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a b s t r a c t

Three cysteine-based coated selectors, S-benzyl-(R)-cysteine, S-diphenylmethyl-(R)-cysteine and S-trityl-
(R)-cysteine, have been used in the ligand-exchange separation of a selected set of natural and unnatural
underivatized amino acids. With only few exceptions, a gain in enantiodiscrimination was obtained
vailable online 11 June 2008
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when the most lipophilic discriminating agent, characterized by the presence of a trityl moiety, was
engaged. Moreover, a new descriptive structure–separation relationship study through molecular surface
(Jurs) and shape (Shadow) descriptors provided evidence that specific physico-chemical features of the
employed chiral selector result decisive in establishing which property of the analyte is responsible for
the enantiorecognition accomplishment.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Glutamate receptor modulators are retained of utmost impor-
ance in the pharmacological control of major central nervous
ystem (CNS) disorders. Independent yet converging research
fforts claim for a crucial involvement of Glu receptors in
he mechanism of action of antidepressant [1], antipsychotic
2], antiparkinsonian [3,4] and nociceptive processing [5] drugs.
ur continuing interest in this very challenging and promising
eld of research led us to develop potent and selective ligands

or the various members of both ionotropic and metabotropic
lutamate receptor families [6–13]. All the synthetized amino
cidic compounds have been analyzed through chiral ligand-
xchange chromatography (CLEC) in order to assess the optical
urity and, eventually, the enantiomeric excess. In some cases
11,14,15] we have also provided for the preparative sepa-
ation of enantiomers through this technique: for example,
-aminoindane-1,5-dicarboxylic acid (AIDA) enantiomers [14,15]

ave been successfully separated and tested for the first
ime.

Very recently [15] we have reported on the separation and
esolution ability of S-trityl-(R)-cysteine [(R)-STC] (Fig. 1), a new,

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author. Tel.: +39 075 5855131; fax: +39 075 5855161.

E-mail address: natalini@chimfarm.unipg.it (B. Natalini).
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ynamically coated chiral selector which proved to be very effective
n both analytical and preparative-scale separation of some natu-
al and unnatural underivatized amino acid enantiomers. We also
escribed the influence of the side chain lipophilic moiety con-
tituted by an aromatic portion and a sulphur atom as a spacer
ndowed with additional hydrophobic character [15]. A compari-
on between (R)-STC and S-benzyl-(R)-cysteine [(R)-SBC] (Fig. 1),
hich differ for the number of the aromatic rings in the side

hain, has been also performed with the aim of identifying molec-
lar properties of analytes that affect the enantiodiscrimination
rocess through a descriptive structure–separation relationship
DSSR) study [16]. For such a purpose, the selection was directed
oward a cumulative pool of 40 descriptors (Jurs [17] and Shadow
escriptors [18]) which relate to the physico-chemical properties
nd shape of the molecular surface area.

A wide variety of QSPR strategies based on the extra-
hermodynamic approach and including linear solvation energy
elationship (LSER) studies [19], 3D-QSPR comparative molecular
eld analysis (CoMFA) [20], linear free energy relationship (LFER)
tudies [21–23], and comparative molecular similarity index analy-
is (CoMSIA) methods [24], have been engaged for getting a deeper
nsight into the enantioselective process in HPLC. However, no
pplication has been directed to CLEC with this regard.
For the first time we proposed a new classification strategy
imed at casting a new light on the mechanism that rules the
nantiodifferentiation in CLEC. Oppositely to the most common
omputational treatments, no multiple linear regression analysis
MLRA) has been here performed. The key contribution from our

http://www.sciencedirect.com/science/journal/15700232
mailto:natalini@chimfarm.unipg.it
dx.doi.org/10.1016/j.jchromb.2008.06.007
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The validation set consists of compounds with only an input vector
ig. 1. Chiral selectors investigated in this study: (a) S-benzyl-(R)-cysteine
(R)-SBC]; (b) S-diphenylmethyl-(R)-cysteine [(R)-SDC]; (c) S-trityl-(R)-cysteine
(R)-STC].

ethodology deals with the possibility to establish the actual enan-
iodiscrimination capability exerted by a selected discriminating
gent toward a specific analyte. This procedure wants to make eas-
er the proper selection of the discriminating agent especially in
he case of small available amounts of the analyte.

The relevant effectiveness of such an approach in establish-
ng molecular properties responsible for the enantiorecognition
ccomplishment prompted us to further assess its validity. Accord-
ngly, in order to fully cover the lipophilic scenario of the cited
romatic ring containing cysteine selectors and hence to derive
seful information on the mechanism of chiral recognition, the
hromatographic performances afforded by the S-diphenylmethyl-
R)-cysteine [(R)-SDC] (Fig. 1) were then investigated. Here we
eport the results obtained with the new chiral selector as well
s a comparison among the performances showed by the three
ulfur-containing discriminating agents.

. Experimental

.1. Chemicals and standards

HPLC grade water was obtained from a tandem Milli-
o/Milli-Q apparatus (Millipore, Bedford, MA, USA). The
nantiomers of 1-aminoindane-1,5-dicarboxylic acid (AIDA) [7],
-(5′-carboxy-thien-2′-yl)glycine (ATIDA) [25] and 2-(5′-methyl-
′-carboxythien-2′-yl)glycine (5-MATIDA) [25] were prepared

n our laboratory. The enantiomers of the four compounds
a,5,6,6a-tetrahydro-4H-pyrrolo[3,4-d]isoxazole-3,4-dicarboxylic
cid (CIP-A), 3a,5,6,6a-tetrahydro-4H-pyrrolo[3,4-d]isoxazole-
,6-dicarboxylic acid (CIP-B), 5-(2-amino-2-carboxyethyl)-4,5-
ihydroisoxazole-3-carboxylic acids (F94B and F94C) were kindly

rovided by De Amici and co-workers [26]. All the remaining
mino acid enantiomers, the three chiral selectors and the cop-
er(II) sulphate pentahydrate were of high analytical purity and
urchased from Sigma–Aldrich (Milan, Italy). Mobile phases solu-
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ions were filtered through a 0.45 �m Millipore filter and degassed
ith 10 min sonication before use. All samples were prepared

n approximate concentrations between 0.1 and 0.5 mg/mL in
ltered mobile phase components and sonicated until completely
issolved.

.2. Instrumentation

The HPLC analytical-scale experiments were carried out on a
himadzu (Kyoto, Japan) LC-Workstation Class LC-10 equipped with
CBM-10A system controller, two LC-10AD high pressure binary

radient delivery systems, a SPD-10A variable-wavelength UV–vis
etector and a Rheodyne 7725i injector (Rheodyne, Cotati, CA, USA)
ith a 20 �L stainless steel loop.

.3. Dynamic coating and column evaluation

Analytical scale runs were made on a LiChrospher 100 RP-18
Merck, 250 mm × 4 mm i.d., 5 �m, 100 Å) analytical column coated
ith the employed chiral selector, by recycling a methanol–water

olution (250 mL, 75:25, v/v) of the chiral discriminating agent
0.1 g) for 5 days at 0.5 mL/min. Before recycling, the chiral selector
olution was carefully filtered through a 0.45 �m Millipore filter
nd degassed with 10 min sonication. Changes in the absorbance of
he eluent were followed by UV detection at 254 and 210 nm. Equi-
ibrium in the coating process was indicated by an initial abrupt
ise in the UV baseline which then progressively stabilizes to the
ew baseline condition. With this procedure, an approximated
mount of 0.068 g of (R)-SBC, 0.057 g of (R)-SDC and 0.045 g of
R)-STC were hydrophobically bound to the RP-18 sorbent surface.
hese amounts almost linearly opposite the bulkiness of the selec-
or side chain, thus showing a different hydrophobic coating of the
eversed-phase material [27].

After washing with a water–methanol solution (50 mL, 98:2,
/v) in order to displace the excess of chiral discriminating agent
nd methanol, the copper(II) sulphate solution was used as the
obile phase. After 2 h of equilibration, NaNO2 injection peak was

sed for a completely unretained marker in all analyses. Column
erformance was assayed with periodical injection of rac-Pro. The
ynamic CSPs from (R)-SBC, (R)-SDC and (R)-STC were found to be
table and equally effective for chiral separation of amino acids for
t least 5, 20 and 30 days, respectively.

.4. System precision

The short-term repeatability is the relative standard deviation
RSD) of the results of three consecutive runs carried out with one
olumn over a period of few hours [28]. We report the short-term
epeatability data for both retention (k) and separation (˛) factors
easured when the (R)-SDC was used as the chiral discriminating

gent.

.5. Molecular modeling methods

A training set containing 32 compounds and a validation set of 8
ompounds were collected with the relative experimental separa-
ion factor ˛. The training set consists in compounds with an input
ector of molecular descriptors and an answer vector of experi-
ental ˛ values that are used to train a statistical model of DSSR.
f molecular descriptors whose experimental ˛ values are used to
alidate the predictive reliability of the statistical model.

The compounds belonging to the training set were assigned to
wo classes on the basis of their ˛ value. While class 1 comprised all
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he undiscriminated enantiomer couples (namely those character-
zed by ˛ = 1), class 2 included all the separated ones (namely, those

ith ˛ > 1). Structural models of all compounds were constructed
tarting from the fragment dictionary of Cerius-2 (Accelerys, San
iego, CA) in their neutral form (formal charge = 0) and the result-

ng geometry was optimized using the semiempirical MOPAC/AM1
ethod. Atomic charges were computed using the electrostatic

otential fitting approach (ESP charges). For each compound, a
ool of 30 molecular surface area descriptors (Jurs-descriptors [17])
nd 10 shape descriptors (Shadow-descriptors [18]) were calcu-
ated using the descriptor module implemented in Cerius-2. While
urs capture the shape and electronic information of the molecules
y mapping atomic partial charges on solvent-accessible surface
reas of individual atoms, Shadow descriptors encode the geomet-
ic arrangement of the molecular shape of the molecules by aligning
he principal moments of inertia with the X, Y, and Z axes and then
rojecting the molecular surface on the three mutually perpendic-
lar planes (XY, YZ, and XZ). Since both Jurs and Shadow descriptors
epend on the configuration and conformation of the compounds,
he global minimum conformer of all (R)- and (S)-isomers was used
n the calculation. The classification study was carried out using the
ecursive partitioning method as implemented in Cerius-2. In par-
icular, the following main settings were used. Classes were equally
eighted, split scoring was performed using the Gini Impurity rule;
moderate pruning (=3) was performed; nodes should contain

/100 of samples; the number of threshold values tested in order
o make node splits on the independent variables (knot limit) was
et to a value of 20; the maximum number of node splits that could
ield to a terminal node (Maximum Tree Depth) was set to a value
f 5.

. Results and discussion

.1. Comparison among the chromatographic performances
btained from the three investigated chiral coated phases

In order to rank the three compounds for their lipophilic-
ty, and describe their side chain contribution to the solvent
ccessibility surface area, a calculation performed with the same
oftware (Cerius-2) used for the classification study afforded the
alues reported in Table 1. Retention (k) and separation (˛) fac-
ors obtained with the three sulfur-containing selectors for the
mino acids selected as the training set have been reported in
able 2 . The chromatographic behaviour observed with the three
hiral selectors offered some interesting consideration. With all the
dopted selectors, aspartic acid (Asp), F94C, O-phospho-serine (O-
ho-Ser) and ornitine (Orn) enantiomer couples did not experience
ny enantiorecognition. While a comparable enantioseparation of
hreonine (Thr) antipodes was achieved with (R)-STC and (R)-SDC,
R)-SBC was not effective thus providing for the enantiomers coelu-
ion [16]. With the exception of 5-MATIDA, F94B, cysteine (Cys)

nd CIP-B enantiomer couples which resulted better discriminated
ith (R)-SDC, a gain in enantiodiscrimination was obtained for all

he remaining compounds when the most lipophilic chiral selector
as engaged [(R)-STC]. As an example, the chromatograms of 3,4-
ehydro-proline (3,4-DeHy-Pro) enantiomer couple with all the

able 1
elected physico-chemical parameters of the investigated chiral selectors

hiral selector A log P Solvent-accessible area (Å2)

R)-SBC 1.18 214.28
R)-SDC 3.03 281.22
R)-STC 4.54 335.75

log P, atomic partition coefficient.

o
t
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i
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e
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w
t
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ig. 2. Chromatograms of 3,4-dehydro-proline (3,4-DeHy-Pro) with: (a) (R)-SBC; (b)
R)-SDC; (c) (R)-STC. Experimental conditions: mobile phase, 1.0 mM Cu(II) sulphate;
ow rate, 1.0 mL/min; injection volume, 20 �L; UV at 254 nm; column temperature,
0 ◦C.

nvestigated chiral selectors are reported in Fig. 2. With reference
o the two structural isomeric couples, isoleucine/leucine (Ile/Leu)
nd CIP-A/CIP-B, controversial results have been encountered.
ndeed, while all the selectors afforded higher enantiodiscriminat-
ng ability for Ile over Leu enantiomers, a progressive inversion of
he chromatographic performances interested CIP isomers, being
he CIP-B couple better resolved with the chiral selector endowed
ith the intermediate lipophilicity [(R)-SDC]. Particularly intrigu-

ng is the chromatographic response for F94B and F94C enantiomer
ouples. Indeed, while all the selectors supplied enantioseparation
or the former, the latter always resulted undiscriminated. This is
vidently the case in which all the discriminating agents do not

feel’ the differences in the spatial configuration of the two enan-
iomers, thus showing their inability in discriminating between
heir orientation along the three axes [29]. Although the dynamic
oating method, first proposed by Davankov in the early 1980s, [30]
evealed to be successful for the resolution of enantiomer cou-
les of suitable bi-chelating compounds, however, it turned out
hat heterogeneous surfaces are produced through the adsorption
f an appropriate resolving agent onto the surface of a conven-
ional reversed phase material. Consequently, all the generated
hiral columns are endowed with two different types of adsorption
ites. While those generally named of type-I deal with nonselective
nteractions (low-energy molecular interactions) the others known
s type-II refer to all the enantioselective ones (high adsorption
nergy) [28–34].

Type-I principally embraces hydrophobic and dispersive inter-
ctions, however hydrogen bond interactions are encompassed as

ell. These interactions are responsible for retention on conven-

ional achiral packings (e.g., with the alkyl chains as well as the
nderivatized silanols in a RP column). Both types of interactions
re present on all CSPs regardless the specific mechanism gov-
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Table 2
Structures and selected chromatographic parameters for the training-set investigated in this study

Sample Structure (R)-STC (R)-SDC (R)-SBC

kR kS ˛ kR kS ˛ kR kS ˛

AIDA 8.79 3.78 2.33 1.40 0.96 1.45 1.61 1.16 1.39

Arg 1.57 8.22 5.24 2.05 4.70 2.29 3.72 4.61 1.24

Asn 0.38 0.55 1.45 0.27 0.27 1.00 0.37 0.37 1.00

Asp 0.58 0.58 1.00 0.22 0.22 1.00 0.11 0.11 1.00

ATIDA 2.53 2.13 1.19 0.11 0.11 1.00 0.20 0.20 1.00

CIP-A 1.82 7.73 4.25 0.59 1.43 2.44 0.78 1.26 1.62

CIP-B 2.47 4.50 1.82 0.07 0.23 3.49 0.28 0.28 1.00

Cit 1.25 1.54 1.23 0.87 0.87 1.00 0.91 0.91 1.00

Cys 22.34 22.34 1.00 3.22 5.35 1.66 2.33 3.28 1.41

Eth 29.24 45.42 1.55 26.06 30.92 1.19 24.30 30.81 1.27

F94B 2.75 3.57 1.30 0.19 0.87 4.46 0.28 1.09 3.89
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Table 2 (Continued)

Sample Structure (R)-STC (R)-SDC (R)-SBC

kR kS ˛ kR kS ˛ kR kS ˛

F94C 2.56 2.56 1.00 0.41 0.41 1.00 0.25 0.25 1.00

Glu 0.76 0.92 1.21 0.36 0.36 1.00 0.21 0.21 1.00

His 4.26 3.16 1.35 1.91 1.68 1.14 2.00 1.55 1.29

Ile 10.75 22.80 2.12 11.11 19.28 1.73 11.64 18.21 1.56

Leu 11.01 17.04 1.55 14.95 19.18 1.28 12.60 16.47 1.31

�-Me-Leu 13.82 25.03 1.81 23.58 31.18 1.32 7.81 9.07 1.16

5-MATIDA 17.66 16.55 1.07 2.65 2.35 1.13 3.13 3.13 1.00

Met 9.21 13.33 1.45 6.77 8.16 1.20 6.59 8.03 1.22

Orn 0.14 0.14 1.00 0.46 0.46 1.00 0.57 0.57 1.00

Pen 2.70 3.82 1.41 0.48 0.48 1.00 0.80 0.80 1.00

Phg 9.81 17.38 1.77 9.03 12.16 1.35 7.67 11.54 1.50

Pro 1.79 9.32 5.21 2.11 4.95 2.34 1.77 4.23 2.39
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Table 2 (Continued)

Sample Structure (R)-STC (R)-SDC (R)-SBC

kR kS ˛ kR kS ˛ kR kS ˛

3,4-DeHy-Pro 1.87 9.50 5.08 1.75 4.07 2.33 1.79 3.86 2.16

Ser 0.32 0.32 1.00 0.44 0.44 1.00 0.38 0.38 1.00

Homo-Ser 0.69 0.88 1.28 0.46 0.46 1.00 0.52 0.52 1.00

O-Pho-Ser 2.30 2.30 1.00 0.12 0.12 1.00 0.15 0.15 1.00

Thr 0.51 0.69 1.35 0.47 0.64 1.37 0.59 0.68 1.15

Tyr 13.44 26.22 1.95 15.02 15.69 1.05 15.03 16.42 1.09

Val 3.29 6.93 2.11 3.58 5.32 1.49 3.26 4.64 1.42

�-Me-Val 6.35 10.63 1.67 6.92 7.85 1.13 7.63 8.87 1.16

Nor-Val 3.84 6.53 1.70 4.46 5.94 1.33 3.76 4.95 1.32
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xperimental conditions: mobile phase, 1.0 mM Cu(II) sulphate; flow rate, 1.0 mL/min

rning the recognition process. Consequently, the retention factor
an be considered as the sum of two contributions originating
rom type-I and type-II sites, respectively. Even in a CLEC environ-

ent, the capacity factor (k) depends on both analyte adsorption
either through an one- or two-step mechanism [34]) and com-
lexation process. This generally implies that by increasing the

igand-exchange sorption sites concentration as well as the sorption
ower of the achiral support, an enhancement in terms of retention
hould be observed. However, although type-II sites are most plau-
ibly less abundant than type-I, complex formation is the dominant
actor controlling retention [30]. Both contributions can be tuned

o a different extent depending on the adopted experimental con-
itions [30]. The ineffectiveness displayed by the (R)-STC based
SP in the discrimination of Cys enantiomers can be explained
n this basis. Indeed, rather than an insufficient difference in the
olar free energy of formation (��G) between the two transient

s
(
e
t
l

ction volume, 20 �L; UV at 254 nm; column temperature, 20 ◦C.

iastereomeric ternary complexes, the occurrence of significant
onselective interactions appears to be actually more plausible. In
ther words, the contribution to the chromatographic enantioselec-
ivity (˛chrom) exerted by nonselective interactions expressed with
he a1 factor in the following equation [31,33,34]:

chrom = a1 + a2,II

a1 + a1,II
(1)

here a1 refers to all the nonselective interactions and a2,II and
1,II correspond to the equilibrium constants of the interactions
f the second and the first retained enantiomer on the type-II

ites, is the prevalent one. Even if to a minor extent, tyrosine
Tyr) with both (R)-SBC and (R)-SDC and 5-MATIDA with (R)-STC
xperienced a similar behaviour. Although quite strongly retained,
hey did not undergo any decent enantioseparation. In principle,
ikewise all the other enantioselective chromatographic strategies,
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Table 3
Relative standard deviation values for enantiomers retention (k) and separation (˛)
factors with the (R)-SDC as the chiral selector

Sample RSD (%) Sample RSD (%)

kR kS ˛ kR kS ˛

AIDA 3.20 3.60 0.00 �-Me-Leu 3.11 3.46 0.76
Arg 3.25 3.12 0.67 5-MATIDA 3.98 3.90 0.00
Asn Unresolved Met 0.17 0.14 0.00
Asp Unresolved Orn Unresolved
ATIDA Unresolved Pen Unresolved
CIP-A 8.51 4.07 3.32 Phg 1.59 1.35 0.74
CiIP-B Unresolved Pro 3.73 3.24 0.79
Cit Unresolved 3,4-DeHy-Pro 1.10 0.89 1.00
Cys 2.16 3.00 0.63 Ser Unresolved
Eth 3.54 1.03 4.88 Homo-Ser Unresolved
F94B 0.00 8.00 0.16 O-Pho-Ser Unresolved
F94C Unresolved Thr 0.00 2.08 0.60
Glu Unresolved Tyr 1.33 1.27 0.43
His 3.15 2.01 4.35 Val 3.11 3.46 0.76
Ile 2.15 3.18 0.37 �-Me-Val 1.16 0.38 0.00
L
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The specific physico-chemical features of the employed chiral

T
P

C

1
2

ig. 3. Evidence of the diversity in their enantiomer-mixed chiral stationary phase
ssociation by Arg, CIP-A, Pro, 3,4-DeHy-Pro, AIDA and His samples, from the log kS

s. log kR plot. Experimental conditions: mobile phase, 1.0 mM Cu(II) sulphate; flow
ate, 1.0 mL/min; injection volume, 20 �L; UV at 254 nm; column temperature, 20 ◦C.

ven in a CLEC environment, the chromatographic enantioselectiv-
ty can only approach that coming out from the pure solute-selector
ssociation (theoretical enantioselectivity) only if the nonselective
ffinity of the solute toward the stationary phase remains negligible
35]. Pure thermodynamic considerations can also be recalled for
entatively explaining the above scarce or completely missing enan-
ioseparation. As well known, the enthalpic contribution to ˛chrom
enerally prevails on the entropic one. Sometimes, however, notice-
ble differences in the entropy of diastereomers formation render
his contribution comparable, or even exceeding, the enthalpic one.
onsequently, the selector enantiorecognition capability results to
e restrained. This circumstance mainly comes out when a different
umber of solvent molecules takes part to the transient complex

ormation [29]. With the most lipophilic chiral discriminating agent
(R)-STC], arginine (Arg), CIP-A, proline (Pro) and 3,4-DeHy-Pro
epresent extraordinary examples of the so-called ‘kinetic enan-
ioselectivity’ (Table 2). Indeed, for all these couples, besides the
bserved four, five or even sixfold higher retention experienced
y the second eluted peak, the first eluted one always accompanies
ith a relatively low retention. For Arg, CIP-A, Pro and 3,4-DeHy-Pro

nantiomer couples, Fig. 3 unambiguously puts into evidence the
iversity in their enantiomer-mixed chiral stationary phase associ-
tion. While for CIP-A, Pro and 3,4-DeHy-Pro this difference can
e demanded to their structural rigidity, the presence of a pla-
ar, guanidinic group in Arg can favour sticking interactions with
he chiral selector aromatic portion which should noticeably sta-
ilize the cisoid arrangement. Moreover, the inversion of elution
rder for AIDA and histidine (His) ca be claimed for explaining
heir behaviour as two outlier in the same plot (Fig. 3). As a gen-
ral principle, while the kinetic enantioselectivity is a measure of
he difference in the association rate between the chiral selector
nd the two enantiomers, the most considered thermodynamic
nantioselectivity entails with the difference in the intensity of
he occurring interactions, i.e., the difference in the stability of the
wo transient diastereomeric complexes. Davankov [36] reported
hat there is no thermodynamic without kinetic enantioselectivity,
hereas the opposite assertion is not valid. With all the employed

ulphur-containing chiral selectors and with the exception of His

nd AIDA, (S)-enantiomers are more retained than their antipodes
16,37]. Thiophene-derived amino acids do not represent excep-
ions since the presence of the sulphur atom reverses the usual
mino acid priority. On the basis of the obtained results, we have

s
t
m
a

able 4
artition tree of the (R)-enantiomers of the training set with (R)-SDC

lass Group Compounds Population% Class%

(˛ = 1) 1 11 34.38 72.73
(˛ > 1) 2 21 65.62 100.00
eu 2.64 2.03 0.79 Nor-Leu 5.50 4.99 0.74

xperimental conditions: mobile phase, 1.0 mM Cu(II) sulphate; flow rate, 1.0 mL/min;
njection volume, 20 �L; UV at 254 nm; column temperature, 20 ◦C.

lready proposed a chiral recognition model showing the formation
f the two energetically different diastereomeric ternary complexes
ith (R)-SBC as the chiral selector [37]. However, analogous con-

iderations are still applicable with (R)-SDC an (R)-STC.
A generally high short-term repeatability is afforded by the

hree investigated chiral systems with respect to the selected
hromatographic parameters (retention and enantioseparation fac-
ors). As an example, only the case of the enantioresolving agent
ndowed with the intermediate lipophilic character is examined.
ccordingly, small variations of both enantioselectivity and capac-

ty factors were observed when employing an RP-18 column coated
ith the (R)-SDC as the chiral discriminating agent. Indeed, the RSD

alues of the separation factors are in the range 0.0–4.9%, while con-
erning the retention factors these ranged between 0.0 and 8.5 for
he (R)-enantiomers and between 0.1 and 5.0 for their antipodes
(S)-enantiomers] (Table 3).

.2. Descriptive structure–separation relationship study

A partition tree or classification model analysis was performed
n the training set of 32 analytes along with their experimental sep-
ration factors (˛) calculated using (R)-SDC as the chiral selector in
he mixed stationary phase. In the classification study, each com-
ound of the training set was assigned to class 1 or class 2 according
o the absence (˛ = 1) or the occurrence (˛ > 1) of the enantiosepara-
ion, respectively. Since both Jurs and Shadow descriptors strongly
epend on the configurational and conformational aspects of the
nalyte, their appraisal was carried out using the global minimum
onformer as calculated for both the (R)- and (S)-isomers of all the
ompounds. Thus, two different classification models were built
sing the (R)- and (S)-enantiomers groups (Tables 4 and 5).
elector have resulted decisive in establishing which property of
he analyte is responsible for the enantiorecognition accomplish-

ent. Accordingly, for both enantiomers the partial positive surface
rea (PPSA-1) has been found to be the suitable descriptor for ratio-

observed corrected Overall% predicted corrected Enrichment

100.00 2.91
87.50 1.33
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Table 5
Partition tree of the (S)-enantiomers of the training set with (R)-SDC

C lass% observed corrected Overall% predicted corrected Enrichment

1 63.64 100.00 2.51
2 00.00 84.00 1.28
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Fig. 4. Plot of ˛ vs. TASA values for (a) (R)-enantiomers and (b) (S)-enantiomers
with the (R)-SDC as the chiral selector. The plot shows that (R)- and (S)-enantiomers
endowed with TASA > 133.8 Å2 and 121.9 Å2, generally have ˛ values >1 with some
exceptions (see text for details). Experimental conditions: mobile phase, 1.0 mM Cu(II)
sulphate; flow rate, 1.0 mL/min; injection volume, 20 �L; UV at 254 nm; column
temperature, 20 ◦C.
lass Group Compounds Population% C

(˛ = 1) 1 11 34.38
(˛ > 1) 2 21 65.62 1

alizing the observed chromatographic behaviour when the most
ipophilic and aromatic (R)-STC was adopted [33]. This descriptor is
elative to the sum of the solvent-accessible surface areas of all the
artially charged atoms. Thus, the model underlines the pivotal role
f the �/cation interaction between this area on each analyte and
he aromatic portion of the discriminating agent. Interestingly, two
escriptors have been identified for understanding the responses
chieved with (R)-SBC [33]. Indeed, depending on the isomer of
he training set used, two different descriptors were selected as
plitting nodes of the relative partition tree. Thus, while the frac-
ional negatively charged partial surface area (ratio between the
um of the product of solvent-accessible surface area and partial
harge for all negatively charged atoms, and the total molecular
olvent-accessible surface area, FNSA-3) was identified as the dis-
riminating descriptor for the (R)-enantiomers of the training set,
he relative polar surface area (the total polar surface area divided
y the total molecular solvent-accessible surface area, RPSA) was
elected as the splitting node of the (S)-enantiomers. With this
elector, polar interactions seem to be responsible for its discrim-
nating activity, probably due to the contribution of the hydrogen
ond acceptor ability of the sulfur atom and/or the hydrogen bond
onor/acceptor property of free silanols.

It has turned out that the total hydrophobic surface area
TASA) is the suitable descriptor for explaining the observed
hromatographic behaviour when the selector endowed with the
ntermediate lipophilicity [(R)-SDC] is employed. This descriptor
ntails for the sum of the solvent-accessible surface areas of atoms
ith absolute values of partial charge less than 0.2. Thus, as rule of

humb, (R)- and (S)-enantiomers characterized by TASA > 133.8 Å2

nd 121.9 Å2, respectively, experience separation (Fig. 4). While 73%
f correct classification has been observed for class 1 when the
tudy was performed on the set of (R)-enantiomers, the correct-
ess of prediction underwent a reduction to 64% for (S)-ones. This is
scribed to citrulline (Cit) which although correctly classified in the
odel of (R)-enantiomers, behaves as a false positive in that built
ith their antipodes. Conversely, for both partition trees, 100% of

orrect classification has been revealed for class 2. The selection of
ASA as the splitting node of this partition tree can be interpreted
n the basis of the influence exerted by the interaction between
he hydrophobic, wide electron rich aromatic system of (R)-SDC
nd the total hydrophobic surface area of the analyte in stabilizing
he diastereomeric complexes in the stationary phase and, conse-
uently, in determining a separating or non-separating behaviour
f a definite enantiomer couple.

The combination of the two models separately obtained for (R)-
nd (S)-enantiomers has allowed to slightly improve the number
f corrected classifications. Indeed, while Cit was wrongly classi-
ed in the partition tree of (S)-enantiomers as a member of class 2,

t assumed a borderline behaviour in the combined partition tree
f the two individual models (Fig. 5). It is to be mentioned that
he two analytes Orn and F94C behave as two false positives, in
hat they are wrongly classified as belonging to class 2. Ornitine,
hich represents one of the two basic amino acids used in this
tudy, displays a separating behaviour which is in contrast to the
ne observed for Arg that, conversely, does separate (˛ = 2.29). As
reviously stated, when the (R)-STC and (R)-SBC were employed as
he chiral selectors [26], the lack of accuracy of the partition tree
n correctly classifying Orn was ascribed to the different aminic

Fig. 5. Combined separation model with (R)-SDC as the chiral selector. The plot
shows that the exceptions observed in Fig. 4 are less when the two statistical mod-
els of DSSR are combined. Experimental conditions: mobile phase, 1.0 mM Cu(II)
sulphate; flow rate, 1.0 mL/min; injection volume, 20 �L; UV at 254 nm; column
temperature, 20 ◦C.
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Table 6
Structures and selected chromatographic parameters for the validation-set investigated in this study

Sample Structure (R)-STC (R)-SDC (R)-SBC

kR kS ˛ kR kS ˛ kR kS ˛

Ala 0.73 0.73 1.00 0.45 0.45 1.00 0.92 0.92 1.00

DABA 0.46 0.46 1.00 0.28 0.28 1.00 0.82 0.82 1.00

Homo-CA 0.89 0.89 1.00 0.01 0.01 1.00 0.72 0.72 1.00

Homo-Cys 14.91 26.49 1.78 55.80 67.22 1.20 17.00 62.67 3.69

Lys 0.88 0.88 1.00 0.64 0.64 1.00 0.98 0.98 1.00

Nor-Leu 13.54 21.73 1.61 17.35 22.88 1.32 18.27 27.90 1.53

Phe 44.94 79.39 1.66 66.06 68.60 1.04 81.41 148.26 1.82

Pip 4.55 29.39 6.45 4.20 5.26 1.25 9.47 38.56 4.07
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xperimental conditions: mobile phase, 1.0 mM Cu(II) sulphate; flow rate, 1.0 mL/min

unctionality of the side chain. Thus, while the tiny primary amine
roup of (R)- and (S)-Orn may interact with the central copper ion
f the chiral complex through coordinative bonds, the planar and
arge guanidine moiety of Arg is too cumbersome to promote such
nteractions. Thus, the additional interaction of Orn, regardless to
he (S)- or (R)-enantiomer, may catch the analyte side chain from
nteracting with the aromatic system of the chiral selector, hence
ampering the enantiodiscrimination. Similarly, the heterocyclic
ing of the isomer F94C may also be involved in interactions with
he central copper ion that affect the separation behaviour of the
nalyte. Once again, also penicillamine (Pen) behaves as a false pos-
tive being wrongly assigned to class 2. The erroneous classification
an be plausibly deputed to its well known tri-dentate behaviour
hen coupled with copper(II) cations.

In order to validate and test the predictive power of our partition
rees, also with (R)-SDC, the separating behaviour of an external
est set of eight aminoacidic compounds was assessed (Table 6).
he experimental results were compared with the class member-
hip proposed by the classification models. The inspection of the
bserved and predicted class membership of the validation set

eveals that six out of eight analytes are correctly inserted in class
(five compounds) and class 1 (one compound). Interestingly, the
asic amino acids lysine (Lys) and diaminobutyric acid (DABA) are
alse positives in both models. Since the side chains of these ana-
ytes carry a primary amine group, this observation sustains the

t
a
t
t
m

ction volume, 20 �L; UV at 254 nm; column temperature, 20 ◦C.

ypothesis that the proposed classification models neglect spe-
ific interaction features of the analyte that affect its separating
ehaviour. As discussed above, one of these features is the presence
f a primary amine group in the side chain of the analyte that may
nteract with the central copper ion of the chiral complex through
n additional coordinative bond.

. Conclusion

In this work, we have confirmed an our previous finding that
he (R)-STC selector almost always provides for the best perfor-

ance in terms of enantioseparation ability. Moreover, although
he heterogeneity accompanying each chiral-coated phase ren-
ers difficult classical mechanicistic investigations, innovative
lassification studies have been successfully engaged. Accord-
ngly, as a continuation of our work in the field of descriptive
tructure–separation relationship study, we have investigated the
evelopment of a classification model to qualitatively explain the
eparation behaviour of 32 enantiomeric mixtures of amino acids
sing S-diphenylmethyl-(R)-cysteine as the chiral selector. In par-

icular, using a partition tree analysis and a pool of molecular shape
nd electrotopological descriptors, we have provided a classifica-
ion model that sheds new light on the molecular features affecting
he separation of enantiomer couples of amino acids in the chro-

atographic process of CLEC. While PPSA seems to be the most
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nfluencing descriptor with (R)-STC, TASA plays a governing role
ith (R)-SDC. With (R)-SBC as the chiral selector, (R)- and (S)-

nantiomers differ in the controlling electrotopological descriptor:
hile (R)-enantiomers feel the effect of FNSA-3, (S)-enantiomers

re best discriminated by the information encoded in RPSA-1. The
esults are found in good agreement with the previously reported
escriptive structure–separation relationship of amino acids with
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