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Abstract

SeveralL-proline and (&®)-hydroxy+i-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 determin
the appropriate distribution for CSs and racemateg3,5-dinitrobenzoyl)-{)-leucine and£)-ketoprofen). Successful separations of DNB-
()-leucine in analogous experimental conditions allow the comparative study of the enantioselectivity displayed by the considered CSs. The
low solubility of certain CSs limits their applicability for preparative purposes even for improved enantioselectivity. The effect that the nature
and 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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1. Introduction The resolution of enantiomers by CCC involves the
addition of a chiral selector (CS) to the stationary lig-
During the development of chiral new active ingredients uid phase. The mixture of enantiomers comes into con-
(NAI), the high stereoselectivity of the biological processes tact with this liquid CSP, and enantiodiscrimination may
involved in their pharmacological activity must be consid- be achieved. The CSs used up to now in CCC for chiral
ered. The distribution, metabolism and even the interaction separations come from other separation techniques, mainly
with the target molecule might differ for each enantiomer HPLC, and have been recently reviewf. Among the
of a chiral compoundl]. Therefore, there is an increasing low molecular weight CSs used in multiple interaction CSPs
interestin producing enantiomers separa2/$]. HPLC, ap- (“Brush type” CSPs) for HPLCy-proline derivatives ex-
plying simulated moving bed (SMB) technology, is at present hibit particularly remarkable enantioselectivity for certain
one of the first choices to perform large-scale chiral separa-analytes[10-12] On this basis, we previously proposed
tions, in spite of costly chiral stationary phases (CSPs) and theN-dodecanoyk-proline-3,5-dimethylanilide 1; Fig. 1) as
high consumption of solvenfd,5]. However, the investment a mw-donor CS applicable to CCC in the separation of
in equipment is substantial. In this regard, counter-current N-(3,5-dinitrobenzoyl)-{)-leucine and valine derivatives
chromatography (CCC]6] and its modalities, centrifugal  [13].

partition chromatography (CPCJ] among them, which are In an attempt to improve selectdr, severalL-proline
especially adapted to preparative purpd8gscan be acom-  derivatives have been synthesised in our laborateiy. (1).
petitive alternative for preparative enantioseparations. In this paper, we report their comparative study. The search

for an adequate organic/aqueous biphasic solvent system
for CPC and the effect of the nature and pH of the buffer
* Corresponding author. Tel.; +34 93 403 71 07; fax: +34 93 403 71 04, Solutions used in their application to the separation of DNB-
E-mail address: cminguillon@pcb.ub.es (C. Minguih). (+)-leucine are studied. The optimisation of conditions
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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.3. Preparation of solvent systems
discussed.

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 0.1M (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
CSs 1-5 were synthesised and characterised as de-by mixing MTBE/ACN/10 mM hydrochloric acid solution,

2. Experimental

2.1. Reagents

scribed previously14]. N-(3,5-Dinitrobenzoyl)-¢)-leucine
was a product from Aldrich (Steinheim, Germany) agg-(
ketoprofen was supplied by Sigma (St. Louis, MO, USA).

MIBK/ACN/10mM HCI, and ethyl acetate/ACN/10 mM
HCI or hexane/acetone/0.2 M ammonium acetate buffer pH
4.5 following the ratio 2:1:2. The quaternary solvent systems

HPLC-grade solvents were used in the preparation of lig- heptane/ethyl acetate/methanol/10 mM HCI were prepared
uid phases for CPC and HPLC. The buffer solutions used wereby mixing their components following the ratios (4:6:5:5)
prepared from analytical reagent-grade ammonium acetateand (5:5:4:6). All mixtures were shaken in a separatory fun-
disodium monohydrogen phosphate and sodium dihydrogennel and allowed to equilibrate for 16 h. Each phase was then
phosphate and MilliQ water. filtered and degassed separately before use.

2.2. Apparatus 2.4. CPC operating conditions

The CCC experiments were performedinaHPCPC model  Previous extraction experiments were performed as
LLB-M (EverSeiko, Tokyo, Japan). This is a bench cen- described[15] to qualitatively determine the distribution
trifuge (30cmx 45cmx 45cm, 190 mL of experimentally — of selectors and racemates in each of the biphasic solvent
determined internal volume) with a stacked circular partition systems considered. The CSs were dissolved in the organic
disk rotor. This instrument was connected to a conventional upper phase of the chosen solvent systems, which acted
HPLC system (pump, autosampler, UV detector, and chro- as stationary phase. The flow rate of the aqueous mobile
matography data station software) model HP 1100 (Agilent phase was set at 3mL/min and the rotation speed of the
Technologies, Palo Alto, CA, USA). A manual Rheodyne in- centrifuge was 1100 rpm, unless otherwise indicated. The
jector equipped with a 2.4 mL loop was used. The analytical amount of CS involved in the separations was calculated
control of the fractions collected in CPC was performed on from the Vg; value. Elution was monitored by UV-detection
the same HPLC system, changing the CPC device for the ap-at 254 nm. Nevertheless, the eluate was collected in fractions
propriate HPLC chiral column. Temperature was maintained and the enantiomeric content of these was determined.
at 25°C during the CPC and HPLC runs. Elution profiles for the two enantiomers were constructed
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with the results obtained. All runs were performed at least ary phase and the reproducibility of results. Therefore, the

twice. solvent system must reach a compromise situation between
these requirements and must be adapted to the CS and the
2.5. Analysis of CPC fractions analyte.

The fractions of 3mL collected during elution were in-  3.1. Theoretical considerations
dividually analysed to determine their enantiomeric content.
A liquid-liquid extraction treatment, previous to the HPLC The selectivity factor in CCCy, is defined as the ratio
analysis, was required to process the agqueous fractions ofof partition coefficients, as differences in partition are on the
eluate. Fractions containing DNB-leucine were analysed on abasis of the separation of analytes by this technigiu83.
column containingV-(3,5-dimethylphenyl)x-phenylalanine In enantioselective CCC two processes, partition and asso-
as CS (column CSP6c if16]) using a mixture heptane/2-  ciation with the CS, must be considered. Assuming that the
propanol/TFA (95:5:0.5) as mobile phase 2.78;Rs, 6.20). CS and its complexes with the enantiomers do not undergo
Fractions containing ketoprofen were analysed on a columnpartitioning to the mobile phase and considersniipe most
containing a 3,5-dichlorobenzoate of cellulose bonded to al- retained enantiomes,ccc can be expressed H9]:
lylsilica gel as CS (CSP5 ifL7]). Heptane/2-propanol/TFA 1+ [CS]Kas
(99:1:0.1) was used as mobile phaseX.44;Rs, 2.37). The Oecc= ——————
flow rate was 1 mL/min and the UV detection was set at 1+ [CS]Kag
254 nm. [CS] being the concentration of CS that remains free in the
Elution order in the CPC experiments was established on stationary phase evenin the presence of the enantiomers. That
the basis of the elution order in HPLC, determined with the is, accc is dependent not only on the ratio between associ-
use of samples enriched with one of the enantiomers of knownation constants, but also on the magnitude of these associa-
absolute configuration. tion constants. The latter will determine the concentration of
the CS that remains free in the stationary phase. The highest
acccVvalue attainable in given chromatographic conditions is
3. Results and discussion the ratio of association constants CS/enantiorf2fk When
CSs show low to moderate enantioselectivity when faced with
The election of a solvent system is crucial for the success a given racemate (i.e., 1.1 <Ka ratio <4.0), which is likely
of the separation by CCC/CPC and even more for the separa+to be the most frequent case considering the parallelism with
tion of enantiomers using this technique. Thus, the CS mustenantioselective HPLC, and values between 5 and 400 mM
be soluble in one of the phases, which will be used as the are given to Ka constants, it can be easily shown that the ef-
stationary phase. Simultaneously, the analyte must be convefect of the free CS concentration on selectivity will be more
niently partitioned into the two phases. In this scenario, the significant for high enantioselectivity values ({%a ratio)
separation of the enantiomers is the result of differences inand low association constants. It can be assumed that, for
the association equilibria CS/enantiomers that occur in the CSs showing low association constants (Ka < 1-ZMand
stationary phase where the CS must be confined. enantioselectivity values in the more usual range, a 10 mM
The partition equilibrium of the solute between the two concentration of the free CS will produce agcc value in
phases, which is a function of the solvent system chosen, af-which the difference from the maximum value attainable in
fects the retention of the compound and also the effectivenesghe conditions considered will be negligible. Nevertheless, it
of the association. Thus, a product with a high affinity for the should be taken into account that the concentration of free CS
stationary phase will be over-retained, while another with a in the system will decrease when high amounts of analyte are
low affinity will hardly reach the CS and the probability to be injected in preparative applications, even for CSs exhibiting
resolved will be low. Moreover, for preparative purposes the low Ka values.
solubility of the CS in the stationary phase must be as highas Therefore, the relevance of the search for an adequate sol-
possible, as column loadability is a function of the amount of vent system to perform the separation lies in the effect that
CS involved in the separatidi5]. Therefore, a substantial this solvent may have not only on the amount of CS that is
polarity is needed for this phase to reach the CS solubility re- involved in a given separation, but also on the association con-
quired. However, such a stationary phase saturated with thestants CS/enantiomers. These will condition the loadability
other phase of the solvent system, often a water-containingof the resulting chromatographic system and the separation
mixture or solution, solvates the CS, thereby preventing its as- of peaks.
sociation with the enantiomers. The analyte enters in compe-
tition with this solvatation and enantioselectivity may be af- 3.2. Search for an adequate solvent system
fected. Moreover, when polarity is similar for the two phases,
the selector may be extracted from one to the other, producing A usual starting point in the search for an appropriate sol-
leaks of the CS to the mobile phase. This phenomenon shouldvent system is to choose a good solvent for the CS and an im-
be avoided to ensure the maximum stability for the station- miscible solvent of whose polarity differs greatly. The system
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constituted by heptane/ethyl acetate/methanol/10 mM HCI, led to a large fraction of free analyte in the stationary phase
similar to the previous applications of @$n CPC[13], was that is partitioned to the mobile phase. On the other hand,
first considered. The acidic solution prevents the ionisation of the low enantioselectivity of the CSs in these conditions (low
the racemates. Nevertheless, the application of these condiratio between association constants) may have determined
tions to CS4 and3 originated excessive retention of the ana- the enantiomeric excess of the free analyte in the stationary
lytes for practical purposes (more than 8 h). The distribution phase and therefore, the enantiomeric excess at which it is
of CSs1—4 and that of the racemates was then examined us-eluting. Both processes result in a premature saturation of
ing more polar ternary solvent systems constituted by MTBE, the chromatographic system. A third factor that could have
MIBK and ethyl acetate with ACN and hexane, toluene and contributed to the lack of resolution is the high polarity of
MIBK with acetone and 10 mM HCI. Only the less polar se- MIBK, which may allow the ionisation of the racemate in
lector CS1 was completely retained in the lipophilic phase the organic phase at the pH applied.
of a hexane/acetone/10 mM HCI system. However, ketopro-  When all four selectors are compared in the same condi-
fen was still excessively retained when these conditions weretions the differences observed can be attributed only to dif-
used in CPC. ferences in the association constants caused by the distinct
At this point aqueous buffer solutions were used to control structure of the CSs. In this regard, Cand4 originated
the distribution of racemates. Hexane/acetone/0.2 M ammo-notably higherx values than C3. Taking into account the
nium acetate buffer solution pH 4.5 (2:1:2) produced the com- structural similarity of the CSs and the identical elution order
plete resolution of the DNB-leucine enantiomegs{18 min; of enantiomers for all of them, it can be deduced that the in-
t1=38min R); =51 min§);« 1.65) aswellasapartial sep- troduction of an additionak-donor aromatic ring increases
aration for ketoprofen-enantiomer more retained than the the enantioselectivity for DNB-leucine. However, the limited
R-enantiomer). Nevertheless, the solubility of the CSs and solubility of the resulting improved CSs in certain solvent
that of the racemates was rather low in this system, which systems limits their use as preparative tools.
constitutes a drawback for preparative applications. The effect of the second structural modification, the intro-
More polar binary solvent systems were then tested. A duction of an additional hydroxyl group onthe CS (Q%sd
comparable 10 mM-concentration of CS in the organic phase4), on enantioselectivity is difficult to explain. The selectivity
of the MIBK/0.2 M sodium phosphate buffer pH 8.0 system of CS2incomparison with C$ decreased while animprove-
was attained for all four CSs. The amount of racemate to be ment was observed in that of GiScompared with CS3. A
injected was set at 150 mg (0.45 mmol, molar ratio CS/rac: deeper study on the role of this group either by modifying
3.15), still far from the theoretical loadability limit of the the polarity of the CS or its involvement in the recognition
stationary phase (molar ratio CS/rac: 1) when using a highly mechanism will require other alternative techniques.

enantioselective CR5]. CSsl—4 showed enantioselectivity Concerning racemic ketoprofen, in spite of the enrichment
towards DNB-leucine in the CPC runs performed under these observed when C3 was used in a hexane/acetone/0.2 M
conditions Table 1 Fig. 2). ammonium acetate buffer (pH 4.5) solvent system, none of

The enantioselective analysis of the eluate fractions al- the CSs studied were enantioselective for this racemate in the
lowed us to follow the elution of enantiomers separately. conditions tested.
Unfortunately, the peaks obtained in all four experiments
did not correspond to essentially pure enantiomers. A devia- 3.3. Effect of buffer nature and pH
tion from the expected Gaussian shape was observed for the
eluting profiles corresponding to the chromatographic peaks. A series of experiments was designed to assess the ef-
Assuming that partition and association, the two processesfect of buffer nature of the mobile phase on separations. It
involved in the separation, are fast, the lack of complete res- was expected that enantioselectivity could be better retained
olution of peaks may be the result of the combination of in a less polar environmeifit9]. Therefore, binary solvent
several factors. On the one hand, the low affinity between systems containing the lipophilic MTBE were used to obtain
CSs and enantiomers (low association constants) may havéncreased separation of peaks. Ammonium acetate buffer and

Table 1

CPC runs in MIBK/0.2 M sodium phosphate buffer solution (pH 8.0)

CS Vst CSst (mmol) rcsirac fo (Min) 71 (min) t2 (mMin) ki? k2?2 acec? R$? eo €hax (%) RIS
1 142 142 3.15 16 41 61 1.56 2.81 1.80 0.96 R 32/35

2 142 1.42 3.15 16 31 35 0.94 1.19 1.26 0.72 R 29/45

3 142 1.42 3.15 16 25 40 0.56 1.50 2.67 0.90 R 46/56

4 142 1.42 3.15 16 23 38 0.44 1.37 3.14 0.79 R 44/38

Vst, volume of retained stationary phase (mL);& 81mol of CS involved in the experiment;syrae molar ratio CS/racemate;, void time;#; andr,, retention
time for each enantiomek; andky, retention factor for each enantiomet;cc, selectivity factorRs, resolution; eo, elution order, configuration of the first
eluted enantiomer; @Ry, enantiomeric excess attained at the maximum elution of each enantiomer. Conditions: Solvent system, MIBK/0.2 M sodium phosphate
buffer solution pH 8.0, flow rate, 3 mL/mim) = 1000 rpm; amount of DNB-leucine injected, 150 mg (0.45 mmol).
@ Calculated on the elution profiles as defined in RE8].
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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) C3, (b) CS2, (c) CS3, and (d) CH. Solvent system: MIBK/0.2 M sodium phosphate buffer pH 8.0. Bage 1for detailed chromatographic
conditions. Vertical left axis, arbitrary absorbance units; horizontal axis, time (min).

sodium phosphate buffer solutions were used at the same conset at 30 mM because of the high solubility of this CS in
centration and were tested at two pH values (6.0 and 6.7). tMTBE. At this point, CS5 was included in the study. The
was expected that for a considered CS, both factors wouldionisable amino group on CS was expected to promote

act mainly on the partition process of the racemate. ion pairing formation with acidic analytes, such as DNB-
Unfortunately, the use of MTBE limited the applica- leucine, within the lipophilic stationary phase, which may
tion of certain CSs. Thus, C3 was used at its solubil-  contribute to enhance enantioselectiVity,21] A concen-

ity limit (6.14 mM) while the concentration of C$ was tration 13.21 mM was attained in the stationary phase for CS

Table 2

CPC runs in MTBE/buffer solution

Cs [CSk (mM) CSst (mmol) rcsrac  Buffer solutior? pH n i kP ko? accc? RsP eo

1 30.00 504 219 Phos. 6.0 90 180 128 2355 209 1.46 R
Acet. 6.0 109 269 187 3570 257 1.63 R
Phos. 6.7 56 80 64 991 149 0.56 R
Acet. 6.7 61 111 B2 1414 193 0.89 R

3 6.14 103 45 Phos. 6.0 90 100 128 1264 112 0.22 R
Acet. 6.0 102 132 121 1701 132 0.50 R
Phos. 6.7 45 - 84 - 100 - —
Acet. 6.7 86 116 103 1482 138 0.52 R

5 1321 222 96 Phos. 6.0 108 - 133 - ~1.0 - N
Acet. 6.0 149 159 183 2069 107 - S
Phos. 6.7 58 - 81 - 10 — -
Acet. 6.7 128 - 1616 - ~1.0 — S

[CS]st, concentration of CS in the stationary phasegC®8mol of CS involved in the experimenyg 168 mL); rcsyrac Molar ratio CS/racemate; andry,
retention time for each enantiomés; andky, retention factor for each enantiomet;cc, selectivity factorRs, resolution; eo, elution order, configuration of
the first eluted enantiomer; Conditions: Flow rate, 3 mL/mir; 1100 rpm; amount of DNB-leucine injected, 75 mg (0.23 mmol).

a Phos., 0.1 M sodium phosphate buffer; Acet., 0.1 M ammonium acetate buffer.

b Calculated on the elution profiles as defined in RE8).



B. Delgado et al. / J. Chromatogr. A 1092 (2005) 36—42 41

200 300
——R ——R
160 —=—5 2501 =5
200
120
150 -
80 -
100 -
40 - 50 4
0 - 0 r's o T AW
(@ o 50 100 150 200 250 300 850 0 50 100 150 200
200 300
160 250 1
200 -
120
150 -
80 -
100 -
40 - 50 4
0 L  S— ‘ . 0 ——a_— ‘ A
(b) o 50 100 150 200 250 300 350 0 50 100 150 200
200 300
160 | 250 1
200 -
120 -
150 -
80 -
100 -
40 - 50
0 it —iTw ; . ; ; 0 " Ay ; .
(c) 0 50 100 150 200 250 300 350 0 50 100 150 200
200 300
160 - 250 1
200 -
120 -
150 -
80 -
100 -
40 - 50
044 e ; ; ‘ ; 0 s o . V. -
(@ o 5 100 150 200 250 300 350 0 50 100 150 200

Fig. 3. Elution profiles and CPC chromatograms obtained in the separation of 75mg (0.23 mmol) of racemic DNB-leucine usirig (@) @$1); (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 ral=hif0 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- when optimising the separation conditions by this technique.
periments (75 mg, 0.23 mmol). This amount provides molar In the case of the CSs used in this study, ammonium ac-
ratios CS/enantiomers high enough to prevent the possibleetate buffer produced higher retention times than phosphate
saturation of the stationary phase. The results obtained arebuffer, thereby resulting in enhanced enantioselectivity. The
shown inTable 2andFig. 3 acidification of the solvent system increased the partition of
As can be observed, most peaks show a Gaussian shapd)NB-leucine towards the organic stationary phase and, con-
indicating the absence of saturation even for co-eluting peaks.sequently, increased analyte retention and separation.
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 Acknowledgements

affinity for the organic stationary phase.
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