by the analysis of
2',6'-diMeTyr (9) and 2',6'-diMeTyrNH,, (10). The
former, has a free carboxyl group that may dock to
the cationic anmonium group (-NH, ) of the chiral
selector, and the enantiomers were separated with
high @ and R, values. In the latter case, the lack of a
free carboxyl group inhibits the primary charge—
charge interaction, and the observed retention and
resolution were due to the secondary and hydro-
phobic interactions.

The difference in enantioselectivity of «- or B-
substituted «-amino acids may be attributed to a
steric hindrance effect. The incorporation of a methyl
group in the a-position weakened the chiral recogni-
tion and smaller @ and R, values or no resolution
was observed for a-MePhe (4), a-MeTyr (11) and
a-MeTic3 (19) than for B-MePhe (5, 6), B-MeTyr
(12, 13) and B-MeTic (20, 21). The low resolutions
of the a-methyl-a-amino acids were probably due to
a different chiral discrimination mechanism; this is
supported by a reverse in the sequence of elution,
too.

The rigidity of the molecule is one of the factors
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Table 2
Retention factors (k), separation factors («) and resolutions (R,) for the separation of enantiomers of unusual «-amino acids on ristocetin
A-bonded stationary phase in POM*

Compound ko ky « R, Detection wavelength Eluent composition, Flow-rate (ml/min)
(A, nm) MeOH—-HOAC-TEA (%, v/v/v) and temperature® (°C)
Phenylalanine analogues
1. 2'-MePhe
Q 187 3.10 166 145 205 100:0.1:0.1 1.00
CH— CH— COCH
2
CH,  NH,
2. 4'-MePhe
196 358 1.83 263 205 100:0.1:0.1 1.00
H CH—CH— COOH
NH,,
3. 2',6'-diMePhe
CH, 277 277 1.00 0.00 205 100:0.1:0.1 1.00
<i:::§%——CH;—cn——coou
NH
CI‘{3 2
4. a-MePhe
131 157 1.20 045 205 100:0.1:0.1 1.00
CHTIC(G'I_Q—COOH 170 1.70 1.00 0.00 205 100:0.01:0.02 1.00
N
5. erythro-B-MePhe
cH 094 227 241 160 205 100:0.1:0.1 1.00
3 1.03 260 252 270 205 100:0.01:0.02 1.00
CH—CH—COOH
NH’W
6. threo-B-MePhe
128 207 162 1.00 205 100:0.1:0.1 1.00
@—(IIH—TH—COOH 141 240 170 120 205 100:0.01:0.02 1.00
CH, NH,
Tyrosine analogues
7°. mTyr
Q 247 536 217 288 205 100:0.1:0.1 1.00
CH— CH— COOH
B
HO NH,
8. 2'-MeTyr
178 286 161 150 205 100:0.1:0.1 1.00
HO CH— CH— COOH
Q 2
CH NH |
3 2
9. 2',6'-diMeTyr
CH, 166 1.66 1.00 0.00 205 100:0.1:0.1 1.00
HOQCP{;L‘Ii_(J()()}{
CH NH
3 2
10. 2',6'-diMeTyrNH,
CH 0.60 0.69 1.15 <0.40 205 100:0.1:0.1 1.00

=
i}
o

(‘,H7—L1H'—\‘UN}11

CH, NH,
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Table 2. Continued

Compound ke ky « R,  Detection wavelength Eluent composition, Flow-rate (ml/min)
(A, nmM) MeOH-HOAC-TEA (%, v/v/v) and temperature® (°C)
11. a-MeTyr
114 114 1.00 0.00 205 100:0.1:0.1 1.00
HO @— CH3—C(CH )—COOH
i'm
12. erythro-B-MeTyr
(l?Hz 1.03 230 222 218 205 100:0.1:0.1 1.00
HO CH—CH—COOH

NH
13. threo-B-MeTyr

126 1.95 155 150 205 100:0.1:0.1 1.00
HO‘@‘TH—-CH—C(X)H
CHB I\'HZ
Tic analogues
14°. Ticl
6.20 9.74 157 220 205 100:0.1:0.1 1.00
90!
COOH
15. Tic3
COOH 491 811 165 250 205 100:0.1:0.1 1.00
NH
16. 6'-HO-Tic3
a COOH 446 8.00 1.79 3.14 205 100:0.1:0.1 1.00
17. 7-HO-Tic3
coon 507 7.27 143 1.35 205 100:0.1:0.1 1.00
Hm’l
18. 5'-MeTic3
H, 382 7.82 205 244 205 100:0.1:0.1 1.00
COOH
TH
19. a-MeTic3
OO 454 514 113 0.75 205 100:0.1:0.2 1.50
CH,
H
20. erythro-B-MeTic3
H, 353 820 232 374 205 100:0.1:0.05 1.00
COOH
NH
21. threo-B-MeTic3
270 420 155 1.35 205 100:0.1:0.05 1.00

COOH

a
5 w
jas]
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Table 2. Continued

Compound k. Ko a R,

Detection wavelength

Eluent composition, Flow-rate (ml/min)

(A, nm) MeOH-HOAC-TEA (%, v/v/v) and temperature® (°C)
Tetraline analogues
22. Atc
NH 198 198 1.00 0.00 205 100:0.1:0.1 1.00
@C(;OH
23. Hat
NH 211 211 100 0.00 205 100:0.1:0.1 1.00
(@Oﬁcaou
H
24, MeOAtc
NH, 238 238 100 0.00 205 100:0.1:0.1 1.00
/@(‘()()H
HyCO
Tryptophan analogues
25. erythro-B-MeTrp
CH, 141 267 190 122 205 100:0.1:0.1 1.00
coon 144 287 200 0.85 205 100:0.01:0.02 1.00
Suhs
B
26. threo-B-MeTrp
CH, 174 227 130 057 205 100:0.1:0.1 1.00
cooy 190 251 1.32 0.66 205 100:0.01:0.02 1.00
Suht
;3
27. Tcc
coon 446 544 114 080 220 100:0.1:0.2 1.00
i
H
28°. Norh
100:0.1:0.1 1.00

armane
1248 17.23 1.38 188 220
qus’
5
H

*k_and k, are the retention factors of the L isomer (eluting first) and the o isomer (eluting second) of a-amino acids; “if not indicated,
analyses were carried out at 25°C; "the elution sequence was not determined.

governing the enantioselectivity. Most of the investi-
gated conformationally constrained aromatic «-
amino acids displayed good separation on aristocetin
A column. The separation of the erythro and threo
sterecisomers of B-methyl-substituted amino acids
furnished interesting results. For B-MePhe (5, 6) and
B-MeTyr (12, 13), the erythro sterecisomers have
higher o« and R, values than the threo ones. -

MeTic3 (20, 21) and B-MeTrp (25, 26) have more
rigid structures than those of the Phe and Tyr
analogues, and it was probably the different sec-
ondary interactions that resulted in the difference in
stereoselectivity. The threo stereocisomers exhibited
higher @ and R values than those of the erythro
compounds.

The tetraline analogues are also o,a-disubstituted
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compounds, but with more rigid structure than those
of the o,a-disubstituted Phe, Tyr and Tic analogues.
This rigidity resulted probably in the enhanced
stereosel ectivity. In the enantioseparation of Tcc (27)
and norharmane (28), the former displayed low,
while the latter high « and R, values. The position of
the carboxylic acid moiety is the only difference
between these two compounds (Table 1). Since the
primary attractive interaction between these amino
acids and the ristocetin A chiral selector is through
their carboxyl groups, it is clear that these two
compounds must have very different orientations
relative to ristocetin A. It is likely that the Tcc—
ristocetin A complex suffers from adverse steric
interactions and/or inadequate hydrogen-bonding to
its heterocyclic amine moiety.

In conclusion, the primary dominating step in
chiral recognition is the strong charge—charge inter-
action between the carboxylate group of the amino
acid and the ammonium group of ristocetin A. Any
hindrance of this interaction such as a,a-disubstitu-
tion weakens the chiral recognition. The bulkiness
and rigidity of the molecule influence the secondary
and tertiary interactions that are necessary for chiral
recognition. In most cases, increased rigidity and
bulkiness improve the enantioselectivity on the ris-
tocetin A stationary phase.

3.3 Retention and enantioselectivity in POM

PO separations were introduced a few years ago as
an alternative approach to unusual enantioselective
separations on cyclodextrin-bonded phases [54—56].
This mode is more closely related to the normal-
phase mode (NPM) than to the RPM; however, no
nonpolar organic solvents (e.g., hexane) are used.
The main component in the PO mobile phase is
generally, acetonitrile. However, other more polar
solvents (such as MeOH) and organic acids and
bases can also be added to decrease retention and
ater selectivity, respectively [54-56]. A different
type of PO mobile phase has recently been used with
the macrocyclic antibiotic CSPs [19]. This mobile
phase mainly contains MeOH, together with smaller
amounts of an organic acid (0.1% HOAc) and base
(0.1% TEA). If the anayte is eluting too fast, the
concentration of acid/base is reduced. The key factor

in obtaining complete resolution is still the acid-to-
base ratio. The ratios generally run from 2:1 to 1:2.

The main interactions in the POM are hydrogen-
bonding, w—mw and steric interactions. To some
extent, charge—charge interactions may be seen
between the macrocyclic molecule and chiral ana-
lyte, similar to the RPM.

Table 2 presents the separation data observed in
the POM. For comparison purposes, the results are
given for one particular eluent composition MeOH—
HOAC-TEA (100:0.1:0.1, v/v/v), but in the cases of
partial separations, data for other eluent composi-
tions are also provided. With a few exceptions,
compounds were baseline-resolved, but there are
some interesting results as compared to the RPM. No
separation was found for 2',6’-diMePhe (3) and
2',6'-diMeTyr (9) at any mobile phase composition
(data not shown). The tetraline analogues aso dis-
played poor resolution in POM.

Decrease of the acid—base content increased the
retention factor, which resulted in higher o and R..
In this way, better resolutions were obtained for the
enantiomers of B-methyl-a-amino acids, and espe-
cialy for threo-p-MeTyr (13), for which there was
no baseline resolution in the RPM. The enantio-
selectivity for B-methyl-a-amino acids differed in
the RPM and POM. In the POM higher enantioselec-
tivities were obtained for the erythro stereoisomers
in al cases, while in the RPM the threo stereo-
isomers of the more constrained B-MeTic3 (21) and
B-MeTrp (25) had higher « values. Especially low
resolution was obtained for B-MeTrp (25, 26) in the
B-methyl-a-amino acid series, which was due to the
low efficiency of the column for these stereoisomers
in the POM.

As regards the elution sequence of the enantiomers
and stereoisomers, it was found that for enantiomeric
pairs (L and p enantiomers) the component eluting
second had the o (R) configuration. For the enantio-
mers of the a-methyl-amino acids, in the RPM, the
reverse elution sequence was found, if they were
separable.

34. Separation of B-methyl-amino acid
stereoisomers

B-Methyl-a-amino acids contain two stereogenic
centers and therefore consist of two pairs of dia
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stereomers (erythro and threo). Non-selective syn-
thesis leads to the racemic forms of these erythro
and threo isomers, and their separation demands
special conditions. Even in the case of stereoselec-
tive synthesis, to produce one enantiomer, the prod-
uct is always contaminated with its stereoisomers.
Further, peptide synthesis, frequently causes epimeri-
zation. There is therefore a great need for methods
that can achieve the separation of all four isomers.
In enantioselective chromatography, the applica-
tion of subambient temperature and a lower flow-rate
causes an increase in enantioselective retention
[16,18]. The four stereocisomers of B-MePhe (5, 6),
B-MeTyr (12, 13), B-MeTic3 (20, 21) and B-MeTrp
(25, 26) were analyzed in the temperature range
5-25°C at aflow-rate of 0.6—1.0 ml/min; some of the
results are listed in Table 3 and depicted in Fig. 1.
The poor resolution of the four stereoisomers ob-

Table 3

served at ambient temperature, was improved at low
temperatures.

The diastereoselectivity of ristocetin A depended
on the nature of the analyte and aso on the method
used (RPM or POM). In the cases of B-MePhe (5, 6)
and B-MeTyr (12, 13), the threo isomers aways
eluted between the erythro ones in both separation
methods, and nearly basdline separation was
achieved for the four consecutive peaks with the
RPM (Table 3). B-MeTrp (25, 26) displayed differ-
ent stereoselectivities. In the POM (Table 2) the two
threo isomers eluted between the two erythro ones;
however, in the RPM, the following sequence was
observed erythro-(2S53S)<threo-(2S3R)<erythro-
(2R,3R)<threo-(2R,3S). The more rigid and bulky
B-MeTic3 (20, 21), which had a good enantioselec-
tivity in the RPM (Table 1), exhibited poor dia-
stereoselectivity. The erythro-(2S3S) and threo-

Retention factors (k), separation factors («) and resolutions (R,) for the separation of four stereoisomers of B-methyl-a-amino acids on

ristocetin A-bonded stationary phase®

Compound k, k, K, K, @0 @3 P34 Rii2 Rizs Rgss Method
5, 6. B-MePhe erythro-L  threo-L threo-p erythro-o
|CH1 0.72 1.05 1.40 172 146 133 122 133 135 133 RP*
- b
@—a{—cn—cmn 0.79 1.18 164 2.03 150 189 123 154 143 141 RP
o,
12, 13. B-MeTyr erythro-L  threo-L threo-p erythro-o
0.55 1.01 1.22 1.64 183 120 134 166 08 138 RP*
H(J—@Tll—<‘ll—<‘<><>fl 1.03 193 2.39 324 187 125 135 300 120 165 RP°
CH, NH,
20, 21. B-MeTic3 threo-L erythro-.  threo-p erythro-o
H, 2.70 353 4.20 8.20 130 118 195 095 105 29 PO°
COOH
NH
25, 26. B-MeTrp erythro-L  threo-L erythro-o  threo-bo
CH, 1.43 214 2.70 435 149 079 161 107 09 210 RP*
COOH 145 233 297 452 160 127 152 191 105 225 RP°
L T
i

Kk, k,, k; and k, are the retention factors of the four consecutive pesks; a, ,=k,/k,, @, ;=K,/K,, a5 ,=K,/Ks; R, , relates to resolution
between pesks 1 and 2, R, , , relates to resolution between peaks 2 and 3, R_; , relates to resolution between peaks 3 and 4; conditions of
analysis; mobile phase composition, “water—-MeOH (75:25, v/v), "water—MeOH (70:30, v/v), ‘water—MeOH (65:35, v/v), “MeOH—-HOACc—
TEA (100:0.1:0.05, v/v/v); flow-rate, * °0.75 ml/min, °0.65 ml/min, “1.00 ml/min; temperature, *15°C, "10°C, °5°C, “25°C; absolute
configurations, erythro-L: (2S3S), erythro-o: (2R,3R), threo-L: (2S3R), threo-p: (2R,3S).
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Fig. 1. Separation of sterecisomers of B-methyl-a-amino acids (A) B-MePhe; (B) B-MeTyr; (C) B-MeTic3, (D) B-MeTrp; column,
Chirobiotic R; mobile phase, water—MeOH, (A, D) (70:30, v/v), (B) (65:35, v/v), (C) MeOH—-HOAC-TEA (100:0.1:0.1, v/v/v); flow-rate,
(A, D) 0.75 ml/min, (B) 0.65 ml/min, (C) 1.0 ml/min; temperature, (A, D) 10°C, (B) 5°C, (C) 25°C; detection, (A, C, D) 205 nm, (B) 200
nm; chromatograms relate to artificial mixtures of erythro and threo stereoisomers.
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(2S3R) stereoisomers practicaly coeluted. Better
diastereoselectivity was observed in the POM, where
the threo sterecisomers eluted before the erythro
ones. In conclusion, ristocetin A as a chiral selector
displayed good enantioselectivity and diastereoselec-
tivity for B-methyl-amino acids [except for the bulky
B-MeTic3 (20, 21)]. The diastereoselectivity of this
type of CSP for conformationally constrained, rigid
amino acids containing two stereogenic centers will
be the subject of future study.

4, Conclusions

The ristocetin A-based CSP is readily applicable
for the separation of unnatural conformationally
constrained primary and secondary amino acids. A
baseline separation could be achieved for most of the
investigated amino acids and even the four stereo-
isomers (or two pairs of enantiomers) of 3-methyl-a-
amino acids containing two chiral carbon atoms
displayed good resolution. The effects of the mobile
phase composition, flow-rate and temperature on the
enantioselectivity and diastereoselectivity of the col-
umn were studied, and the conditions affording the
best resolution were determined.
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