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An overview of the projects in the authors' laboratory aimed at developing novel chiral stationary
phases (CSPs) is presented. Emphasis is put on the origin of the concept of using 2,4,5,6-tetra-
chloro-1,3-dicyanobenzene (TCDCB) and 4-chloro-3,5-dinitrobenzoic acid (CDNB) as the branch-
ing units in the Pirkle-type (brush-type) CSPs. Preparations of nearly a hundred novel CSPs,
requiring synthesis of almost three hundred new compounds as intermediates or model struc-
tures, are described. Specific recognition properties and enantioselection efficacy of individual
CSPs is demonstrated for various sets of test racemates (TR). Correlation between the structure
and conformational properties of chiral selectors and racemic analytes is discussed. Specific
properties of some CSPs, such as enhancement of their capacity by introducing the tweezer
unit in the chiral selector, and catalysis of the enantiomerization process of configurationally un-
stable analyte are discussed. The mechanism of enantiorecognition of some TRs by structurally re-
lated CSPs is suggested.
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INTRODUCTION

Aesthetically motivated supramolecular organic and or-
ganometallic synthesis, based on symmetry, topology, and
network properties, constitutes a distinct goal for topics
such as crystal engineering and chiral recognition. Chiral
recognition or enantiorecognition represents a bottom line
process that enables separation of enantiomers by chro-
matography on chiral stationary phases (CSPs). Enantio-
recognition, and consequently enantioselection, are based
on »multipoint« interactions between CSP and at least one
of the enantiomers. This means that a particular CSP fits
spatially one »ideal« enantiomer from the racemate in
comparison with a »non-ideal« fit of the other.

Considering only one simple, isolated molecule of
the chiral selector (CS) with e.g. only one chiral center,
Dalglish has proposed a stereoselective binding model
presented in Figure 1.1

»Ideal fit« envisaged for the enantio-related chiral
selector (CS) and the selectand or test racemate (TR) in
this Figure suggests that the complex between CS and
TR of the opposite absolute configuration should be
more stable, given the overall structural similarity of the
two interacting species. As we shall see, this does not
hold for a series of �-amino acid derivatives (�-AA de-
rivatives) and selectors based on derivatives of D-PhGly
and D-Val. Actually, the »non-ideal« fit of �-AAs of the
same configuration in selectand and selector led to stronger
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binding, slowing the elution of the analyte of the same
configuration.

In general, when the chiral selector is bound form-
ing CSP, it can be clustered and organized into liquid
crystal-like structures, forming a »selector surface« and
internal available space, known as chiral holes or clefts,
which might act synchronically or synergistically with the
isolated selector-analyte chiral recognition.1

There are a few types of CSPs, which are usually di-
vided into two groups according to the source of chira-
lity, Figure 2.2–5

(i) brush-type or Pirkle type CSPs, based on chiral
selectors covalently bound to an achiral solid support.

(ii) natural and synthetic polymers with chiral mono-
meric units.

This review refers to the first group of CSPs devel-
oped in our laboratory, known as Pirkle-type CSPs after
Prof. W. Pirkle, the inventor and promotor of chiral HPLC
methods.6,7

Various brush-type CSPs can be schematically visu-
alized according to Figure 3.

They are characterized by covalent binding via spacer
onto the surface of a solid support, usually silica gel, and
well-defined chiral selector molecules. Their chirality is
usually based on stereogenic or chiral centers. Stereo-
selective attractive interactions are usually based on hy-
drogen bonding, van der Waals (VDW), and all types of
�-� interactions. For some specific selectors, chiral rec-
ognition is based on inclusion phenomena, chelating by
transition metals, and electrostatic (Coulombic) interac-
tions.8–10

It is important to note that the branching unit of type
a. is present in all commercial columns for HPLC enantio-
separaton developed to date. We have therefore envisaged
branching unit types b. and c., with tweezer- and dendri-
mer-like structures, respectively. They are promising due

to the possibility of getting higher loading capacity than
type a. analogs, and eventual higher resolution capacity
due to cooperativeness based on the multiple chiral se-
lector unit, and their C2 and C3 symmetry.

The last decades have seen intensive research aimed
at the development of new chiral stationary phases for
HPLC, though the first breakthrough in this field was
made by Prof. W. Pirkle and his group.6,11,12 The efforts
of other groups are reported in original papers that repre-
sent the milestones in this field, and are collected in recent
monographs.5,8,9 Contributions of Welch,13,14 Gaspari-
ni,15,16 Uray,17,18 Lindner,19,20 Allenmark,21,22 Salvadori,23,24

Oliveros,25,26 Oi,27,28 Hyun,29–31 and their coworkers to
this field merit particular emphasize.

Herein we report our own contribution to this field,
and how the concept of tweezer-type and some related
brush-type CSPs was born in our Laboratory. The results
that enabled the first commercialization of HPLC col-
umns with original CSPs developed within this project
in the last 5 years are emphasized.

32 D. KONTREC et al.

Croat. Chem. Acta 77 (1–2) 31–51 (2004)

Figure 1. Stereoselective interactions, binding model of the chiral
selector and racemic selectand molecule.1

Figure 2. Schematic presentation of CSPs with silica support.2
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Figure 3. Schematic view of: a. brush-type, b. tweezer-type, and c.

dendrimer-type CSPs showing the chiral selector towards the space
with the mobile phase.



The Concept and towards Its Proof

Having the above outlined concepts in mind, we started
the project of the design and synthesis of novel sets of
brush-type CSPs comprising, as a branching unit, a com-
mercially available, multi-ton product, persubstituted ben-
zene derivative, 2,4,5,6-tetrachloro-1,3-dicyanobenzene
(TCDCB). Actually, the observation that the three meta-

-related chlorine atoms in TCDCB can be stepwise sub-
stituted by the thiolate anion of tripeptide glutathione,
thus producing one of the metabolites of TCDCB with a
dendrimeric structure, Scheme 1,32 suggested preparation
of these novel CSPs.

According to the above scheme, di- and tri-substituted
metabolites possess tweezer-type or dendrimer-type struc-
tures, and could potentially be developed into CSPs. How-
ever, none of the three amino acids in the tripeptide glu-
tathione unit contains an aromatic ring to offer additional
�-� interaction with the racemic analyte, generally rec-
ognized as an important contribution to enantioselection.
We have therefore prepared the first group of chiral de-
rivatives of TCDCB, and their model achiral compounds
for UV/CD and photoelectron spectroscopy (PES) stud-
ies, Scheme 2.33

The UV spectra of 5–7 are characterized by a non-
monotonous change of their band maxima and intensity
due to the differential degree of polarization in molecu-
les 1 and 5–7, depending on their overall symmetry and
electronic properties of the substituents on the ring.

Combination of electron-attracting chlorine atoms
and electron-donating amino groups in 5–7 produces po-
larization of the whole molecule, favoring various
push-pull resonance forms, Figure 4.

CD spectra of optically pure (+)-phenylethylamino
((+)-PEA) derivatives 2–4 differ significantly as well,
Figure 5, a phenomenon related to the observed differ-
ence in the UV spectra.

There is a strong positive couplet only in the CD of
trisubstituted derivative 4 at 280 nm, revealing excitone
coupling between the phenyl ring in one PEA unit and
the charge-transfer system in the persubstituted ring.

To completely define the electronic structure of this
branching unit in the future CSPs, we started the study
using the combined PES and semiempirical PM3 method.
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Scheme 2. Preparation of trisubstituted achiral and chiral amino
derivatives of TCDCB.33
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This approach allowed an estimate of the frontier orbital
energies.34 The energy level diagram for compounds 1,
5–7 in Figure 6 was deduced from PES; na and nx desig-
nate lone pairs from amino and chlorine substituents, re-
spectively.

Combined UV and PES data are presented in Table
I, where one can see mainly a non-additive influence of
substituents on the frontier orbitals.

TABLE I. Absorption band maxima (UV / eV), 1st vertical ioniza-
tion energy (E1 / eV) and estimated LUMO

Compound UV

eV

( * )e 104

M cm1 1� �

E1 / eV

–HOMO LUMO

1 5.24 (2.22) 10.03 –4.64

5 5.11 (2.98) 9.17 –3.89

6 4.93 (3.80) 8.77 –3.70

7 4.89 (3.05) 8.43 –3.54

In conclusion, all amino derivatives of TCDCB pos-
sess relatively high polarity and �-basicity. For their in-
teractions in CSPs, their polarity is more important than
�-electron density.

Summing up of the Hammett �m-values for com-
pounds 1, 5–7 indicates strong �-acidity of TCDCB (1),
but low to medium �-basicity of amino derivatives 5–7.

CSPs Containing Persubstituted Benzene (TCDCB)

as the Branching Unit

With all the above data at hand, we completed prep-
aration of the first CSPs according to Scheme 3.35
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Figure 5. CD spectra of compounds 2–4 in MeCN.

Figure 6. The energy level correlation diagram for 1,5–7, deduced
from UPS (PES).34 1
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On introduction of optically pure (+)-naphthylethyl-
amine ((+)-NEA) as a stronger �-donor than (+)-PEA, and
due to the presence of three aminoalkyl groups in the
persubstituted aromatic ring, strong �-donor properties of
these CSPs and hence the separation ability of CSP-1 and
CSP-2 for �-acidic racemic enantiomers were expected.
CSP-2 has pseudo C2 symmetry; C2 symmetry is perturbed
by the chlorine atom in the persubstituted benzene ring.

To our disappointment, both CSPs proved rather in-
effective in separation of most test racemates (TR 1–TR

23) listed in Figure 7. The selected set of test racemates
comprises a broad range of functionalities, from hydroxy,
carbonyl, ether, ester, to amide group, polyaromatic and/or
heterocyclic ring. These reference racemates were screen-
ed on the columns with most of the new CSPs reported
in this review.

With some exceptions, nearly all well resolved race-
mates belong to N-3,5-dinitrobenzoyl (N-DNB) deriva-
tives of �-aminoacids isopropylesters (N-DNB-�-AA;
TR 16–TR 23), Table II. They are also resolved by most
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Figure 7. Test racemates TR 1–TR 23.35



commercial N-DNB based CSPs,36 and their interaction
with chiral selectors is repeatedly studied.37,38

The results of enantioseparation revealed that selec-
tors in CSP-1 and CSP-2 cannot form a sufficiently large
molecular cleft, do not have an amide bond, and can only
provide strong dipole-dipole, and weak �-� interactions.
We have therefore prepared compounds CS-1 and CS-2,
the pair of type a. chiral selectors, designed to form a
large chiral hole. They are expected to contribute to
enantioselection by hydrogen bonding via the CO-NH
group and by �-� interaction of the two �-basic units,
Figure 8. In both selectors, the proton in the Ar-NH group
is substituted by the hydrophobic alkyl group, derived ei-
ther from sarcosine (Me) or introduced in a separate step
(n-Bu), to avoid non-productive hydrogen bonding.

Using the standard procedure, these selectors are
bound in the last step to Nucleosil 100-5 silica to form
CSP-3 and CSP-4, Scheme 4.

Representative examples of enantioseparation are
given in Table III. Worth mentioning is the separation of
the amides of a chiral �-arylethylamine, TR 12–TR 15,
on CSP-3 rather than on CSP-4.

The difference in the enantiorecognition ability of
these two CSPs indicated the importance of the dimen-

36 D. KONTREC et al.
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TABLE II. HPLC results for the resolution of some solutes on the
columns filled with stationary phases CSP-1 and CSP-2.35

Chiral stat.
phase

Mobile
phase(a)

Test rac. k'1 � RS

CSP-1 B TR 6 3.41 1.02 0.52

B TR 23 1.10 1.11 0.74

CSP-2 A TR 5 2.08 1.05 0.50

A TR 7 1.03 1.08 0.62

B TR 8 1.53 1.01 0.31

B TR 15 4.74 1.05 0.92

A TR 19 1.05 1.16 0.62

A TR 20 2.05 1.06 0.54

B TR 20 1.55 1.03 0.28

(a) A: n-Hexane/2-propanol (9:1);
B: n-Hexane/dichloromethane/methanol (10:3:0.1).
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sion of their chiral hole; in the latter case n-butyl chain
presumably perturbs hydrogen bonding of the analyte to
the amide carbonyl group, a crucial interaction involved
in enantiorecognition.

CSP-5 with a broader resolution capacity was de-
signed assuming that a larger chiral hole and two peptide
bonds would contribute to better enantioselection, Fig-
ure 9.39

Dipeptide L-Pro-L-Ala unit and the strong �-donor
3,5-dimethylanilide (DMA) unit rendered CSP-5 effec-
tive for the resolution of most TRs having the strong
�-acceptor N-3,5-dinitrobenzoyl (N-DNB) unit.

However, at that point the problem of the resolution of
most �-non-acidic TRs still remained unsolved. We there-
fore designed the next two CSPs, assuming that a more
rigid but chiral cleft was required, which could be obtained
from (1R,2R)-trans-diaminocyclohexane as a core chiral
unit.40 The first amino group was bound to persubstituted
TCDCB, the second via an amide bond to the �-donor
naphthoyl, or �-acceptor DNB group, Scheme 5.

To get some information about intramolecular inter-
actions in the two chiral selectors, we performed the
MM2 calculation on the model compounds 8 and 9. Cal-
culations revealed a completely different orientation of
the two aromatic rings, Figure 10.

In the model compound 8, the strong �-acidic DNB
group and the slightly �-basic persubstituted benzene
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TABLE III. HPLC results for the resolution of solutes TR 1–TR 23

on the columns filled with stationary phases CSP-3 and CSP-4.35

CSP Mobile
phase(a)

Test rac. k'1 � RS

CSP-3 A TR 8 1.65 1.06 0.52

B TR 8 2.52 1.05 0.55

A TR 12 3.34 1.05 0.55

B TR 14 1.14 1.05 0.91

A TR 15 1.40 1.11 0.84

A TR 16 2.91 2.14 4.92

A TR 17 2.03 2.59 6.88

A TR 18 5.19 2.09 7.29

A TR 19 2.06 2.46 5.72

A TR 21 6.23 1.70 5.68

A TR 22 5.52 2.26 5.41

A TR 23 3.20 2.05 4.72

CSP-4 A TR 14 0.26 1.07 0.89

A TR 15 15.80 2.25 6.27

A TR 16 5.34 1.96 4.74

A TR 17 4.20 2.29 7.60

A TR 18 3.91 1.98 5.28

A TR 19 3.97 2.15 6.96

A TR 21 9.63 1.66 3.96

A TR 22 8.43 2.11 6.31

A TR 23 5.00 1.80 3.58

(a) A: n-Hexane/2-propanol (9:1);
B: n-Hexane/dichloromethane/methanol (10:3:0.1).
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ring occupy T-shape or edge-to-face geometry, while in
9 the �-basic naphthyl group is oriented parallel (offset
stacking) to the persubstituted benzene ring. It is reason-
able to assume that two aromatic units in CSP-6 and
CSP-7 easily »open up« to form a cleft when interacting
with the chiral analyte. The results of enantioseparation
with test racemates TR 1–TR 23 are summarized in Ta-
ble IV.

Both CSPs completely resolved TR 6 and TR 9,
analytes with a polyaromatic unit. The column with
CSP-6 did not resolve N-DNB-aminoacid esters TR
16–TR 23, which are usually well resolved. This selec-
tivity indicated a limited ability of the designed cleft to
receive larger molecules of racemic analytes. In the next
step, we therefore prepared more conformationally flexi-
ble, pseudo C2 symmetric, tweezer-type CSPs. Their
overall structure is schematically presented in Figure
11.41

We had anticipated the »second spacer« between the
branching unit and chiral selector, represented by an ir-
regular triangle in Figure 11, and this concept was re-
duced to practice by preparing CSP-8 and CSP-9 ac-
cording to Scheme 6.41

Nucleosil 100-5 NH2 was used as the solid support, and
�-aminopropyl groups were exhaustively arylated by the ex-
cess of TCDCB in DMF. This solid phase was then reacted
with excess of 1,2-diaminoethane to replace chlorines in 2-
and 6-positions of the persubstituted ring, and in the final
step terminal amino groups in the »second spacers« were
acylated by DNB-D-PhGly and DNB-L-Leu, respectively.

Two HPLC columns filled with tweezer-type CSP-8
and CSP-9 were compared with the commercially avail-

38 D. KONTREC et al.
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Figure 10. Ball and stick presentation of the low-
est energy conformers of 8 and 9.40

TABLE IV. Parameters obtained for enantioseparation of racemic
analytes on columns filled with CSP-6 and CSP-740, (a)

CSP Mobile
phase(b)

TR k'1 � RS

CSP-6 A TR 6 5.85 1.12 0.34

A TR 9 1.67 1.47 1.59

A TR 11 1.14 1.51 1.34(c)

A TR 12 9.35 1.08 0.35

A TR 13 1.67 1.10 0.56

A TR 14 1.39 1.20 0.79(c)

A TR 16 2.22 1.09 0.10

CSP-7 B TR 6 2.55 1.22 1.32

B TR 9 2.23 1.05 0.84

B TR 15 4.75 1.13 0.99

B TR 16 2.21 1.21 1.02

B TR 17 2.01 1.07 0.53

B TR 18 1.61 1.11 0.91

B TR 20 2.97 1.20 1.57(d)

B TR 21 2.80 1.05 0.32

B TR 22 3.26 1.25 1.96

B TR 23 2.26 1.24 2.04

(a) Column dimension 150 � 4.6 ID mm, flow rate 1 ml / min.
(b) A: n-Hexane/2-propanol (8:2); B: n-hexane/2-propanol (9:1).
(c) The S-enantiomer is eluted first.
(d) The R-enantiomer is eluted first.
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Figure 11. Schematic presentation of the structure of the tweezer-
type CSPs with a »second spacer«.41



able column Chiral II from Macherey-Nagel, originally
developed by Pirkle,42 which contains CSP based on
N-DNB-D-PhGly, Figure 12.

The results of enantioseparation of representative
racemates are given in Table V.41

The results reveal that CSP-8 and CSP-9 fully match,
and in some cases surpass the resolution efficacy of the
commercial column Chiral II. An important quality of the
columns filled with CSP-8 and CSP-9 is their higher load-
ing capacity compared to Chiral II, revealing the enhanced
capacity of the tweezer-type CSPs in Figure 2.

Column Enantiomerization on »Truncated« CSP-8

HPLC columns with stationary phase CSP-9 have been
commercialized in the USA under the name CHIRIS-
AD2.43 However, during the study of CSP-9 preparation
with a highly reproducible quality, an interesting pheno-
menon was observed. Separation of 3-carbethoxy-1,4-
benzodiazepine derivative 14 on some CHIRIS-AD2
columns was accompanied by a subtle difference in the
peak shape, in some cases even by formation of a plateau
between the two separated peaks, Figure 13a.44 Since
compound 14 has very acidic C(3)–H, flanked by three

double bonds, it was concluded that an »on-the-column
enantiomerization«45,46 process had taken place accord-
ing to Scheme 7.
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Analysis of the preparation protocol revealed that the
column on which enantiomerization was observed, filled
with CSP-9, was prepared with a lower excess of N-DNB-
�-AA. This resulted in incomplete acylation of both 2-

aminoethylamino arms in the persubstituted intermediate,
as shown in Figure 14. It was concluded that enantiomeri-
zation was base-catalyzed by non-acylated 2-aminoethyl-
amino groups present in this CSP. In order to confirm
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TABLE V. HPLC parameters obtained for racemates TR 5–TR 22 with columns (150 mm � 4.6 mm ID) filled with CSP-8 and CSP-9 and
commercial column Chiral II (250 mm � 4.0 mm ID)

Rac. Mob. k1' � RS

phase(a) CSP-8 CSP-9 Chiral II CSP-8 CSP-9 Chiral II CSP-8 CSP-9 Chiral II

TR 5 A
B

1.51
0.80

1.20
0.65

1.55
1.07

1.13
1.12

1.00
1.00

1.34
1.00

0.58
0.75

0.00
0.00

1.82
0.00

TR 6 A
B

11.46
11.76

6.20
16.03

4.33
5.60

1.27
1.17

1.25
1.24

1.39
1.29

0.72
2.26

0.33
1.87

1.80
3.21

TR 7 A
B

3.57
5.95

2.89
6.77

1.99
4.66

1.29
1.30

1.22
1.26

1.51
1.47

1.33
2.41

0.37
2.10

2.09
3.50

TR 8 A
B

23.46
33.22

16.49
7.77

14.15
1.23

1.19
1.20

1.19
4.74

1.28
1.00

0.85
1.71

0.45
6.03

1.33
0.00

TR 9 A
B

3.84
1.04

2.67
0.69

3.67
10.31

1.05
1.00

1.00
1.00

1.12
1.23

0.53
0.00

0.00
0.00

1.05
1.73

TR 10 A
B

2.31
2.38

2.10
0.66

2.14
4.66

1.13
1.57

1.14
1.00

1.21
1.47

1.22
1.41

0.84
0.00

1.87
5.00

TR 11 A
B

8.24
0.80

7.60
3.15

6.15
3.64

1.15
1.00

1.00
1.00

1.26
1.00

1.35
0.00

0.00
0.00

2.04
0.00

TR 12 A
B

22.28
5.49

17.24
4.65

19.07
6.00

1.18
1.13

1.00
1.03

1.28
1.11

1.21
1.47

0.00
0.22

1.92
2.07

TR 13 A
B

3.28
1.49

2.67
0.71

2.50
0.96

1.15
1.00

1.06
1.29

1.26
1.00

1.30
0.00

0.28
0.24

1.64
0.00

TR 14 A
B

23.60
14.14

15.90
11.90

11.23
10.18

1.09
1.08

1.00
1.00

1.13
1.02

0.58
0.97

0.00
0.00

1.05
0.10

TR 15 A
B

11.26
7.80

7.44
6.95

6.48
4.86

1.18
1.18

1.50
1.56

1.11
1.16

1.12
2.02

1.02
4.75

1.09
2.12

TR 16 A
B

8.38
4.64

5.14
3.42

5.02
3.68

1.20
1.20

1.46
1.40

1.11
1.08

1.19
2.18

1.84
3.25

0.84
1.10

TR 17 A
B

7.42
5.70

4.29
3.80

4.47
3.65

1.16
1.18

1.56
1.65

1.00
1.07

1.02
2.35

1.94
4.66

0.00
0.91

TR 18 A
B

8.06
4.42

4.77
3.15

5.02
3.74

1.22
1.17

1.49
1.41

1.11
1.00

1.46
1.86

1.66
3.66

0.97
0.00

TR 19 A
B

14.43
7.67

8.76
5.30

7.39
5.14

1.26
1.27

1.39
1.35

1.20
1.22

1.60
3.32

1.57
2.83

1.62
2.55

TR 20 A
B

14.18
7.29

7.80
4.67

7.58
4.96

1.23
1.20

1.55
1.53

1.12
1.13

1.38
2.25

1.95
3.88

1.11
1.55

TR 21 A
B

18.17
10.46

10.23
6.69

9.40
6.71

1.21
1.21

1.52
1.55

1.12
1.14

1.28
2.33

3.44
5.16

1.08
1.80

TR 22 A
B

13.91
7.67

7.74
4.37

8.31
4.29

1.14
1.27

1.34
1.34

1.00
1.06

0.85
2.95

1.29
3.26

0.00
0.75

(a) A: n-Hexane/2-propanol (9:1); B: n-hexane/dichloromethane/methanol (100:30:1).



base-catalysis as the origin of enantiomerization of 14,
we prepared a »truncated« CSP-9 by using only 50 %
mol of N-DNB-Leu.44

As expected, the larger proportion of free 2-amino-
ethylamino groups in the »truncated« CSP-9 enhanced
the enatiomerization rate. Figure 13 shows how the pla-
teau between the two peaks of separated enantiomers in-
creases with longer retention times.

From the slope obtained by plotting the log area (%) of
the unreacted molecule zone (peaks) against the retention
time, the first-order rate of enantiomerization can be estimated
for the two enantiomers at 14.1 min–1 and 22.2 min–1.44

To further prove the role of the basic site in enantio-
merization on CSP-9, resolution of racemic 14 was re-
peated by addition of 0.1 % AcOH and 0.1 % Et3N to
the eluting solvent mixture, Figure 13b. Resolution was
improved upon acid addition, while enantioseparation got
completely lost upon the addition of amine!44

Brush-type CSPs with Persubstituted Benzene

(TCDCB) as the Terminal Unit

The next set of CSPs proved to be particularly successful
in separation of the commercially important class of racemic
�-aryloxypropionic acids. These columns are designed ac-
cording to a simple concept. Persubstituted benzene ring
as a terminal, highly polar aromatic unit is expected to
enter a �-�-type interaction with the �-donor aryloxy unit
in analytes. This new class of CSPs CSP-10–CSP-13 was
prepared according to Scheme 8.47

Nucleophilic substitution of C(4) chlorine in TCDCB
by the amino group of unprotected L-amino acids afford-
ed N-aryl-AA derivatives 10–13, which were bound to
Nucleosil 100-5 NH2 by the standard method. In Scheme
8 unacylated �-aminopropyl residues are indicated; their
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Figure 14. Schematic presentation of the »truncated« CSP-9

(R=CH2CH(CH3)2).44
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Scheme 8. Synthetic route for pre-
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presence turned to be of crucial importance. It is known
that up to 80–85 % of such unreacted groups are present
in the Pirkle-type stationary phases.48

Screening of these CSPs has soon revealed their ex-
ceptional efficacy in separating representative racemic
�-aryloxypropionic acids (TR 1/6–TR 20/6), Tables VI
and VII.

It was indicative that CSP-10 exhibited the most ef-
fective enantioseparation. Bulkier substituents on the
stereogenic center in CSP-12 and CSP-13 reduced the
enantioseparation capacity, pointing to the importance of
hydrogen bonding by the amide CO-N-H group of the
selector.

TABLE VII. HPLC resolution of TR 1/6–TR 4/6 on CSP-10 and
CSP-1147,(a)

Stationary
phase

Test
racemate

k1' � RS

CSP-10 TR 1/6 0.63 1.43 1.28

TR 2/6 4.35 1.16 1.35

TR 3/6 4.74 1.11 0.96

TR 4/6 6.13 1.21 1.26

CSP-11 TR 1/6 8.03 1.11 0.76

TR 2/6 5.53 1.07 0.88

TR 3/6 12.18 1.03 0.63

TR 4/6 3.87 1.12 0.54

(a) Mobile phase: n-hexane/2-propanol/acetic acid (90 : 9 : 1).

Figure 15 shows that the first eluted enatiomer of
selected racemates TR 6/6 and TR 13/6 has a negative
CD band at 254 nm and the second eluted enantiomers a
positive one.

It was previously reported that the CD spectra of (S)-
enantiomers of 2-aryloxypropionic acids are characterized
by the negative CD band in the region 240–300 nm.49

Consequently, the faster running enantiomers on our CSPs
have (S)-configuration whereas (R)-enantiomers are more
strongly bound. In this case, the original concept of enan-
tiorecognition, as presented in Figure 1, is obeyed; CSPs
based on (S)-amino acid derivatives bound more strongly
(R)-enantiomers of �-aryloxypropionic acids.

When in the mobile phase n-hexane/2-propanol/AcOH
(98:2:0.2) trifluoracetic acid (TFA) was substituted for
acetic acid, resolution was completely eliminated. This
observation, along with poor resolution of the correspond-
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CH3

COOR'

H

R

Figure 15. HPLC resolution f samples TR 6/6 (a) and TR 13/6 (b),
monitored by simultaneous UV and CD detection at 254 nm.47

TABLE VI. Structure of the analyzed racemic �-aryloxypropionic
acids47

Test racemate R' R

TR 1/6 H 2-CH3, 4-Cl

TR 2/6 H 3-Cl

TR 3/6 H 3-C6H5CO

TR 4/6 H 4-C6H5CO

TR 5/6 H 2-C3

TR 6/6 H 3-C3

TR 7/6 H 4-C3

TR 8/6 H 4-CH2-CH3

TR 9/6 H 2-Cl

TR 10/6 H 2,5-(CH3)2

TR 11/6 H 2,6-(CH3)2

TR 12/6 H 4-C6H5CH2

TR 13/6 H 4-(2,4-F2C6H3)

TR 14/6 CH3 3-CH3

TR 15/6 CH3 4-CH3

TR 16/6 CH3 2-Cl

TR 17/6 -CH2-CH3 2,6-(CH3)2

TR 18/6 CH3 4-(2,4-F2C6H3)

TR 19/6

TR 20/6



ing Me-esters of �-aryloxypropionic acids revealed the
importance of the acid–base interaction in enantioselec-
tion. Namely, the low coverage density of CSP-10, cal-
culated as 0.38 groups/nm2 of the specific surface area
of silica gel,47 suggested the specific role of unreacted
�-aminopropyl groups in the enantiorecognition process.
Rather strong aryloxypropionic acids (pKa 3.2–3.4)50 pro-
tonate the residual primary amino groups of the spacer,
which enables the »anchor and align« interaction with the
molecules of the analyte when they approach the chiral
selector. This proton transfer is completely suppressed
when strong TFA is added.

In order to provide further evidence in support of
this hypothesis, CSP-14 was prepared by the route pre-
sented in Scheme 9.47

CSP-14 contains the same chiral selector as CSP-10,
but has no unreacted �-aminopropyl groups on the silica
surface. As can be seen from Table VIII, this CSP exhibits
very low chiral separation of the four selected racemic
�-ariloxy propionic acids.

All these data suggest the mechanism of enantiose-
lection presented in Figure 16.

In the case of CSP-10, cumulative interaction seems
to include formation of ion pairs (Coulombic interac-
tions) between the selectand carboxylic groups and re-
sidual unreacted �-aminopropyl groups on silica. Be-
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Figure 16. Possible chiral recognition mechanism for resolution of
�-aryloxypropionic acids on CSP-10 (a) and CSP-14 (b).47

TABLE VIII. HPLC parameters obtained for enantioseparation of
TR 1/6–4/6 on columns filled with stationary phases CSP-14 and
CSP-1047,(a)

Stationary
phase

Test
racemate

k1' � RS

CSP-14 TR 1/6 0.59 1 –

TR 2/6 0.74 1.02 nm(b)

TR 3/6 0.61 1 –

TR 4/6 0.66 1.03 0.54

CSP-10 TR 1/6 0.63 1.43 1.28

TR 2/6 4.35 1.16 1.35

TR 3/6 4.74 1.11 0.96

TR 4/6 6.13 1.21 1.26

(a) Mobile phase: 98% n-hexane/2-propanol (8:2) / 2% acetic acid (vol.);
flow 1 ml min–1.

(b) nm = not measurable.



sides, �-� interactions between the �-acid persubstituted
benzene ring and the �-basic oxyaromatic ring in the
selectand, hydrogen bonding from the amide group in
CSP to etheral oxygen atom in the selectand, and van
der Waals (VDW) interactions between the groups on
the chiral center contribute to enantiorecognition. To the
best of our knowledge, this is the first example in which
an achiral unit on silica was directly involved in the pro-
cess of chiral recognition. This case resembles the re-
cently demonstrated positive effect on enantioselectivity
of an achiral ligand in a chiral, catalytic organometallic
complex; the authors define this effect as »achiral ampli-
fication of chiral environment«.51

CSPs Containing Tetrasubstituted Benzene (CDNB)

as the Branching Unit

As repeatedly stated, �-� interactions between the chiral
selector and solute enantiomers are of prime importance
for enantiorecognition.

Continuing the project of novel CSPs, we have re-ex-
amined our selection of TCDCB as the branching unit,
which is highly polar but void of �-acidity. Accumulated
experience, however, has revealed the outmost importance
of the �-acidic component in the selector for enantioreco-
gnition of a vast number of �-basic analytes.52,53

In general, interactions between aromatic molecules
constitute an important class of intermolecular forces in
chemistry, biology and materials science. Aromatic �-�
interactions control a series of molecular recognition and
self-assembly phenomena, enantiorecognition and enantio-
separation among them. These interactions are described
by some well known models developed after 1990 by
Saunders and Hunter.54,55 These authors have demonstrated
that the face-to-face stacked orientation maximizes �-elec-

tron repulsion, whereas for the offset stacked orientation,
and in particular the edge-to-face orientation, attractive
interactions between the positively charged �-framework
and negatively charged �-electrons prevail. Thus, �-stack-
ing is associated with large repulsive electrostatic interac-
tions and is therefore much less favorable than it was ar-
gued for a long time on the basis of VDW interactions
and solvophobic effects.
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Figure 17. Orientation for the �-� interactions between polarized
�-systems; R1 and R2 are the polarizing groups.54
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Interaction between two aromatic systems polarized
by heteroatoms or groups is of particular importance for
enantiorecognition. Hunter has proposed six main orien-
tations for the stacked offest �-� interactions between
achiral, polarized �-systems, Figure 17.54

The most important implication of the �-polariza-
tion effect in the field of molecular enantiorecognition is
redefinition of the electron-donor acceptor (EDA) con-
cept. The simple EDA concept is misleading since every
molecule includes both electron-rich or donor and elec-
tron-poor or acceptor regions. The net intermolecular in-
teraction depends on the way such regions are aligned.

Having these arguments in mind, we selected the
commercially available 4-chloro-3,5-dinitro benzoic acid
(CDNB) as the branching unit for our next studies. CDNB

offers type a. branching; however, its �-acidity is high,
and it was expected to significantly contribute to the
enantiorecognition process.

The first group of chiral stationary phases with this
unit were prepared according to Scheme 10.56

In the CSP-15–CSP-18, 1,2-amino alcohols are pre-
sent as chiral selectors, while chiral amines have taken
over this function in CSP-19–CSP-22. Most of these CSPs
exhibited rather low enantioselectivity in resolution of the
standard set of test racemates, Figure 7.

Comparative tests of their separation efficacy reveal-
ed the important contribution of the �-acidic branching
unit, amide group of 3,5-dinitro-4-alkylaminobenzoic
acid, but a limited contribution of both the hydrophilic
hydroxy group in CSP-15–CSP-18 and the �-basic aro-
matic unit in CSP-19–CSP-22, Tables IX and X.
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TABLE IX. Results of the evaluation of HPLC columns filled with CSPs 15–18 56, (a)(b)

Analyte CSP-15 CSP-16 CSP-17 CSP-18
k'2 � RS k’2 � RS k'2 � RS k'2 � RS

TR 2 0.19 1.0 0 2.12 1.04 nm 0.25 1.0 0 2.41 1.06 0.32

TR 5 1.16 1.0 0 1.41 1.0 0 1.33 1.0 0 1.47 1.12 0.79

TR 9 9.79 1.07 nm 36.02 1.0 0 11.92 1.0 0 44.41 1.17 0.86

TR 12 2.98 1.0 0 4.25 1.09 0.89 4.14 1.0 0 3.33 1.07 0.59

TR 16 4.03 1.05 0.73 8.12 1.15 1.34 5.73 1.07 0.93 7.81 1.20 2.09

TR 17 1.56 1.02 nm 3.48 1.11 0.83 2.95 1.0 0 4.15 1.17 2.40

TR 18 2.31 1.12 0.54 5.12 1.07 0.41 3.76 1.07 0.91 5.26 1.25 1.45

TR 19 1.53 1.24 0.90 3.34 1.05 0.29 2.79 1.12 0.79 3.71 1.22 2.16

TR 20 2.50 1.05 0.36 6.54 1.18 1.60 4.34 1.04 0.51 6.36 1.14 1.54

TR 21 2.34 1.07 0.47 6.04 1.11 0.86 4.20 1.06 0.71 6.34 1.23 2.30

TR 22 4.07 1.05 0.68 8.64 1.07 0.48 6.26 1.08 0.96 9.12 1.21 2.38

TR 23 3.17 1.0 0 5.20 1.08 0.44 3.95 1.07 0.88 5.87 1.16 1.80

(a) Column dimensions 250 mm � 4.6 mm ID; mobile phase n-hexane/dichloromethane/2-propanol (100:30:1); flow 1.0 ml min–1.
(b) nm = not measurable.

TABLE X. Results of the evaluation of HPLC columns filled with CSPs 19–22 56, (a)

Analyte CSP-19 CSP-20 CSP-21 CSP-22
k1 � RS k1 � RS k1 � RS k1 � RS

TR 8 0.44 1.0 0 0.43 1.0 0 0.27 1.0 0 0.94 1.05 0.21

TR 10 0.97 1.0 0 0.81 1.0 0 0.78 1.07 0.82 1.41 1.10 0.42

TR 11 3.00 1.0 0 0.89 1.11 0.68 0.53 1.17 0.92 1.44 1.10 1.02

TR 12 2.04 1.0 0 1.79 1.11 0.95 1.83 1.11 1.07 4.58 1.10 0.65

TR 13 4.12 1.0 0 3.59 1.11 1.48 3.12 1.07 0.66 2.63 1.12 0.24

TR 14 0.87 1.0 0 0.74 1.09 0.52 0.61 1.09 0.57 1.76 1.11 1.10

TR 15 1.79 1.0 0 2.46 1.13 1.17 4.63 1.46 4.20 1.67 1.19 0.22

TR 16 1.05 1.0 0 1.17 1.11 0.92 1.50 1.36 2.08 5.55 1.05 0.52

TR 17 0.87 1.0 0 0.93 1.19 1.17 1.33 1.62 3.80 4.53 1.15 1.47

TR 18 0.74 1.0 0 0.79 1.27 1.41 1.11 1.79 4.00 3.31 1.17 2.00

TR 19 1.15 1.0 0 0.89 1.20 1.32 1.29 1.61 3.31 4.31 1.12 0.81

TR 20 1.17 1.0 0 1.54 1.0 0 2.99 1.26 2.33 9.97 1.09 0.96

TR 22 1.37 1.0 0 1.50 1.20 1.44 2.24 1.59 4.35 8.52 1.12 1.35

TR 27 0.79 1.0 0 0.98 1.0 0 0.38 1.0 0 1.37 1.25 1.35

(a) Column dimensions 250 mm � 4.6 mm ID; mobile phase n-hexane/2-propanol (8:2); flow rate 1.0 ml min–1.



The results given in Tables IX and X suggest replace-
ment of the chiral selectors with �-basic units by the se-
lectors with the second, strong �-acid unit. We have there-
fore recently started a study of CSP-23–CSP-25 (Figure
18) containing a »second spacer« 1,2-diaminoethane, and
N-DNB-�-AA as the �-acid chiral selector unit.57

These CSPs are conceptually related to CSP-8 and
CSP-9, in that they have the »second spacer« and chiral
selector in common. They exhibit nearly the same
enantioseparation factors. To test the relative contribu-
tion of the �-� interaction between the �-acid selector
and �-acid racemic selectand vs. the interaction between
the �-acid selector but �-basic racemic selectand, we
have prepared two series of test racemates, Figure 19.57

Both are derivatives of ispropyl esters of �-AA, the
first group having the N-benzoyl (N-B) group and the
second the N-DNB group.

To confirm the predominant contribution to
enantioseparation of the matching �-acceptor groups in
CSP and in TR, and to demonstrate the minor impor-
tance of the matching weak �-donor (or �-neutral)
groups in the selector and selectand, we have prepared
CSP-26, which comprises the �-neutral N-B unit in the
chiral selector.57

The column with CSP-26 proved almost ineffective
for �-basic TR 1/I–TR 7/I, and, with one exception,
partially effective in separation of TR 1A/I–TR 7A/I.
These results clearly reveal the importance of the �-�
acid interaction between two electron deficient species,
and limited contribution of the �-� interaction between
two �-neutral species.

The results are summarized in Table XI, where dis-
tribution of the average �-value shows a much higher
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enantioseperation ability of the systems (TR-CSP) where
both contain �-acceptor units than those comprising a
�-acceptor within the selector or analyte. When neutral
�-systems are present in both selector and analyte, only
poor enantiorecognition was observed. This is the first

experimental demonstration of relative contributions of
the two types of �-electron containing groups, acid and
basic or �-donors and �-acceptors, to enantiorecognition
on CSPs.

CSPs Specifically Designed for Enantioseparation

of Dihydropyrimidones

Prompted by the observation that CSP-23–CSP-26, based
on the 3,5-dinitrobenzoic amide bound in para-position to
�-aminopropyl silica, have efficiently separated racemic
4-aryl-dihydropyrimidone (DHPM) derivatives, compounds
of significant pharmacological importance because of
their antihypertensive activity,58 we have designed CSPs
specifically intended for separation of this class of
racemates, Scheme 11.59

This novel chiral packing material was prepared by
bonding to �-aminopropyl silica 3,5-dimethylanilides
(DMA) of some representative N-DNB derivatives of
�-amino acids; L-Ala, L-Val, L-Leu and L-PheGly. The
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TABLE XI. �-Electron character of the interacting aromatic groups on
CSP-23–CSP-26 and TR 1/I–TR 7/I, and TR 1A/I–TR 7A/I,
and their separation factors (�)57

�-character of
interacting groups

min. �–max. � � (average)

CSP-23, 24, 25
acceptor

1A/I–7A/I
acceptor

1.12–1.48 1.27

CSP-23, 24, 25
acceptor

1/I–7/I
neutral

1.00–1.62 1.20

CSP-26
neutral

1A/I–7A/I
acceptor

1.00–1.26 1.19

CSP-26
neutral

1/I–7/I
neutral

1.00–1.06 1.03
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resulting CSP-27–CSP-29 were tested on 14 racemic
4-substituted-dihydropyrimidone derivatives listed in
Figure 20, and the results are presented in Table XII.59

The results given in Table XII reveal a specific inter-
action in the enantiorecognition process. Surprisingly,
there is no relation between the type of substituent on the
C(4) atom in the DHPM ring and separation efficacy.
Thus, 4-Me derivative TR 38 was separated with the
same efficacy on all three CSPs (� 1.2–1.3) as most of
the 4-aryl substituted analytes (� 1.1–1.4). We have taken
this result as an indication of the limited contribution of
the 4-aryl group to enantiorecognition, prompted by the
previously established pseudoaxial position of this group
in DHPM derivatives in solution60 and in the crystal,61

and confirmed by extensive calculations.62 An obvious
conclusion is that the most probable interactions in the
complexes between 4-aryl-DHPM and CSP-27–CSP-29
are the multiple hydrogen bonding between the analyte
and dipeptide-like unit in the CSP, and the �-� interaction
between DHPM and DNB aromatic units. This interaction
places the aryl group at C(4) away from the interacting
surface, and orients it towards the DMA unit on the CSP.

Such consideration, however, turned out to be
wrong! The results of enantioseparation of TR 44, and
molecular modeling of the interaction of its enantiomers,
and the model of the chiral selector in CSP-27 revealed
a completely different topology of the complex.59

The elution order for TR 44 was determined by run-
ning the CD spectra of the separated faster and more re-
tained enantiomers, Figure 21. The more retained enan-
tiomer exhibited a positive CD band at ca 290 nm and a
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TABLE XII. Results obtained for enantioseparation of racemic analytes listed in Figure 20 on the columns filled with chiral stationary
phases CSP-27–CSP-29 59, (a)

Racemic

analyte

CSP-27 CSP-28 CSP-29

k'1 � RS k'1 � RS k'1 � RS

TR 28 4.26 1.18 2.19 2.90 1.31 3.28 4.87 1.21 2.61

TR 29 3.11 1.18 2.08 2.06 1.21 1.80 3.50 1.17 1.63

TR 32 9.31 1.23 3.22 6.15 1.39 3.02 10.92 1.21 2.37

TR 33 16.47 1.00 0.00 12.92 1.08 0.94 22.82 1.07 0.97

TR 36 8.12 1.14 1.51 5.51 1.31 3.88 9.45 1.13 1.82

TR 37 4.32 1.10 0.96 2.66 1.18 1.46 5.26 1.11 0.93

TR 38 4.70 1.18 1.71 2.91 1.25 1.68 5.73 1.24 1.65

TR 39 2.81 1.10 0.93 1.77 1.22 1.34 3.23 1.12 0.99

TR 40 5.40 1.20 1.84 3.25 1.27 2.02 6.21 1.24 1.79

TR 41 4.58 1.14 1.21 2.73 1.27 1.65 5.45 1.24 1.67

TR 42 3.43 1.04 0.31 2.15 1.06 0.67 3.93 1.08 0.89

TR 43 4.01 1.10 0.92 2.47 1.21 1.58 4.61 1.13 0.93

TR 44 16.26 1.36 3.12 9.00 1.52 3.38 21.23 1.28 2.00

TR 45 4.48 1.18 1.62 2.73 1.26 1.85 4.96 1.20 1.63

(a) Column dimensions 250 mm x 4.6 mm ID; n-hexane/2-propanol/acetic acid (180:20:1); flow rate 2.0 ml min–1.

Figure 21. CD spectra of both enantiomers of TR 44 dissolved in
acetonitrile: 1. eluted enantiomer (c = 2.393 � 10–4 mol dm–3,
l = 0.1 cm, 100 % ee); 2. eluted enantiomer (c = 4.466 � 10–4

mol dm–3, l = 0.1 cm, 90.6 % ee), accompanied with HPLC for
TR 44 and enantiomers.59



negative one at ca 210 nm, revealing (S)-absolute con-
figuration at C(4), according to the analysis of the CD
spectra of 4-substituted DHPM derivatives and the cor-
relation of configuration.63

A detailed conformational search for the model se-
lector of CSP-27 and for both TR 44 enantiomers was
performed. Each of the conformations of TR 44 enantio-
mers was then docked onto each conformation of the
model of CSP-27, followed by molecular mechanics
minimization of the resulting complex, which resulted in
ca 30 000 structures. Figure 22 depicts the lowest energy
structure of the complexes found by docking (S)- and
(R)-enantiomers of TR 44 onto the model of CSP-27.
The relative stability of these complexes is nicely cor-
roborated by the experimentally determined elution or-
der of enantiomers.

A notable feature of the more stable complex with
the (S)-enantiomer of TR 44 is the presence of four hy-
drogen bonds, which are, for clarity, repeated in the for-
mula beside the computed structure. Additional stabili-
zation comes from the � edge-to-face interaction be-
tween the �-electron rich DMA-moiety of CSP-27 and
the �-deficient DHPM unit in the analyte, and the offset
stacking between the �-rich dimethoxyaryl unit in the

analyte and the �-electron deficient DNB-group of
CSP-27. There is a clearly visible chiral cleft, formed by
the �-donor and �-acceptor units in CSP-27.

CONCLUSIONS

In conclusion, we expect that the examples presented in
this authors’ review have shown how a combined experi-
ment and modeling do not only give an insight into the
enantioselection process but also have a heuristic value,
i.e., the results of such approach can be used with a high
level of confidence in designing novel, more effective
CSPs. This in particular applies to the group of com-
pounds discussed in the last section. We are actually de-
signing more effective CSPs for separation of other
classes of racemic compounds.
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SA@ETAK

Eksperiment i model u enantioprepoznavanju pomo}u kiralnih stacionarnih faza
Pirklovog tipa koje sadr`e aromati~ku p-kiselinsku razgrananu jedinicu

Darko Kontrec, Vladimir Vinkovi}, Maja [epelj i Vitomir [unji}

Ukratko su prikazani projekti u laboratoriju autora usmjereni na razvoj novih kiralnih stacionarnih faza
(chiral stationary phase, CSP). Naglasak je dan na primjenu 2,4,5,6-tetrakloro-1,3-dicijanobenzena i 4-kloro-
3,5-dinitrobenzojeve kiseline kao mjesta grananja u Pirklovim (~etkolikim) kiralnim stacionarnim fazama. Opi-
sana je priprava skoro stotinu novih CSP-a, koja je zahtijevala sintezu skoro tri stotine novih spojeva kao in-
termedijara ili modelnih struktura. Posebna svojstva prepoznavanja i djelotvornosti u enantioselekciji pojedinih
CSP-a pokazana je na razli~itim skupinama racemata, koji slu`e za provjeravanje (test-racemate, TR). Ras-
pravljan je odnos izme|u strukture i konformacijskih svojstava kiralnih selektora i racemi~nih analita. Raz-
matrana su posebna svojstva nekih CSP-a, pove}anje njihova kapaciteta uvo|enjem TWEEZER-ske jedinice u
kiralni selektor, kao {to je kataliza procesa enantiomerizacije na koloni konfiguracijski nestabilnih analita. Pred-
lo`en je mehanizam enantioprepoznavanja nekih TR-a sa strukturno sli~nim kiralnim stacionarnim fazama.

BRUSH TYPE CHIRAL STATIONARY PHASES FOR HPLC 51

Croat. Chem. Acta 77 (1–2) 31–51 (2004)


