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Abstract

Severall-proline and (4R)-hydroxy-l-proline derivatives were evaluated as chiral selectors (CSs) in the separation of enantiomers by
counter-current chromatography (CCC). A variety of biphasic solvent systems, all of organic/aqueous nature, were tested in order to determine
the appropriate distribution for CSs and racemates (N-(3,5-dinitrobenzoyl)-(±)-leucine and (±)-ketoprofen). Successful separations of DNB-
( CSs. The
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±)-leucine in analogous experimental conditions allow the comparative study of the enantioselectivity displayed by the considered
ow solubility of certain CSs limits their applicability for preparative purposes even for improved enantioselectivity. The effect that the
nd pH of the buffer solutions used as a component of the solvent system have on the separation was also studied.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During the development of chiral new active ingredients
NAI), the high stereoselectivity of the biological processes
nvolved in their pharmacological activity must be consid-
red. The distribution, metabolism and even the interaction
ith the target molecule might differ for each enantiomer
f a chiral compound[1]. Therefore, there is an increasing

nterest in producing enantiomers separately[2,3]. HPLC, ap-
lying simulated moving bed (SMB) technology, is at present
ne of the first choices to perform large-scale chiral separa-

ions, in spite of costly chiral stationary phases (CSPs) and the
igh consumption of solvents[4,5]. However, the investment

n equipment is substantial. In this regard, counter-current
hromatography (CCC)[6] and its modalities, centrifugal
artition chromatography (CPC)[7] among them, which are
specially adapted to preparative purposes[8], can be a com-
etitive alternative for preparative enantioseparations.

∗ Corresponding author. Tel.: +34 93 403 71 07; fax: +34 93 403 71 04.
E-mail address: cminguillon@pcb.ub.es (C. Minguillón).

The resolution of enantiomers by CCC involves th
addition of a chiral selector (CS) to the stationary liq
uid phase. The mixture of enantiomers comes into co
tact with this liquid CSP, and enantiodiscrimination ma
be achieved. The CSs used up to now in CCC for chi
separations come from other separation techniques, ma
HPLC, and have been recently reviewed[9]. Among the
low molecular weight CSs used in multiple interaction CS
(“Brush type” CSPs) for HPLC,l-proline derivatives ex-
hibit particularly remarkable enantioselectivity for certa
analytes[10–12]. On this basis, we previously propose
N-dodecanoyl-l-proline-3,5-dimethylanilide (1, Fig. 1) as
a �-donor CS applicable to CCC in the separation
N-(3,5-dinitrobenzoyl)-(±)-leucine and valine derivatives
[13].

In an attempt to improve selector1, severall-proline
derivatives have been synthesised in our laboratory (Fig. 1).
In this paper, we report their comparative study. The sea
for an adequate organic/aqueous biphasic solvent sys
for CPC and the effect of the nature and pH of the buff
solutions used in their application to the separation of DN
(±)-leucine are studied. The optimisation of condition
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.03.034
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Fig. 1. Chemical structure of the chiral selectors and the racemates used in the study.

and the drawbacks encountered during the development are
discussed.

2. Experimental

2.1. Reagents

CSs 1–5 were synthesised and characterised as de-
scribed previously[14]. N-(3,5-Dinitrobenzoyl)-(±)-leucine
was a product from Aldrich (Steinheim, Germany) and (±)-
ketoprofen was supplied by Sigma (St. Louis, MO, USA).

HPLC-grade solvents were used in the preparation of liq-
uid phases for CPC and HPLC. The buffer solutions used were
prepared from analytical reagent-grade ammonium acetate,
disodium monohydrogen phosphate and sodium dihydrogen
phosphate and MilliQ water.

2.2. Apparatus

The CCC experiments were performed in a HPCPC model
LLB-M (EverSeiko, Tokyo, Japan). This is a bench cen-
trifuge (30 cm× 45 cm× 45 cm, 190 mL of experimentally
determined internal volume) with a stacked circular partition
disk rotor. This instrument was connected to a conventional
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2.3. Preparation of solvent systems

The binary solvent systems were prepared by mixing
methyl tert-butyl ether (MTBE) or methyl isobutyl ke-
tone (MIBK) with the convenient aqueous buffer solution:
sodium phosphate buffer solution 0.1 M (pH 6.0, 6.7 or
8.0) or ammonium acetate buffer solution 0.1 M (pH 4.5,
6.0 or 6.7). The ternary solvent systems were prepared
by mixing MTBE/ACN/10 mM hydrochloric acid solution,
MIBK/ACN/10 mM HCl, and ethyl acetate/ACN/10 mM
HCl or hexane/acetone/0.2 M ammonium acetate buffer pH
4.5 following the ratio 2:1:2. The quaternary solvent systems
heptane/ethyl acetate/methanol/10 mM HCl were prepared
by mixing their components following the ratios (4:6:5:5)
and (5:5:4:6). All mixtures were shaken in a separatory fun-
nel and allowed to equilibrate for 16 h. Each phase was then
filtered and degassed separately before use.

2.4. CPC operating conditions

Previous extraction experiments were performed as
described[15] to qualitatively determine the distribution
of selectors and racemates in each of the biphasic solvent
systems considered. The CSs were dissolved in the organic
upper phase of the chosen solvent systems, which acted
a ile
p he
c he
a ed
f
a ns
a d.
E d
HPLC system (pump, autosampler, UV detector, and c
matography data station software) model HP 1100 (Agi
Technologies, Palo Alto, CA, USA). A manual Rheodyne
jector equipped with a 2.4 mL loop was used. The analy
control of the fractions collected in CPC was performed
the same HPLC system, changing the CPC device for th
propriate HPLC chiral column. Temperature was maintai
at 25◦C during the CPC and HPLC runs.
s stationary phase. The flow rate of the aqueous mob
hase was set at 3 mL/min and the rotation speed of t
entrifuge was 1100 rpm, unless otherwise indicated. T
mount of CS involved in the separations was calculat

rom theVst value. Elution was monitored by UV-detection
t 254 nm. Nevertheless, the eluate was collected in fractio
nd the enantiomeric content of these was determine
lution profiles for the two enantiomers were constructe
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with the results obtained. All runs were performed at least
twice.

2.5. Analysis of CPC fractions

The fractions of 3 mL collected during elution were in-
dividually analysed to determine their enantiomeric content.
A liquid–liquid extraction treatment, previous to the HPLC
analysis, was required to process the aqueous fractions of
eluate. Fractions containing DNB-leucine were analysed on a
column containingN-(3,5-dimethylphenyl)-l-phenylalanine
as CS (column CSP6c in[16]) using a mixture heptane/2-
propanol/TFA (95:5:0.5) as mobile phase (α, 2.78;Rs, 6.20).
Fractions containing ketoprofen were analysed on a column
containing a 3,5-dichlorobenzoate of cellulose bonded to al-
lylsilica gel as CS (CSP5 in[17]). Heptane/2-propanol/TFA
(99:1:0.1) was used as mobile phase (α, 1.44;Rs, 2.37). The
flow rate was 1 mL/min and the UV detection was set at
254 nm.

Elution order in the CPC experiments was established on
the basis of the elution order in HPLC, determined with the
use of samples enriched with one of the enantiomers of known
absolute configuration.

3. Results and discussion
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ary phase and the reproducibility of results. Therefore, the
solvent system must reach a compromise situation between
these requirements and must be adapted to the CS and the
analyte.

3.1. Theoretical considerations

The selectivity factor in CCC,α, is defined as the ratio
of partition coefficients, as differences in partition are on the
basis of the separation of analytes by this technique[18].
In enantioselective CCC two processes, partition and asso-
ciation with the CS, must be considered. Assuming that the
CS and its complexes with the enantiomers do not undergo
partitioning to the mobile phase and consideringS the most
retained enantiomer,αCCC can be expressed as[19]:

αccc = 1 + [CS]KaS

1 + [CS]KaR

[CS] being the concentration of CS that remains free in the
stationary phase even in the presence of the enantiomers. That
is, αCCC is dependent not only on the ratio between associ-
ation constants, but also on the magnitude of these associa-
tion constants. The latter will determine the concentration of
the CS that remains free in the stationary phase. The highest
αCCCvalue attainable in given chromatographic conditions is
the ratio of association constants CS/enantiomers[20]. When
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The election of a solvent system is crucial for the suc
f the separation by CCC/CPC and even more for the se

ion of enantiomers using this technique. Thus, the CS
e soluble in one of the phases, which will be used a
tationary phase. Simultaneously, the analyte must be c
iently partitioned into the two phases. In this scenario
eparation of the enantiomers is the result of differenc
he association equilibria CS/enantiomers that occur in
tationary phase where the CS must be confined.

The partition equilibrium of the solute between the
hases, which is a function of the solvent system chose

ects the retention of the compound and also the effective
f the association. Thus, a product with a high affinity for
tationary phase will be over-retained, while another w
ow affinity will hardly reach the CS and the probability to
esolved will be low. Moreover, for preparative purposes
olubility of the CS in the stationary phase must be as hig
ossible, as column loadability is a function of the amoun
S involved in the separation[15]. Therefore, a substant
olarity is needed for this phase to reach the CS solubilit
uired. However, such a stationary phase saturated wit
ther phase of the solvent system, often a water-conta
ixture or solution, solvates the CS, thereby preventing it

ociation with the enantiomers. The analyte enters in co
ition with this solvatation and enantioselectivity may be
ected. Moreover, when polarity is similar for the two pha
he selector may be extracted from one to the other, prod
eaks of the CS to the mobile phase. This phenomenon s
e avoided to ensure the maximum stability for the sta
Ss show low to moderate enantioselectivity when faced
given racemate (i.e., 1.1 < Ka ratio < 4.0), which is lik

o be the most frequent case considering the parallelism
nantioselective HPLC, and values between 5 and 400 m−1

re given to Ka constants, it can be easily shown that th
ect of the free CS concentration on selectivity will be m
ignificant for high enantioselectivity values (KaS/R ratio)
nd low association constants. It can be assumed tha
Ss showing low association constants (Ka < 1–2 M−1) and
nantioselectivity values in the more usual range, a 10
oncentration of the free CS will produce anαCCC value in
hich the difference from the maximum value attainabl

he conditions considered will be negligible. Nevertheles
hould be taken into account that the concentration of fre
n the system will decrease when high amounts of analyt
njected in preparative applications, even for CSs exhib
ow Ka values.

Therefore, the relevance of the search for an adequat
ent system to perform the separation lies in the effect
his solvent may have not only on the amount of CS th
nvolved in a given separation, but also on the association
tants CS/enantiomers. These will condition the loadab
f the resulting chromatographic system and the separ
f peaks.

.2. Search for an adequate solvent system

A usual starting point in the search for an appropriate
ent system is to choose a good solvent for the CS and a
iscible solvent of whose polarity differs greatly. The sys
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constituted by heptane/ethyl acetate/methanol/10 mM HCl,
similar to the previous applications of CS1 in CPC[13], was
first considered. The acidic solution prevents the ionisation of
the racemates. Nevertheless, the application of these condi-
tions to CSs1 and3 originated excessive retention of the ana-
lytes for practical purposes (more than 8 h). The distribution
of CSs1–4 and that of the racemates was then examined us-
ing more polar ternary solvent systems constituted by MTBE,
MIBK and ethyl acetate with ACN and hexane, toluene and
MIBK with acetone and 10 mM HCl. Only the less polar se-
lector CS1 was completely retained in the lipophilic phase
of a hexane/acetone/10 mM HCl system. However, ketopro-
fen was still excessively retained when these conditions were
used in CPC.

At this point aqueous buffer solutions were used to control
the distribution of racemates. Hexane/acetone/0.2 M ammo-
nium acetate buffer solution pH 4.5 (2:1:2) produced the com-
plete resolution of the DNB-leucine enantiomers (t0 = 18 min;
t1 = 38 min (R); t2 = 51 min (S);α1.65) as well as a partial sep-
aration for ketoprofen (S-enantiomer more retained than the
R-enantiomer). Nevertheless, the solubility of the CSs and
that of the racemates was rather low in this system, which
constitutes a drawback for preparative applications.

More polar binary solvent systems were then tested. A
comparable 10 mM-concentration of CS in the organic phase
of the MIBK/0.2 M sodium phosphate buffer pH 8.0 system
w to be
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led to a large fraction of free analyte in the stationary phase
that is partitioned to the mobile phase. On the other hand,
the low enantioselectivity of the CSs in these conditions (low
ratio between association constants) may have determined
the enantiomeric excess of the free analyte in the stationary
phase and therefore, the enantiomeric excess at which it is
eluting. Both processes result in a premature saturation of
the chromatographic system. A third factor that could have
contributed to the lack of resolution is the high polarity of
MIBK, which may allow the ionisation of the racemate in
the organic phase at the pH applied.

When all four selectors are compared in the same condi-
tions the differences observed can be attributed only to dif-
ferences in the association constants caused by the distinct
structure of the CSs. In this regard, CSs3 and4 originated
notably higherα values than CS1. Taking into account the
structural similarity of the CSs and the identical elution order
of enantiomers for all of them, it can be deduced that the in-
troduction of an additional�-donor aromatic ring increases
the enantioselectivity for DNB-leucine. However, the limited
solubility of the resulting improved CSs in certain solvent
systems limits their use as preparative tools.

The effect of the second structural modification, the intro-
duction of an additional hydroxyl group on the CS (CSs2 and
4), on enantioselectivity is difficult to explain. The selectivity
of CS2 in comparison with CS1 decreased while an improve-
m
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t r;αCCC, s rst
e elution phosphate
b B-leuci
as attained for all four CSs. The amount of racemate
njected was set at 150 mg (0.45 mmol, molar ratio CS
.15), still far from the theoretical loadability limit of th
tationary phase (molar ratio CS/rac: 1) when using a h
nantioselective CS[15]. CSs1–4 showed enantioselectivi

owards DNB-leucine in the CPC runs performed under t
onditions (Table 1, Fig. 2).

The enantioselective analysis of the eluate fraction
owed us to follow the elution of enantiomers separa
nfortunately, the peaks obtained in all four experim
id not correspond to essentially pure enantiomers. A d

ion from the expected Gaussian shape was observed f
luting profiles corresponding to the chromatographic pe
ssuming that partition and association, the two proce

nvolved in the separation, are fast, the lack of complete
lution of peaks may be the result of the combination
everal factors. On the one hand, the low affinity betw
Ss and enantiomers (low association constants) may

able 1
PC runs in MIBK/0.2 M sodium phosphate buffer solution (pH 8.0)

S Vst CSst (mmol) rCS/rac t0 (min) t1 (min)

142 1.42 3.15 16 41
142 1.42 3.15 16 31
142 1.42 3.15 16 25
142 1.42 3.15 16 23

st, volume of retained stationary phase (mL); CSst, mmol of CS involved
ime for each enantiomer;k1 andk2, retention factor for each enantiome
luted enantiomer; eemax, enantiomeric excess attained at the maximum
uffer solution pH 8.0, flow rate, 3 mL/min;ω = 1000 rpm; amount of DN
a Calculated on the elution profiles as defined in Ref.[18].
ent was observed in that of CS4 compared with CS3. A
eeper study on the role of this group either by modify

he polarity of the CS or its involvement in the recognit
echanism will require other alternative techniques.
Concerning racemic ketoprofen, in spite of the enrichm

bserved when CS1 was used in a hexane/acetone/0.
mmonium acetate buffer (pH 4.5) solvent system, non

he CSs studied were enantioselective for this racemate
onditions tested.

.3. Effect of buffer nature and pH

A series of experiments was designed to assess th
ect of buffer nature of the mobile phase on separation
as expected that enantioselectivity could be better reta

n a less polar environment[19]. Therefore, binary solve
ystems containing the lipophilic MTBE were used to ob
ncreased separation of peaks. Ammonium acetate buffe

in) k1
a k2

a αCCC
a Rs

a eo eemax (%) R/S

1.56 2.81 1.80 0.96 R 32/35
0.94 1.19 1.26 0.72 R 29/45
0.56 1.50 2.67 0.90 R 46/56
0.44 1.37 3.14 0.79 R 44/38

xperiment;rCS/rac, molar ratio CS/racemate;t0, void time;t1 andt2, retention
electivity factor;Rs, resolution; eo, elution order, configuration of the fi
of each enantiomer. Conditions: Solvent system, MIBK/0.2 M sodium
ne injected, 150 mg (0.45 mmol).
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Fig. 2. Elution profiles corresponding to the separation of 150 mg (0.45 mmol) of racemic DNB-leucine using a 10 mM concentration of CS in the stationary
phase (a) CS1, (b) CS2, (c) CS3, and (d) CS4. Solvent system: MIBK/0.2 M sodium phosphate buffer pH 8.0. SeeTable 1for detailed chromatographic
conditions. Vertical left axis, arbitrary absorbance units; horizontal axis, time (min).

sodium phosphate buffer solutions were used at the same con-
centration and were tested at two pH values (6.0 and 6.7). It
was expected that for a considered CS, both factors would
act mainly on the partition process of the racemate.

Unfortunately, the use of MTBE limited the applica-
tion of certain CSs. Thus, CS3 was used at its solubil-
ity limit (6.14 mM) while the concentration of CS1 was

set at 30 mM because of the high solubility of this CS in
MTBE. At this point, CS5 was included in the study. The
ionisable amino group on CS5 was expected to promote
ion pairing formation with acidic analytes, such as DNB-
leucine, within the lipophilic stationary phase, which may
contribute to enhance enantioselectivity[15,21]. A concen-
tration 13.21 mM was attained in the stationary phase for CS

Table 2
CPC runs in MTBE/buffer solution

CS [CS]st (mM) CSst (mmol) rCS/rac Buffer solutiona pH t1 t2 k1
b k2

b αCCC
b Rs

b eo

1 30.00 5.04 21.9 Phos. 6.0 90 180 11.28 23.55 2.09 1.46 R
Acet. 6.0 109 269 13.87 35.70 2.57 1.63 R
Phos. 6.7 56 80 6.64 9.91 1.49 0.56 R
Acet. 6.7 61 111 7.32 14.14 1.93 0.89 R

3 6.14 1.03 4.5 Phos. 6.0 90 100 11.28 12.64 1.12 0.22 R
Acet. 6.0 102 132 12.91 17.01 1.32 0.50 R
Phos. 6.7 45 – 5.14 – 1.00 – –
Acet. 6.7 86 116 10.73 14.82 1.38 0.52 R

5 13.21 2.22 9.6 Phos. 6.0 108 – 13.73 – ∼1.0 – S
Acet. 6.0 149 159 19.33 20.69 1.07 – S
Phos. 6.7 58 – 6.91 – 1.0 – –
Acet. 6.7 128 – 16.46 – ∼1.0 – S

[CS]st, concentration of CS in the stationary phase; CSst, mmol of CS involved in the experiment (Vst 168 mL); rCS/rac, molar ratio CS/racemate;t1 andt2,
retention time for each enantiomer;k1 andk2, retention factor for each enantiomer;αCCC, selectivity factor;Rs, resolution; eo, elution order, configuration of
the first eluted enantiomer; Conditions: Flow rate, 3 mL/min;ω = 1100 rpm; amount of DNB-leucine injected, 75 mg (0.23 mmol).

a etate b
Phos., 0.1 M sodium phosphate buffer; Acet., 0.1 M ammonium ac
b Calculated on the elution profiles as defined in Ref.[18].
uffer.
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Fig. 3. Elution profiles and CPC chromatograms obtained in the separation of 75 mg (0.23 mmol) of racemic DNB-leucine using (I) CS1 (30 mM); (II)
CS3 (6.14 mM). Solvent system: (a) MTBE/0.1 M sodium phosphate buffer solution pH 6.0; (b) MTBE/0.1 M ammonium acetate buffer solution pH 6.0; (c)
MTBE/0.1 M sodium phosphate buffer solution pH 6.7; (d) MTBE/0.1 M ammonium acetate buffer solution pH 6.7. Flow rate 3 mL/min,ω = 1100 rpm. Vertical
axis, arbitrary absorbance units; horizontal axis, time (min).
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5. The same amount of DNB-leucine was injected in all ex-
periments (75 mg, 0.23 mmol). This amount provides molar
ratios CS/enantiomers high enough to prevent the possible
saturation of the stationary phase. The results obtained are
shown inTable 2andFig. 3.

As can be observed, most peaks show a Gaussian shape,
indicating the absence of saturation even for co-eluting peaks.
When analogous experiments are compared, the lower pH
produces a higher retention because of the decrease in the
ionisation of the analyte and, therefore, the increase in the
affinity for the organic stationary phase.

When the results obtained using CSs1 and3 are consid-
ered, only the use of ammonium acetate buffer at pH 6.0 with
CS1 resulted in a clear improvement of theα value regard-
ing that obtained when using the MIBK/buffer system. It is
also worth noting the lowα values obtained for CS3 in com-
parison with the one obtained with the MIBK/buffer system.
Therefore, enantioselectivity is not only a function of the po-
larity of the solvent system. The nature of the solvent that
constitutes the stationary phase may be a major issue in this
context.

Regarding the nature of the buffer solution and consid-
ering the same pH value, ammonium acetate buffer origi-
nated higher retention than sodium phosphate. However, this
increased retention affected mainly the most retained enan-
tiomer, thereby resulting in an increase in theα value. That
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when optimising the separation conditions by this technique.
In the case of the CSs used in this study, ammonium ac-
etate buffer produced higher retention times than phosphate
buffer, thereby resulting in enhanced enantioselectivity. The
acidification of the solvent system increased the partition of
DNB-leucine towards the organic stationary phase and, con-
sequently, increased analyte retention and separation.
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