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a b s t r a c t

The racemic compound (±)-N-(3,4-cis-3-decyl-1,2,3,4-tetrahydrophenanthren-4-yl)-3,5-dinitrobenza-
mide ((±)-1), an analogue of increased lipophilicity of the chiral selector (CS) contained in the Whelk-O®

HPLC chiral stationary phase (CSP) has been resolved into its enantiomers by applying centrifugal partition
chromatography (CPC). Considering the known enantioselectivity of the Whelk-O® CS for naproxen, and
the reciprocity concept in enantioseparation, (S)-naproxen related compounds were tested as CSs. In the
eywords:
entrifugal partition chromatography
ountercurrent chromatography
nantiomer separation
hiral selector

search for an adequate solvent system, the partition behaviour of the two solutes, CS and racemate, has
been studied using several biphasic solvent mixtures. The optimal CS concentration and sample loading
capacity were determined in the chosen solvent system. The search for an appropriate CS and solvent
system, the scale-up and optimization of the enantiomer separation by CPC, as well as the rationale for
the unexpected elution order of enantiomers, are here described. The comparison of the preparative CPC
separation achieved with that in HPLC, using a CSP containing an analogous CS, resulted favourable to
the former in terms of loading capacity, solvent consumption and throughput.
. Introduction

Nowadays, the significance of the enantiomeric purity in the chi-
al active ingredients used in drug manufacture is well recognized.
his has generated the need to have available methodologies for
he analytical control of the enantiomer composition on samples
nd/or for the production of isolated enantiomers. Although diverse
rocedures exist [1], chromatographic techniques are amongst the
ost used to resolve mixtures of enantiomers at a preparative level

2].
The increasingly growing application of simulated moving

ed chromatography (SMB) as an enantioselective process, has
emonstrated the power of this technique at a preparative scale
3]. Nevertheless, one of the main disadvantages of SMB is the

onsiderable investment in equipment required. Countercurrent
hromatography (CCC) [4] can be considered among the possi-
le alternatives easily adapted to be run in a continuous mode.
CC, which include modalities such centrifugal partition chro-
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matography (CPC) [5], a separation technique in which the mobile
and stationary phases are immiscible liquids, is especially suitable
for preparative operation [6]. Nevertheless, the extent of the CCC
applicability to enantioselective separations is dependent on the
availability of chiral selectors (CSs), experimental conditions and
technical devices, which make the separation of a broad range of
enantiomeric compounds feasible at a competitive level.

The resolution of enantiomers by CCC involves the addition of
a suitable CS to one of the phases of the biphasic solvent system
involved. The phase containing the CS is used as the stationary
phase in the chromatographic system. To be applicable to prepar-
ative purposes the CS must be fairly soluble in these conditions
as loadability and also enantioselectivity, are dependent on the
amount of CS involved in the separation [7–9]. In addition, the CS
should maintain its enantiorecognition capacity in the liquid phase.
The CSs used up to now in CCC for chiral separations came from
other techniques, mainly HPLC, and have been recently reviewed
[9].

Among the number of chiral stationary phases (CSPs) for HPLC

enantioseparation existing on the market, Whelk-O® CSP, com-
mercialized by Regis Technologies, has shown an outstanding
applicability. This CSP, which contains a low molecular weight CS,
was originally designed by Pirkle and Welch for the chiral sep-
aration of underivatized non-steroidal anti-inflammatory drugs

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:cminguillon@pcb.ub.es
dx.doi.org/10.1016/j.chroma.2009.12.023
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gle peak at k′
1 = 2.14 was detected. When the same reaction was
Fig. 1. Structures of the an

NSAID) such as naproxen [10,11]. Later it has been applied to the
eparation of a wide variety of racemates [12]. Nowadays, Whelk-
® CSP has become one of the CSPs of reference included in most

creening processes addressed to the search of adequate conditions
or enantioselective separation in drug discovery [13,14].

In the research for new CSs applicable to CCC/CPC enantiosepa-
ations, the CS contained in Whelk-O® CSP was considered to be

good candidate. Therefore the synthesis of 1 (Fig. 1), an ana-
ogue of the CS in the Whelk-O® CSP, was undertaken following
procedure similar to that reported in the literature for this latter

11]. To retain the CS in the organic phase of an organic/aqueous
olvent system during CCC/CPC operation, the introduction of an
liphatic chain in the 3rd position of the phenanthrene back-
one was considered. The synthetic path followed led to racemic
±)-1. Therefore, a final enantioseparation step was required to
btain the enantiomerically pure compound. Due to the advan-
ages that CCC/CPC offers for preparative operation, this was chosen
s a technique to perform the separation of the enantiomers.
n order to find a suitable CS for the separation of (±)-1 enan-
iomers the principle of reciprocity in enantiomer recognition was
pplied. (S)-Naproxen and derivatives were considered for this pur-
ose.

Herein we describe the separation of (±)-1 enantiomers by cen-
rifugal partition chromatography (CPC). The search for an adequate
S and solvent system for this separation together with the opti-
ization of conditions, in terms of CS concentration and loadability

f the resulting chromatographic system, will be discussed.

. Experimental

.1. Reagents and apparatus

HPLC-grade solvents were used in the preparation of liquid
hases for CPC and HPLC. All chemicals and solvents needed
ere purchased from Aldrich (Steinheim, Germany), Fluka (Buchs,

witzerland) or Panreac (Barcelona, Spain).

NMR spectra were recorded on a Varian Mercury 400 (400 MHz)

sing CDCl3 as a solvent. Spectra were completely assigned thanks
o the concomitant registering of 2D NMR (COSY and HSQC)
pectra. The purification of the different synthetic intermediates
as carried out on an automated flash chromatography system,

Fig. 2. Synthetic path for the prep
(±)-1, and the CSs 2 and 3.

Combyflash® Rf (Teledyne Isco Lincoln USA) using a chromato-
graphic silica gel RediSep® Rf 40 g flash column.

The CPC experiments were performed in a HPCPC model LLB-M
(EverSeiko, Tokyo, Japan). This device consists of a bench centrifuge
(30 cm × 45 cm × 45 cm) with a stacked circular partition disk rotor
(2136 partition channels; 190 mL experimentally measured inter-
nal volume). This apparatus was connected between a manual
injector (Rheodyne), equipped with a 2.4 mL loop, and the detector
of a conventional HPLC system (pump, autosampler, UV detector
and chromatographic data station) HP 1100 (Agilent Technologies,
Palo Alto, CA, USA). The elution of the analytes was directly mon-
itored by UV detection (254 nm). Additionally the fractions of the
eluate (3 mL) collected throughout the experiment (Gilson FC 203B
fraction collector) were analysed by enantioselective HPLC to indi-
vidually determine the enantiomeric composition during elution.
Elution profiles were constructed from the data obtained. The ana-
lytical control of the fractions was performed on the same HPLC
system using the autosampler and substituting the CPC device for
the chiral HPLC column. Temperature was maintained at 25 ◦C dur-
ing CPC and HPLC runs.

2.2. Synthesis of racemic (±)-1

The procedure used was analogous to that reported by Pirkle et
al. [10,11] for the synthesis of the CS contained in the Whelk-O®

CSP. Nevertheless, in the present case a decyl chain is introduced
by alkylation in the �-position of the intermediate ketone 4 (Fig. 2).
Experimental details are given in the supporting information.

2.3. N,N-Diethyl-(S)-naproxenamide (3)

CS 3 was prepared from (S)-naproxen. The enantiomeric purity
of 3 was corroborated by HPLC on a (S,S)-Whelk-O® CSP using
methanol/water/acetic acid (80:20:0.1) as a mobile phase. A sin-
performed using racemic naproxen as a starting product a second
peak at k′

2 = 4.79 (˛ = 2.24, Rs = 8.27) was also observed in the same
chromatographic conditions. According to the description of the
elution order of naproxenamides in (S,S)-Whelk-O® CSP [15], the
first eluted peak corresponds to the (S)-naproxenamide isomer.

aration of racemate (±)-1.



N. Rubio, C. Minguillón / J. Chromatogr. A 1217 (2010) 1183–1190 1185

Table 1
Solvent systems tested.

Composition of the solvent systema CS Behaviour of CS Behaviour of (±)-1

Binary solvent systems
1 MTBE/NH4OH 10 mM aqueous solution 2 L U
2 MIBK/NH4OH 10 mM aqueous solution 2 L U

Ternary solvent systemsb

3 MTBE/ACN/water (20:30:50) 3 L U
4 MIBK/acetone/water (40:20:40) 3 P -
5 Heptane/n-butanol/ACN (50:18:32) 3 P -
6 Heptane/n-butanol/ACN (30:16:54) 3 P -
7 Heptane/n-butanol/ACN (80:6:14) 3 P -

Quaternary solvent systemsc,d

8 Heptane/EtOAc/MeOH/water (4:1:4:1, U) 2 L U
3 L U

9 Heptane/EtOAc/MeOH/water (6:1:6:1, W) 2 L P
3 L U

10 Heptane/EtOAc/MeOH/water (9:1:9:1, X) 2 L P
3 L P

11 Heptane/EtOAc/MeOH/water (19:1:19:1, Y) 2 P –
3 P –

L, compound retained in the Lower phase of the system; U, compound retained in the Upper phase; P, Partition of compound in the two phases. Shaded cells indicate the
compositions providing retention of the CS in one of the phases and partition of the racemate. MTBE, methyl tert-butyl ether; MIBK, methyl isobutyl ketone; ACN, acetonitrile;
EtOAc, ethyl acetate; MeOH, methanol.
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a v/v ratios indicated in parentheses.
b Compositions calculated on ternary diagrams [5].
c Water was substituted by a 10 mM NH4OH solution for chiral selector 2.
d Arizona solvent system family [18]. The letter in parentheses designates the com

.4. Selection of solvent system for the CPC experiments

The qualitative distribution of CSs and racemate in diverse
iphasic solvent mixtures was tested by means of liquid–liquid
xtraction experiments to determine the most adequate solvent
ystem to perform the CPC runs. A 100 mM solution of (±)-1 (50 �L,
�mol) in ethyl acetate and 50 �L of a 100 mM solution of the CS

2 or 3) (5 �mol) in methanol were dispensed into test tubes with
crew caps. After removal of the solvent under vacuum, an aliquot
f 1 mL of the upper phase and an equal volume from the lower
hase of the previously prepared solvent mixtures (Table 1) were
dded. The vials were closed and vortexed vigorously in a water
ath at 25 ◦C for 5 min. The distribution of racemate and CS in the
wo phases was analysed by TLC (hexane/ethyl acetate 2:8 for CS 2
nd 6:4 for CS 3). All the solvent systems tested produced the par-
ition of racemate (±)-1. The solvent systems that retained the CS
n the lower aqueous phase were considered for the development
f the CPC experiments.

.5. Preparation of solvent systems and CPC experimental
onditions

The quaternary biphasic solvent systems prepared for the sep-
ration of the enantiomers consisted of mixtures of heptane/ethyl

cetate/methanol/10 mM aqueous NH4OH (4:1:4:1) and (9:1:9:1),
n the case of CS 2, and heptane/ethyl acetate/methanol/water
9:1:9:1) for 3. All mixtures were shaken in a separatory funnel
nd allowed to equilibrate for 16 h. Each phase was filtered and
egassed separately before use.

Fig. 3. Structure of the CSP used in the enantioselective HPLC analysis.
tion described.

The lower phase, with a higher aqueous content, was used as sta-
tionary phase. Therefore, the elution was performed in ascending
mode. The flow rate of the upper mobile phase was set at 3 mL/min
and the rotational speed of the centrifuge at 1100 rpm. In these
conditions the retention of the stationary phase in the centrifuge
was 60%. The amount of CS involved in the separation was calcu-
lated from Vs value (115 mL). Samples were injected dissolved in
the mobile phase once the system had reached a steady state.

2.6. Enantioselective HPLC analysis of fractions

Elution from the CPC system was directly monitored by UV
detection at 254 nm. Nevertheless, the eluate was collected in
fractions and their enantiomeric content was determined by enan-
tioselective HPLC. A previously described CSP [16] containing a
(S)-naproxen derivative as CS (Fig. 3) was used. The mobile phase
was constituted by a mixture of heptane/2-propanol (80:20) (col-
umn dimensions: 100 mm × 4.6 mm i.d.) ((±)-1: k′

1 = 6.34, ˛ = 1.5,
Rs = 3.15; CS 3: k′ = 0.40). The samples were prepared by dilut-
ing 250 �L of the eluate (containing mainly heptane and ethyl
acetate) with 750 �L of the mobile phase (heptane/2-propanol
80:20). Elution profiles for the two enantiomers were constructed
with the results obtained. All runs were performed at least
twice.

2.7. Recovery of (±)-1 enantiomers and CS 3 after CPC runs

Once the enantiomeric excesses (ee) of the samples recovered
were determined, the fractions with an enantiomeric purity over
85% (% ee higher than 70%) were combined and the solvent was
removed by rotary evaporation. The ee of the two enriched frac-
tions was increased over 99% in a second CPC separation. The small
amount of CS 3 that accompanies mainly the first eluted enantiomer
of 1 in the CPC runs was easily removed by flash normal phase

chromatography (hexane/ethyl acetate – 7:3).

Once the elution of the analytes was complete, the stationary
phase was displaced from the stopped centrifuge by pumping the
mobile phase in descending mode. The solvent of the solution con-
taining CS 3 was eliminated by rotary evaporation. The resulting
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esidue was dried under vacuum. A recovery of 85% of CS 3 was
etermined.

.8. Quantitative evaluation of CS and elution order of
nantiomers in the eluate

A calibration curve was determined for 3 injecting known
mounts of this compound on the (S)-naproxen-derived CSP for
PLC. For this purpose stock solutions of 3 at various concentra-

ions were prepared. The curve obtained allowed us to quantify the
mount of compound 3 accompanying mainly (R,R)-1.

The quantitative distribution of enantiomers and CS in the
iphasic solvent system used in the CPC separation (heptane/ethyl
cetate/methanol/water (9:1:9:1)) was examined in test tubes.
hree independent determinations, racemate (±)-1, CS 3 and the
wo compounds simultaneously, were performed. In order to keep
he experimental conditions as close as possible to CPC experiments
100 mM concentration of CS 3 in the lower phase was used and
mg of (±)-1 were added to 2 mL (1 mL upper phase + 1 mL lower
hase) of the biphasic mixture. The distribution of racemate and CS

n the two phases was determined by enantioselective HPLC using a
reviously described CSP (Fig. 3) [16] and conditions. Samples were
repared by diluting 250 �L of either the upper or the lower phase

n 750 �L of 2-propanol. Distribution experiments were performed
n duplicate.

. Results and discussion

Most CSs used in CCC/CPC enantioseparations come from their
pplication to chiral HPLC [17]. However, these CSs have to be
dapted to the liquid–liquid conditions. As there is no solid sup-
ort, the CS has to be retained in one of the liquid phases involved in
he process by adapting its physicochemical properties. Consider-
ng that most biphasic liquid systems consist of a lipophilic organic
hase and a polar aqueous phase, the properties of the intended
S have to be as close as possible to one of these two extreme sit-
ations, which will provide the adequate solubility and the lack
f partition required for an ideal CS. Given the already lipophilic
ature of the CS contained in the Whelk-O® CSPs, the additional

ncrease in lipophilicity by the introduction of an aliphatic chain
n the fundamental backbone of the molecule was considered.
his aliphatic chain was introduced on the � position of ketone
(Fig. 2) by alkylation on basic conditions. The resulting alkylated

etone 5 was converted into the amine 6 by reductive amination.
he generation of a second stereogenic center on the molecule in
his reaction originates a mixture of stereoisomers in which the
esired cis diastereomers are the major compounds. Nevertheless,
he separation of stereisomeric mixture was only undertaken on
he final amide mixture after the acylation reaction. Thus, firstly cis
iastereomers were separated from the minor trans diastereomers
y conventional flash chromatography and finally the enantiosepa-
ation of the cis (±)-1 racemic compound was undertaken. Although
he enantioseparation by HPLC of similar racemates has been
escribed [11], due to the advantages that CCC/CPC provides for
reparative operation, and given our interest in the application
f this technique to enantioseparation, this was the procedure
pplied.

.1. Selection of suitable chiral selector and solvent system

Considering the so-called reciprocity principle in enantiomer

ecognition, and taking into account that Pirkle et al. developed
he Whelk-O® CSP on the basis of (±)-naproxen enantiosepara-
ion, commercially available (S)-naproxen (2) was the first tentative
andidate as CS in the separation of (±)-1. In order to select the
ppropriate solvent system liquid–liquid extraction experiments
gr. A 1217 (2010) 1183–1190

were performed with 2 and (±)-1. Binary and quaternary solvent
systems were tested (Table 1). Due to the acidic character of 2 ((S)-
naproxen, pKa: 4.5), water was substituted by an ammonia solution
to ensure the retention of the CS in the aqueous phase, which was
intended to act as a stationary phase. Although the CS was suc-
cessfully retained in the aqueous phase as expected, no partition of
(±)-1 was detected in the binary solvent mixtures tested. Given the
extreme polarities of the two solutes, a more flexible solvent system
was considered. The quaternary solvent system family, composed
of mixtures of heptane, ethyl acetate, methanol and water (Arizona
family [18]) permits a finely tuned polarity. Partition of the race-
mate, while maintaining retention of CS 2 in the lower phase of the
system, was attained for solvent systems W and X (entries 9 and
10 in Table 1). Unfortunately, attempts to resolve the enantiomers
of (±)-1 by using 2 as CS were unsuccessful. This negative result
was attributed to the solvation of the anionic CS in the aqueous
media which may hinder association with the neutral analyte. To
avoid this ionization effect, the derivatization of the acidic position
of (S)-naproxen with diethylamine was performed.

Various compositions of ternary mixtures (Table 1), covering a
wide range of polarities and selectivities, were tested in the search
of a solvent system adequate for the resulting amide 3. Although in
the most polar the racemate did not partition as required, in most
cases it was CS 3 that partitioned in the two phases. The quaternary
mixture of heptane, ethyl acetate, methanol and water in a ratio of
9:1:9:1 (system X) was the one that showed the best compromise
between the retention of CS 3 and partition of the analyte (±)-1.
Moreover, this system allowed a high solubility of 3 in the more
polar lower phase.

A first attempt in the CPC separation of (±)-1 was undertaken
using solvent system X setting the CS 3 concentration at 50 mM.
The enantioselective analysis of the eluate fractions allowed us
to follow the elution of enantiomers separately. A slight leak of
the CS to the mobile phase was detected. Nevertheless, it did not
interfere with the determination of the enantiomeric content of
the eluted fractions due to the different retention times observed
for enantiomers and CS in the analytical chiral HPLC conditions
used. Although the amount of racemate injected (100 mg, 0.2 mmol,
molar ratio CS/analyte: 36.8) was far from the theoretical loadabil-
ity limit for a highly enantioselective CS (molar ratio CS/analyte: 1)
[8], only a partial separation of (±)-1 enantiomers was obtained. A
value of 1.13 was calculated for selectivity (˛) on the elution profile.

3.2. Optimization of CPC preparative separation conditions:
increasing CS concentration and loading capacity

Given the known relationship between concentration of CS in
the stationary phase and enantioselectivity value [7–9], the amount
of CS contained in the stationary phase was consecutively increased
from 50 mM, used in the first separation, up to 75 and 100 mM.
The enantioselectivity values for these two later runs in the reso-
lution of 100 mg of (±)-1 were calculated to be of 1.27 and 1.28,
respectively. The slight increase produced from 75 to 100 mM is
an indication that the maximum enantioselectivity value for the
separation of (±)-1 enantiomers using CS 3 in the chosen solvent
system is almost attained [9] (Fig. 4). Simultaneously, although a
partial separation is obtained in all instances, the resolution value
increases also with increasing CS concentration. Therefore, given
that the final aim of the study is the preparative separation of (±)-1
enantiomers and considering the relationship between CS concen-
tration and loading capacity of the chromatographic system [9],

100 mM was the concentration of CS used in the subsequent runs.

Once the CS concentration was optimized from the point of
view of the enantioselectivity value, the best conditions to conduct
repeated runs, in terms of sample loading versus yield and enan-
tiomeric purity of the recovered enantiomers, were determined.
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Fig. 4. Dependence of enantioselectivity on CS concentration.

Table 2
Yield and purity of recovered enantiomers in CPC runs at increasing amounts of racemate injected (CS concentration: 100 mM).

Racemate injected (mg) rCS/rac
a ˛ (R,R)-1b (mg (%)) ee (R,R)-1 (S,S)-1b (mg (%)) ee (S,S)-1

200 27.10 1.34 70 (35%) 89% 60 (30%) 85%
300 19.10 1.28 90 (30%) 83% 60 (20%) 80%
400 12.20 1.21 116 (29%) 82% 76 (19%) 78%
500 11.80 1.21 150 (30%) 84% 100 (20%) 78%
650 10.90 1.21 169 (26%) 78% 78 (12%) 74%

%)

unt. F

T
t
d
v
s

F
i

900 6.90 1.23 135 (15

a rCS/rac, molar ratio CS/racemate involved in the separation.
b Amount of enantiomer recovered and percentage in respect to the injected amo
he progressive injection of increasing amounts of (±)-1 (from 200
o 900 mg) in the chosen solvent system and CS concentration pro-
uced only a slight decrease of enantioselectivity and resolution
alues (Fig. 5). Considering the partial separation obtained the peak-
having technique was applied. Fractions showing an enantiomeric

ig. 5. Dependence of enantioselectivity and resolution on the amount of sample
njected. The yield obtained for each enantiomer on a single run is indicated.
74% 99 (11%) 70%

ractions containing an enantiomeric excess (ee) over 70% were collected.

purity over 85% (70% ee) for any of the two enantiomers were joined
(Fig. 6). Yield and % ee were notably affected by the increase in the

amount of sample injected (Table 2). The successive injection of
amounts in the order of 450–500 mg was chosen to provide the best
outcome in terms of yield and % ee. At these conditions, amounts
in the order of 30% of the injected sample for the first eluted enan-

Fig. 6. Eluting profile corresponding to the separation of 400 mg of (±)-1. The shaded
areas correspond to the regions in which the enantiomers were recovered (enan-
tiomeric purity over 85%).
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Table 3
Partition ratios (KD).

(S,S)-1 (R,R)-1 (±)-1 CS 3

Isolated compoundsa 0.78 0.76 0.77 7.62
Simulating CPC conditionsb 0.49 0.31 0.39 3.75

a Partition ratios for each individual compound determined in the heptane/ethyl
a
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higher than that calculated for the CPC separation and the rela-
cetate/MeOH/water (9:1:9:1) solvent system.
b Partition ratios determined in conditions similar to those in the CPC experiment

CS concentration: 100 mM).

iomer (84% ee) and a 20% of the second eluting enantiomer (78% ee)
ere recovered. The remaining 50% of the sample was re-injected

ogether with more racemate.
A second run performed under the same conditions, in which

he enantiomers recovered during a first cycle were re-injected,
ed to an increase in enantiomeric purity over 99% (98% ee) for the
rst eluting enantiomer and over 98% (96% ee) for the second elut-

ng enantiomer. This procedure make feasible to obtain the desired
ompound (R,R)-1 with the adequate enantiomeric purity.

.3. Studying the inversion of elution order for (±)-1 enantiomers
y CPC respect to HPLC

Although not previously observed during the qualitative selec-
ion of the adequate solvent system in test tubes, a certain
artition of CS 3 to the eluate was detected during the con-
ecutive CPC runs. The concentration of CS 3 in the eluate was
ot constant during the elution. Instead, a maximum correspond-

ng to the maximum elution of the first eluting enantiomer
as observed. Also, the increase in the amount of racemate

njected produced a simultaneous increase in the leak of CS to
he eluate (Fig. 7). The molar ratio analyte/CS eluting at the

aximum elution time for the first eluting enantiomer was deter-
ined to be close to 1, independently of the amount of analyte

njected.
Given that the pair of Whelk-O® CS/naproxen-derived enan-

iomers has been the object of extensive studies [19,20], the
bsolute configuration of the isomers that originate the more
table adsorbates is known. According to the literature [15], in
ompounds similar to (±)-1 the (R,R) isomer is the enantiomer
stablishing a stronger interaction with amides derived from (S)-
aproxen. Therefore the most retained enantiomer in HPLC using a
SP derived from (S)-naproxen, is the (R,R)-1 isomer. Nevertheless,
hen the fractions collected from the CPC separations were anal-

sed by enantioselective HPLC on the (S)-naproxen-derived CSP,
reversed elution order of enantiomers was observed. Thus, the
ore retained isomer in HPLC resulted in the less retained enan-

iomer in CPC. This observation, together with the leak of CS 3
bserved accompanying this isomer, was attributed to the elu-
ion of the enantiomer in the form of the more stable adsorbate
ith the CS [(R,R)-1·(S)-3]. The elution of the more lipophilic adsor-

ate instead of the free enantiomer may be favoured by the highly
ipophilic nature of the mobile phase. Although not frequent, a sim-
lar behaviour has previously been described for the separation of
±)-kynurenine in an aqueous two phase solvent system (ATPS)
sing bovine serum albumin as CS [21].

To confirm this hypothesis, the partition ratio of (±)-1 in the
resence of CS 3, at the same concentration used in the CPC exper-

ment, was determined in comparison to the value obtained using
he same solvent system in the absence of CS (Table 3). The parti-
ion ratio, K , in countercurrent chromatography is defined as the
D
atio of the solute concentration in the stationary phase over the
olute concentration in the mobile phase [22]. Given that usually
he CS in CPC enantioseparations acts by producing retention of the
nalyte in the stationary phase, often the more lipophilic phase of
gr. A 1217 (2010) 1183–1190

the solvent system, the partition ratio determined in the presence
of the CS is higher than in the absence of this compound. Neverthe-
less, in the particular case of (±)-1, the more lipophilic phase of the
solvent system is the mobile phase. However, KD values are lower
in the presence of the CS, in spite of being this latter located prefer-
entially in the more polar stationary phase. Therefore, the CS is not
even retaining the analyte in the stationary phase but promoting its
elution to the mobile phase. Moreover, the partition ratio for the CS
is also lower in the presence of the analyte, indicating the tendency
for the CS to elute to the mobile phase when the analyte is present.
Additionally, the partition ratio for the (R,R)-1, enantiomer, which
forms the most stable adsorbate with the CS, is more affected by
this phenomenon that its (S,S)-1 counterpart.

The separation of CS 3 contained in the collected fractions of
(R,R)-1 was easily performed using conventional methods.

3.4. Comments on CPC and HPLC in the preparative separation of
(±)-1 enantiomers

Although the effect of differences in conditions (solvents used)
and technical factors for the two techniques should not be over-
looked, an attempt has been made to evaluate CPC in comparison
with HPLC in the separation of (±)-1 enantiomers. Two CSP for
HPLC were used. Some of the advantages of the CPC technique
for preparative operation can be illustrated by the results obtained
(Table 4).

Given the availability in our laboratory of a CSP containing a
(S)-naproxen-derived CS (Fig. 3) [16], and in spite of the analytical
dimensions of the column (300 mm × 4.6 mm i.d.), a simple load-
ing study was performed. Heptane/2-propanol (80:20) was used
as mobile phase in the HPLC separation and increasing amounts of
(±)-1 were injected until “touching-bands” resolution (Rs = 1) was
attained. The requirements on CS for a given amount of racemate
processed are highly favourable to the CPC separation, which allows
a better use of this compound. This implies less synthesis work in
the preparation of the stationary phase for CPC. Also, the amount
of solvent needed is considerably lower for the CPC separation,
even considering that in these conditions a double run is required
to increase the enantiomeric excess of the recovered enantiomers
over 98%.

In contrast, limitations are also made evident for the CPC sepa-
ration. Thus, HPLC permits a high enantiomeric excess in a single
operation while, as mentioned, a second purification is required in
the CPC conditions used. This is due to the inherent relatively low
efficiency of the technique regarding that of HPLC. In this regard,
the absence of solid support provides CCC/CPC with additional tools
to improve resolution in a given separation. Among them, multi-
ple dual-mode CCC has recently been demonstrated to improve the
resolution in the separation of (±)-1 enantiomers over 1.51, which
corresponds to the complete separation of the isomers [23] in one
run.

A second CSP containing a 3,5-dinitrobenzoyl derivative of l-
phenylalanine as CS [16] showed a slightly lower enantioselectivity
value for the separation of (±)-1 enantiomers (˛: 1.85, heptane/2-
PrOH 90:10) than the (S)-naproxen-derived CSP. Considering the
availability of a semipreparative column (300 mm × 10 mm i.d.)
containing this CSP, the loading capacity for (±)-1 was also
tested. This column allowed us to reduce substantially the time
required for the separation of a given amount of racemate with
respect to the former analytical column. However, solvent con-
sumption continues to be more than one order of magnitude
tive amount of CS required is still far from the low amount needed
in CPC.

The described preparative HPLC separation of a compound anal-
ogous to (±)-1 [24] on a (S)-naproxen-derived CSP [25] allows us
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Fig. 7. Elution profile of the CS 3 during the separation of (±)-1 enantiomers. Amount of racemate injected: (a) 400 mg; (b) 650 mg.

Table 4
Separation of (±)-1 enantiomers on CPC and HPLC.

CPC HPLC analytical HPLC semipreparative

Stationary phase MeOH/water 90:10 Modified silica Modified silica
Size of the column 140 mLa 300 mm × 4.6 mm i.d. 300 mm × 10 mm i.d.
Chiral selector 3 (N,N-Diethyl-(S)-naproxenamide) N-Silylpropyl-(S)-naproxenamide N-(3,5-Dinitrobenzoyl)-l-phenylalaninamide
Mobile phase Heptane/EtOAc (90:10) Heptane/2-PrOH (80:20) Heptane/2-PrOH (90:10)
CS in SP (mmol) 14.0 1.5 5.9
Loading capacity (mg) 500.0 1.0 10.0
rCS/rac 14.9 807.3 315.3
Flow (mL/min) 3.0 1.0 8.0
Solvent consumption per gram of

racemate (L)
0.7 20.0 48.0

Time required per gram of
racemate (h)

4.0 333.0 100.0

Enantiomeric excess (R,R)/(S,S) 98/96 98/99 95/97
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eOH, methanol; EtOAc, ethyl acetate; 2-PrOH, 2-propanol.
a Volume of the stationary phase retained in the column (190 mL, total volume o

o corroborate the observations. A molar ratio CS/racemate in the
rder of 35 mol/mol can be calculated for the described separation.
his value, although considerably lower than those calculated from
he HPLC experiments performed in our study, is still more than
wice the amount calculated for the CPC separation. Unfortunately,
un time is not given for the described separation although a flow
ate of 35 mL/min is indicated. Considering this flow rate, the HPLC
eparation described would only be favourable to the CPC sepa-
ation in terms of solvent consumption if the elution of the two
nantiomers was shorter than 15 min.

. Conclusions

In this study the separation of (±)-N-(3,4-cis-3-decyl-1,2,3,4-
etrahydrophenanthren-4-yl)-3,5-dinitrobenzamide, (±)-1, enan-
iomers by CPC is described. The separation was optimized in terms
f CS concentration and loadability/yield of the resulting enan-
iomers. In spite of the partial separation produced and the slight
eak of CS, the lower ratio CS/racemate and the lower solvent and
ime consumption makes CPC separation feasible and an alterna-
ive to HPLC. The inversion of the eluting order of enantiomers in
PC experiments respect HPLC using the analogous chiral moiety
s CS has also been studied. This inversion is the result of the parti-
ion of the most stable adsorbate CS-enantiomer between the two
hases due to the higher lipophilicity of this complex over that of
he free enantiomers of 1.
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