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PREFACE

The First International Symposium on Separation of Chiral Molecules was held in
the Maison de la Chimie, Paris, from May 31st to June 2nd, 1988. The symposium,
which was attended by miore than 500 participants from about 30 countries, was
organized by the Société Francaise de Chimie.

The symposium has allowed fruitful discussions between specialists in various
separation techniques, such as crystallization, enzymatic methods and chromato-
graphy.

D. BAUER
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SOME ASPECTS OF THE SELECTION OF HIGH-PERFORMANCE LIQUID

CHROMATOGRAPHIC METHODS FOR THE SEPARATION OF CHIRAL
COMPOUNDS IN PHARMACEUTICAL ANALYSIS

M. GAZDAG*, G. SZEPESI and K. MIHALYFI
Chemical Works of Gedeon Richter Lid., P.O. Box 27, H-1475 Budapest ( Hungary)

SUMMARY

The resolution of norgestrel enantiomers using cyclodextrin inclusion complexa-
tion was investigated. For the purity testing of levonorgestrel the separation method
was optimized with regard to the simultaneous determination of enantiomeric and
non-isomeric impurities at low concentrations. The dependence of the selectivity and
efficiency of the separation on the nature and concentration of the organic solvent
(methanol or acetonitrile) in the eluent and on column temperature was studied in
order to establish the optimal conditions for the separation. The optimal method was
validated and proved to be suitable for the determination as little as 0.1% of
enantiomeric impurity in levonorgestrel.

INTRODUCTION

In the last few years there has been great interest in the improvement of
high-performance liquid chromatographic (HPLC) methods suitable for the separa-
tion of enantiomeric compounds. Several methods have been developed, based mainly
on four basic principles: (a) transformation of enantiomeric compounds to their
diastereomeric derivatives; (b) the use of chiral stationary phases; (c) the use of a chiral
ion pair reagent in the mobile phase; or (d) the use of cyclodextrin inclusion complexes
by applying chemically bonded cyclodextrin columns or cyclodextrin-containing
eluents.

In pharmaceutical analysis, when enantiomeric separations are required (such as
the control of the resolution procedure in drug production, the control of the optical
purity of enantiomeric active ingredients, the preparative-scale preparation of pure
enantiomers and the determination of the enantiomeric ratio of racemic drugs in
biological media) no method based on the above-mentioned principles has preference
and an HPLC method should be selected by taking into consideration both the aim of
the analysis and the power and performance of the method. In this paper we discuss in
detail the principles that can be advantageously considered when selecting a method.
The method validation procedure is demonstrated on the example of the determina-
tion of the enantiomeric composition of p- and L-norgestrel using cyclodextrin
inclusion complexation for the separation.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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146 M. GAZDAG, G. SZEPESI, K. MIHALYFI

As a necessary continuation of our recent work! on the separation of the
enantiomers of D,L-norgestrel, it was required to optimize further and validate the
method for its possible application to the determination of the optical purity of
D-norgestrel. In this work the separation and determination of impurities originating
from the synthesis and the enantiomeric impurity (L-isomer) present in very low
concentrations (less than 1%) were achieved.

EXPERIMENTAL

A Hewlett-Packard 1090A liquid chromatograph equipped with an HP-1040A
diode-array detector, a thermostated column compartment, an autosampler, an
HP-85B personal computer, an HP-9121 disk drive, an HP-2225A Thinkjet printer
and an HP-7470A plotter was used. Separations were performed on a prepacked
Ultrasphere ODS (5 um) column (250 x 4.6 mm 1.D.) (Beckman). The eluents were
prepared from HPLC-grade solvents (E. Merck) and were degassed prior to use.

Levonorgestrel and D,L-norgestrel were prepared at the Chemical Works of
Gedeon Richter in USP XXI quality. Levonorgestrel samples with and without
spiking with 2% of D,L-norgestrel (samples containing less than 0.1 and 1% of
L-norgestrel impurity, respectively) were used for the model experiments. y-
Cyclodextrin (y-CD) was obtained from Chinoin and was used without further
purification.

Other experimental conditions (such as eluent composition, flow-rate, tempera-
ture and detection) are given in the figure captions.

RESULTS AND DISCUSSION

D,L-Norgestrel is official in the USP XXI? and D-norgestrel in the USP XXI and
BP 1980%* as levonorgestrel. The optical purity of levonorgestrel is checked merely by
measuring its optical rotation, enabling only an approximate estimation of the
enantiomeric composition of a levonorgestrel sample. For these experiments a
levonorgestrel sample containing two main impurities (designated peaks 1 and 2 on the
chromatograms) with total concentrations less than 1% was used. This sample did not
contain L-norgestrel impurity (based on our later experimental data, its concentration
was calculated to be less than 0.1%), so it was spiked with 1% of L-norgestrel in order
to perform model experiments.

A chromatogram of the model sample in the absence of y-CD in the eluent is
shown in Fig. 1. An excellent separation of other impurities was achieved, but the
enantiomeric impurity was not separated.

To "establish better conditions for the ‘determination of small amounts of
isomeric impurity without affecting the accurate determination of other impurities
originating from the synthesis and also occurring at low concentrations it was
necessary to re-optimize and validate the separation system described previously!,
considering the special requirements of purity testing. In our recent work it was shown
that the incorporation of y-CD in the eluent at a concentration of 0.01 mol/l is
sufficient for the enantiomeric separation of norgestrel isomers. Using other CDs («-
and f-CD) these isomers cannot be resolved, so our recent results obtained for the
dependence of capacity ratios on the y-CD concentration and the effect of the cavity
size in the CD ring on the selectivity of separation were adopted in this study!.
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12
g
Q

10. 00
20. D0

Time [min

Fig. 1. Chromatogram of a model sample in the absence of cyclodextrins. Conditions: column, Ultrasphere
ODS; eluent, methanol-water (7:3); flow-rate, 1 ml/min; detection, 244 nm,; injection, 20 ul of 0.05%
methanolic solution. Compounds: 1 and 2 = non-isomeric impurities; 3 = levonorgestrel + L-norgestrel.

Effect of the nature and concentration of organic solvents on the selectivity and efficiency
of the separation

Figs. 2 and 3 show the dependences of the capacity ratios on the concentration of
the organic solvent [methanol (Fig. 2) and acetonitrile (Fig. 3)] in the eluent. The
changes in the selectivity and resolution of the separations are also indicated.

It can be concluded from Figs. 2 and 3 that a better selectivity and resolution for
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Fig. 2. Dependence of capacity ratios on methanol concentration in the eluent. Conditions as in Fig.
1 except the eluent, which was methanol-water (45:55) containing 0.01 mol/l of y-CD. The sample was
dissolved in methanol. Temperature, 27.0°C. Compounds: 3 = levonorgestrel; 4 = L-norgestrel; others asin
Fig. 1.

norgestrel isomers (peaks 3 and 4) can be achieving using methanol-water than
acetonitrile-water eluents but the opposite applies for the other impurities (peaks
1 and 2).

The chromatograms obtained using the optimal eluent systems are shown in Fig.
4A (45% methanol) and Fig. 4B (30% acetonitrile).

Dependence of separation characteristics on temperature

To optimize the separation system further, the dependence of the selectivity and
efficiency of the separation on the column temperature was investigated and the results
are shown in Figs. 5 (methanol-water) and Fig. 6 (acetonitrile—water) for the optimal
eluent compositions. :

The following general conclusions can be drawn:

(a) Only small changes in the selectivity and resolution occur on increasing the
column temperature, with the exception of the resolution of peaks 1 and 2 with
methanol-water as the eluent, where a significant increase in separation selectivity
with increase in the column temperature was achieved.

(b) Using methanol-water as the eluent a slight change in the capacity ratios of
the compounds (with the exception of peak 2) occurred on increasing the column
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Fig. 3. Dependence of capacity ratios on acetonitrile concentration in the eluent. Conditions as in Fig.
2 except the eluent, which was acetonitrile-water (3:7) containing 0.01 mole/l of y-CD. The sample was
dissolved in acetonitrile. Temperature, 27.6°C.

temperature. This change differs for the various compounds (negligible for the
L-isomer, increasing for the D-isomer and peak 2, decreasing for peak 1). With
acetonitrile—water as the eluent this change in the capacity ratios is unidirectional,
showing a significant increase for each compound without a substantial decrease in the
selectivity and efficiency of the separation at elevated column temperature. As the use
of elevated column temperatures in general results in a decrease in retention in
chromatography and, similarly, if the equilibrium constant of inclusion complex
formation increases with increasing temperature, leading to lower capacity factors
indicating stronger formation of more polar inclusion complexes, this trend in the
changes can be adequately explained by increasing competition of the organic solvent
with the solutes for the preferred location in the hydrophobic cavity. This assumption
seems to be supported by the fact that different extents of the changes in capacity ratios
were observed for the different compounds in methanol-water and acetonitrile-water
as eluents.

The chromatograms obtained at different column temperatures are shown in
Figs. 7 (methanol-water) and 8 (acetonitrile-water).

Validation of the separation method for purity testing
Current concepts of the HPLC method validation procedure have been reported
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Fig. 4. Chromatograms obtained with the optimal eluent systems. Organic solvent: (A) methanol; (B)
acetonitrile. Other conditions as in (A) Fig. 2 and (B) Fig. 3.

in the Pharmacopeial Forum in 1986° and discussed in detail in other publications®~2.
According to this guideline, demonstration of the following data elements is required
for HPLC method validation for purity testing: accuracy, precision, limit of
determination, selectivity, range, linearity and “ruggedness”. According to our
classification®, the validation data can be divided into three main groups:

(a) Statistically evaluated data elements such as accuracy, precision, reproduci-
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Fig. 7. Chromatograms obtained at different column temperatures using methanol-water as eluent.
Temperature: (a) 27.0°C; (b) 40.0°C; (c) 50.0°C. Other conditions as in Fig. 4A.

bility (repeatability), day-to-day reproducibility, inter-laboratory reproducibility
(“ruggedness”) and detector linearity and range.

(b) System suitability data contain measures of the resolving power of the HPLC
system and comprise criteria established for accepting or rejecting analytical results.
The following data elements belong to the term “system suitability” and can be
controlled each day for a preselected sample (mainly for standard solutions used for
quantitation) prior to the use of method for routine analysis to ensure that the system is
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Fig. 8. Chromatograms obtained at different column temperatures using acetonitrile-water as eluent.
Temperature: (a) 27.6°C; (b) 40.0°C; (c) 50.0°C. Other conditions as in Fig. 4B.

performing up to specified standards: minimal required value of resolution measured
between two adjacent peak pairs to control the separation performance; approximate
capacity ratio for one known component to calculate the possible retention of others
and to control the detectability of late-eluting compounds; maximal allowable value of
the peak asymmetry factor to control the condition of the separation column;
approximate peak height measured for one known component chromatographed at
a prescribed concentration using fixed detection and amplification parameters to



154 M. GAZDAG, G. SZEPESI, K. MIHALYFI

control the condition of detection; maximal allowable value of the relative standard
deviation to control the precision of the HPLC method.

(c) Additional data to characterize the performance of the separation system,
such as the column loadability, depending on the size of column hardware and the type
of stationary phase in to column, the lowest detectable amount for one or more
components and detection limit, and peak purity test to verify the homogeneity of
a chromatographic peak.

Various definitions of the parameters for HPLC method validation and their
determination have been published®5.

Validation data for the determination of isomeric and non-isomeric impurities in
levonorgestrel are given in Table I of the data elements mentioned above, the following
are not mentioned in Table I: (i) ruggedness (inter-laboratory reproducibility), owing
to a lack of the necessary experiments; (ii) column loadability, as it is a function of the
y-CD concentration used in the eluent; for the experiments the column was loaded with
10 ug of levonorgestrel without any change in the separation characteristics; (iii)
detection limit, as the investigations were focused on the determination of lowest
detectable amount of the L-isomer; and (iv) peak purity, as the separation system in the

TABLE 1
METHOD VALIDATION DATA

Conditions: column, Ultrasphere ODS; eluent, methanol-water (45:55) containing 0.01 mol/l y-CD;
flow-rate, 1 ml/min; detection, 244 nm,; injection, 20 ul of 0.05% methanolic solution. Compounds: 1 and
2 = non-isomeric impurities; 3 = levonorgestrel; 4 = L-norgestrel.

Parameter Limit Found
Accuracy (determined for 1% L-norgestrel content +1.22%
Precision (for 5 injections):
Peak 1 (level: less than 1%) +2.71%
Peak 2 (level: less than 1%) +2.23%
Levonorgestrel Max. +2.0% +0.51%
L-Norgestrel (level: less than 1%) +3.35%
Day-to-day reproducibility:
Peak 1 (level: less than 1%) +2.25%
Peak 2 (level: less than 1%) +2.42%
Levonorgestrel Max. +2.0% +0.52%
L-Norgestrel (level: less than 1%) Max. +5.0% +3.42%
Range:
Levonorgestrel 10 ng—10 pg
L-Norgestrel 10 ng-10 pug

Detector linearity equations:
Levonorgestrel: y = —0.251 + 37.233x; R(square) = 1.000
L-Norgestrel: y = —24.276 + 37.667x; R(square) = 1.000

Peak asymmetry (for levonorgestrel) Max. 1.5 1.04
Required resolution (determined for compounds 3 and 4) Min. 2.0 ‘ 3.05
Capacity ratio (for levonorgestrel): ~7.5 N
Lowest detectable amount:
L-Norgestrel 0.1% 0.1%
Others 0.05% 0.05%

Relative standard deviation (levonorgestrel) Max. 2% 0.51%
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absence of y-CD was investigated in that respect for non-isomeric impurities and it was
proved that the peak of levonorgestrel is pure, and only the enantiomeric impurity can
co-elute with the main component. In the presence of y-CD this impurity can be
satisfactorily separated.

CONCLUSIONS

From the experimental data in Table I the following conclusions can be drawn.
y-CD forms a strong inclusion complex with D- and L-norgestrel and as little as 0.1% of
enantiomeric impurity in levonorgestrel can be determined with adequate accuracy
and precision. The method is suitable for the simultaneous determination of other
impurities at low concentrations, providing the same quantitative data as can be
obtained by reversed-phase chromatography. The detector signal is proportional to
the concentration over a wide concentration range, linear correlations between the
concentrations and detector responses (peak areas) being obtained both for L- and
D-iSomers.

The results also indicate the advantageous application of methanol-water as the
eluent, giving excellent resolution between the enantiomers of norgestrel and an
acceptable separation of the other impurities. The temperature dependence of the
capacity ratios indicates a slight deterioration of the separation characteristics at
elevated temperature, which can be explained by the increasing disturbance of
inclusion complex formation by the presence of an organic solvent in the eluent.
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CHROMATOGRAPHIC RESOLUTION OF ENANTIOMERS
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Chemistry Department, The City University, Northampton Square, London EC1V 0HB (U K.)
and

W.J. LOUGH
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SUMMARY

Hexahelicen-7-ylacetic acid methyl ester was synthesized and resolved on
a column of (+)-2-(2,4,5,7-tetranitro-9-fluorenylideneamino-oxy)propionic acid on
aminopropyl silica. Following hydrolysis, the (4 )-hexahelicen-7-ylacetic acid was
bonded by carbodiimide coupling to aminopropyl silica. The resulting chiral bonded
phase was shown to be effective for the resolution of nitroaryl-containing enantiomers.

INTRODUCTION

The helicenes are polynuclear hydrocarbons which are chiral by virtue of
a helical twist resulting from molecular overcrowding!. The first example?, hexa-
helicene (I), was originally resolved by crystallization of its diastereomeric charge
transfer complex with one enantiomer of 2-(2,4,5,7-tetranitro-9-fluorenylidene-
amino-oxy)propionic acid (TAPA)3. More recently, a variety of helicenes have been
resolved on high-performance liquid chromatographic (HPLC) phases containing
TAPA*=®, an atropisomer of a binaphthyl-2,2-diyl hydrogen phosphate”-®, N-2,4-
dinitrophenyl a-aminoamide phases®'® and riboflavin!!, in many cases with high
separation factors («). The observation that several chiral HPLC phases, containing
a wide range of structural classes of enantiomers and usually including an electron-
deficient centre such as a nitroaryl ring, are capable of resolving helicene enantiomers
prompted us to consider a reversal of roles. It was anticipated that the inclusion of
a helicene enantiomer in a bonded stationary phase would provide an HPLC packing
with broad resolving power for several classes of enantiomers. This hypothesis
received encouragement from the demonstration by Kim e a/.1? that an enantiomer of
hexahelicene-7,7-dicarboxylic acid, coated on silica, will resolve N-2,4-dinitrophenyl
amino acid esters by HPLC. In the present work, the objective was to prepare
a chemically bonded, rather than physically coated, stationary phase which would be

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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stable to hydrolysis and solvent stripping, permitting a wide range of mobile phases to
be employed.

EXPERIMENTAL

Synthesis of hexahelicen-7-ylacetic acid -

A 2 g mass of 3,4,4,5,6,12¢c-hexahydrophenanthro[3,4-c]phenanthren-3-one?
(1), 11.6 ml of lithium bis(trimethylsilyl)amide and 0.92 ml of methyl acetate were
allowed to react!® together for 2 h, and the solution was diluted with water and
extracted with dichloromethane. After drying and evaporation, 3,4,4,5,6,12¢-hexa-
hydro-3-hydroxyphenanthro[3,4-c]phenanthrene-3-acetic acid methyl ester was ob-
tained, yield 2.2 g (92%). The 1.68 g of this hydroxyester was dehydrated!* by
dissolving in dichlocomethane and drying the solution onto 4.8 g of iron(IIl)
chloride-silica. After standing for 2 days in a desiccator, 1.2 g (75%) of the resulting
unsaturated ester was eluted from the solid with dichloromethane. Final dehydrogena-
tion was achieved by melting 1.0 g of the unsaturated ester with 0.16 g of sulphur at
230° for 5 h, dissolving the cooled residue in dichloromethane and filtering through
silica. Evaporation afforded hexahelicen-7-ylacetic acid methyl ester, one peak on
HPLC, and M* m/z 400 (electron impact mass spectrometry).

Resolution of the ester was effected by preparative HPLC ona 50 cm x 22 mm
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I.D. column packed with TAPA /aminopropylsilica (APS) (see below), using a mobile
phase of acetonitrile-dichloromethane-x-hexane (4:10:86, v/v/v), eluted at 20 ml/min,
monitored at 254 nm. The (+ )-enantiomer was eluted first, with baseline separation.

After resolution, the ester was hydrolysed in quantitative yield by stirring a 0.5%
{(w/v) solution in methanol containing excess sodium hydroxide, for 24 h. The acid was
recovered by dilution with water, acidification with concentrated hydrochloric acid
and extraction into dichloromethane.

Synthesis of bonded phases

TAPAJ/APS. A 100 g mass of aminopropyl silica (from 5 um Hypersil silica, as
described previously!?) was washed with methanol-acetic acid, then dilute ammonia
(pH 9), and suspended in 200 ml of HPLC-grade tetrahydrofuran (THF). Then 11 g of

(+)-TAPA dissolved in 50 ml of THF were added and the mixture was stirred for 48 h.
The solid was filtered off, washed with THF until the filtrate was colourless and then
dried in vacuo (yield 106 g). Microanalysis showed that 25.8% of the available amino
groups had reacted to form the TAPA salt.

Hexahelicen-7-ylactic acid/APS. A 0.47 g mass of l-cyclohexyl-3-(2-mor-
pholinoethyl)-carbodiimide metho-4-toluenesulphonate® (CDI; Aldrich Chemicals)
was dissolved in 50 ml of far-UYV grade acetonitrile and to this was added dropwise 0.44
g of (+)-hexahelicen-7-ylacetic acid in 50 ml of the same solvent, followed by 4.0 g of
aminopropyl silica. After stirring overnight, the solid was filtered off, washed several
times with acetonitrile—dichloromethane, then dried in vacuo. Microanalysis showed
that 33.5% of the available amino groups had reacted with the acid.

Column packing

General apparatus and methodology for column packing analytical and
preparative columns have been described previously'>~'®, Both the TAPA/APS and
hexahelicene bonded phases were high-pressure slurry packed using isopropanol-#-
hexane (5:95, v/v) as mobile phase.

HPLC apparatus

Separations were performed using a Waters 6000A pump, a Rheodyne 7125
injection valve fitted with a 20-ul sample loop, a column (25 cm x 0.45 cm 1.D.) with
zero dead volume fittings (HPLC Technology, U.K.), a Cecil 2112 variable-
wavelength UV detector fitted withan 8-ul flow-cell and a Linseis recorder. Alter-
natively, a microbore HPLC system was used, consisting of a Kontron 420 pump,
a Rheodyne 7410 injection valve fitted with a 1-ulloop,a25c¢cm x 0.1 cm I.D. column,
a Kontron 432 variable-wavelength UV detector and an LDC CI 10B computing
integrator and printer/plotter.

Mobile phases were prepared using vacuum and ultrasonically degassed
HPLC-grade solvents (Rathburn Chemicals, Walkerburn, U.K.).

RESULTS AND DISCUSSION

The ketone (II), an intermediate in Newman’s synthesis® of hexahelicene,
reacted with the anion derived from methyl acetate and the resulting product (IIT) was
dehydrated and dehydrogenated to furnish racemic hexahelicen-7-ylactic acid methyl
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Fig. 1. HPLC resolution of enantiomers of the 2,4-dinitrophenyl ether and 3,5-dinitrobenzoate ester of
I-phenylethanol. Column, 25 x 0.45 cm 1.D. hexahelicen-7-ylacetyl aminopropyl Hypersil (5 um); mobile
phase, isopropanol-n-hexane (10:90, v/v) at 2.0 mi/min, monitored at 254 nm x 0.1 a.u.f.s.; injections, 20 ul
of solution, ca. 0.3 mg/ml in mobile phase. Ph = Phenyl.
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ester (IV). This was resolved into its enantiomers by preparative HPLC on a column
containing (+)-TAPA as the salt form on aminopropyl silica. The (+) isomer eluted
first. Hydrolysis afforded (+)-hexahelicen-7-ylacetic acid, which was coupled to
aminopropyl silica using a water-soluble carbodiimide reagent (CDI) to form the
amide bond. Microanalysis showed that one third of the available aminopropyl groups
had reacted and it is believed that essentially all of the hexahelicenyl material is present
as the amide, rather than salt form. This follows from the method of synthesis and is
supported by (i) the lack of column bleed when substantial amounts of isopropanol
were used in the mobile phase and (ii) the long-term reproducibility of both retention
times and resolution when the same separation was repeated after months of use. The
bonded phase was packed into a conventional HPLC column and also a microbore
column.

Preliminary evaluation indicates that the new phase is effective for the resolution
of a variety of compounds containing one or more chiral centres and an electron-
deficient aromatic ring. 1-Phenylethanol was chosen as a chiral compound having
a reactive functional group at the chiral centre. The racemic alcohol was not itself
resolved on the hexahelicenyl bonded phase when eluted with isopropanol-s-hexane,
but its 2,4-dinitrophenyl derivative gave almost baseline separation within 7 min when
eluted with 20% 2-propanol in hexane on the packed column (Fig.1). Under the same
conditions, the 3,5-dinitrobenzoate ester eluted with a similar retention time as a pair
of partially resolved peaks (Fig.1).

As a more complex example, the nitrochroman (V) contains two chiral centres
and was synthesized as a racemic bromohydrin from the corresponding achiral
chromene. The enantiomers were resolved virtually to baseline in a few minutes
(capacity factors 3.7, 4.7) on the microbore column eluted with isopropanol-n-hexane
(10:90, v/v). Following this result, an extensive series of chiral nitrochroman
derivatives and analogues have been investigated to determine the specific structural
requirements for enantiomeric separation. Full details will be reported elsewhere!®.
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THE OPTICAL RESOLUTION OF N-(3,5-DINITROBENZOYL)AMINO ACID
METHYL ESTERS

P. SALVADORI*, D. PINI, C. ROSINI, G. UCCELLO-BARRETTA and C. BERTUCCI
Centro CNR Macromolecole Stereordinate ed Otticamente Attive, Dipartimento di Chimica e Chimica Indus-
triale, Via Risorgimento 35, I-56100 Pisa (Italy)

SUMMARY

A new chiral stationary phase is obtained by linking a simple derivative of
L-lactic acid, (S)-(— )-(2-phenylcarbamoyloxy)propionic acid, to y-aminopropylsilan-
ized silica gel. N-(3,5-Dinitrobenzoyl)amino acid methyl esters, were separated on the
new phase with separation factors between 1.2 and 1.5.

INTRODUCTION

A great variety of chiral stationary phases (CSPs) for the chromatographic
resolution of racemates have been prepared in the last few years (see, e.g., refs. 1 and
2). Often, the linkage of an optically active residue, such as a potymer of natural®*~® or
synthetic’-® origin, and a low-molecular-weight organic molecule? to a chemically
modified silica support provides the chiral gel to be employed in the optical resolu-
tion. In our study aimed at preparing chiral phases derived from simple, optically
active molecules that are easily available and inexpensive, we have introduced®'* a
new family of phases derived from Cinchona alkaloids. In this context our attention
has been attracted by a simple derivative of L-lactic acid, (S)-(—)-(2-phenyicarba-
moyloxy)propionic acid (carbamalactic acid) (CBL) (I), that was recently used as
resolving agent for amines!®. The most interesting features of this compound are: (1)
easy preparation in high yield from ethyl lactate, an inexpensive, optically pure, and
commercially available product; (2) presence of different functional groups directly
linked to a chiral center; (3) presence of a carboxyl group, which can be exploited to
immobilize this chiral compound on y-aminopropylsilanized silica gel.

H
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In this paper we will discuss the preparation and use of such a CSP for the
resolution of 3,5-dinitrobenzamides of a-amino acid methyl esters, i.e. simple deriv-

W
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atives of an important class of compounds, which, both in L and D form, are widely
applied in food and pharmaceutical*® industry, in organic chemistry’” and in bio-
chemistry. ’

EXPERIMENTAL

The chromatographic separations were carried out with a JASCO Twinkle ap-
paratus connected to a JASCO Uvidec-100V UV detector. Optical rotary power was
measured with a Perkin-Elmer 241 polarimeter (1-dm cell).

(S)-( — )-(2-Phenylcarbamoyloxy ) propionic acid (carbamalactic acid) (1)

An 11.8-g (0.10-mol) amount of ethyl (S)-lactate and 15.5 g (0.13 mol) of phen-
ylisocyanate in 20 ml of n-heptane were refluxed for 2 h. After evaporation of the
solvent, the residue was stirred for 2 days with 10% aqueous sodium carbonate at
room temperature; subsequent acidification of the solution with hydrochloric acid
(1:1) allows to precipitate compound I. Recrystallization of crude I from chloroform
gave 18.0 g (0.086 mol; 86% yield) of pure I, m.p. 141°C, [«]3° — 12.6 (¢ = 1.15,
ethanol).

Preparation of the chiral stationary phase

Method A. LiChrosorb NH, (Merck, 5 um, 4 g) was treated with 1.3 g (6.2
mmol) of acid T and 2 g (8.1 mmol) of 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino-
line (EEDQ) in 60 ml of methylene chloride. The slurry was stirred at room temper-
ature for 48 h. After centrifugation, the solid was thoroughly washed with methanol
until the disappearance of the absorption at 235 nm (4 < 0.05, 1 cm cell), and dried
under vacuum. An 0.104-g amount of chiral stationary phase CBL was hydrolyzed
with 10% sodium hydroxide in water—methanol (1:1); the content of chiral residue,
evaluated by spectrophotometry, was about 2.5% (w/w).

Method B. To a solution of 1.5 g (7.2 mmol) of acid I in 40 ml of dimethylform-
amide (DMF) were added S g of LiChrosorb NH, (Merck, 5 um), 1.7 g (7.2 mmol) of
benzotriazol-1-yl diethyl phosphate, prepared in quantitative yield as reported!8, and
1 ml (7.2 mmol) of triethylamine. The mixture was stirred at room temperature for 48
h. After centrifugation, the solid was washed and dried as reported in Method A. The
content of chiral residue was about 2.9% (w/w).

This material was used for slurry packing (by conventional techniques) of 250
X 4,6 mm 1.D. columns.

(R)(S)-N-3,5-Dinitrobenzoyl-a-amino acids

Typically, a solution of 1 mmol of amino acid, 1 mmol of 3,5-dinitrobenzoyl
chloride and 3 mmol of propylene oxide in 30 ml of tetrahydrofuran; was stirred at
room temperature for 15 h. The solvent was removed and the residue recrystallized
from acetonitrile. In all cases, the yield was higher than 80%.

Methyl esters of (R)(S)-N-3,5-dinitrobenzoyl-a-amino acids

The (R)(S)-N-3,5-dinitrobenzoyl-a-amino acid was dissolved in a large excess
of absolute methanol. The solution, saturated with hydrogen chloride gas, was re-
fluxed for 1 h; the solvent was removed under vacuum and the residue recrystallized
from acetonitrile. The yields were in the range 70-75%.
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RESULTS AND DISCUSSION

Compound T ([«]3® — 12.6; ¢ = 1.15, ethanol) was prepared'> from ethyl
L-lactate by reaction with phenylisocyanate in isooctane and successive saponification
with aqueous dilute sodium carbonate:

HO(_COOEt 1-PhcNO @ \g/
%, CH,
H CH 2- Ng,CO5 3%,r-t-

3+ Kt

\\‘
o

Et = Ethyl; Ph = phenyl; r.t. = room temperature

Particular care was taken in the hydrolysis step: the use of a dilute solution of
sodium carbonate at room temperature avoided the partial racemization of com-
pound I observed in preliminary experiments carried out at 50-70°C. Linkage to the
chromatographic support was accomplished by reacting compound I with y-ami-
nopropylsilanized silica gel, in the presence of a suitable coupling agent, forming an
amide linkage:

58 s LM
! EEDQ, DVF, rt-, 78h ©)T CHy

Me = Methyl

W

b

The use of EEDQ as the coupling agent should guarantee!® that no racemization of
the optically active acid takes place. After centrifugation, the solid was washed with
methanol until the recovered washing solution did not show any appreciable absorp-
tion due to compound I (235 nm). The content of chiral residue present in the CSP
was evaluated by hydrolysing a known amount of CSP in a methanolic sodium hy-
droxide solution and measuring the absorbance at 235 nm; this procedure provided a
content of about 2.5% (w/w) (i.e., 12 mmol per 100 g of support). The immobilization
reaction was repeated with another condensing agent, to determine the dependence of
the percentage of chiral residue introduced on the procedure used for making the
amide linkage. 1-Benzotriazol-1-yl-diethylphosphate (BDP) was chosen as coupling
agent because of its easy preparation and the high yields in amide formation recently
reported*®. The silica gel obtained contained ca. 2.9% chiral agent, determined as
“described above, indicating that the nature of the coupling agent did not affect to a
large extent the amount of the chiral compound linked to the silica support. This
support was then slurry packed, using conventional techniques, into a stainless-steel
column (12.5 % 0.4 cm I.D.). The 3,5-dinitrobenzamides of several amino acids were
prepared by reacting the amino acid with 3,5-dinitrobenzoyl chloride in tetrahydro-
furan, in the presence of an excess of propylene oxide, as recently described??. Ester-
ification was carried out by using ethereal diazomethane or methanol in the presence
of hydrogen chloride gas.
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TABLE 1

SEPARATION OF 3,5-DINITROBENZOYLAMINO ACID METHYL ESTERS ON THE CSP DE-
RIVED FROM L-LACTIC ACID

R \( NHCODNB
Ind = Indolyl; DNB = 3 5-dinitrobenzoyl. COOCH;
Compound R K, o R, A.C*  Eluent:
hexane—2-propanol

1 Methyl 8.20 1.31 1.2 - 95:5

2 n-Propyl 5.00 1.45 1.8 - 95:5

3 Isopropyl 4.75 1.31 1.0 S 95:5

4 n-Butyl 3.00 1.50 1.7 - 95:5

5 Isobutyl 5.25 1.57 2.0 - 95:5

6 sec.-Butyl 16.50 1.38 1.0 - 99:1

7 tert.-Butyl 10.50 1.21 1.0 - 99:1

8 CH,SCH,CH, 8.80 1.47 1.8 S 95:5

9 Phenyl 6.80 1.26 1.0 S 95:5
10 Benzyl 6.60 1.30 1.3 - 95:5
i1 Ind-CH, 5.50 1.36 1.6 S 80:20
12 CH,00C-(CH,), 8.60 1.39 1.5 N 70:30
13 DNB-NH-(CH,), 2.00 1.25 1.0 - 80:20

* Absolute configuration of the most retained enantiomer.

The results obtained in separating the above compounds are summarized in
Table I, and Fig. 1 shows the resolution of the 3,5-dinitrobenzoyl methionine methyl
ester as an example. All of the compounds examined were separated with separation
factors (o) greater than 1.2, and with resolution factors (R;) greater than 1 (Table I).
Seven of the essential amino acids (Val, Leu, Ile, Met, Phe, Trp and Lys) have been
successfully separated on the present phase. By using samples enriched in the L form,

I

L ! 1 L 1 ! i

|
6 75 40 i

Fig. 1. Resolution of N-(3,5-dinitrobenzoyl)methionine methyl ester on the CSP. Eluent: hexane-2-propa-
nol (95:5), flow-rate: 0.5 ml/min.
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TABLE It
DEPENDENCE OF &, AND « ON STRUCTURE, FOR COMPOUNDS OF FORMULA
Pri \r R1
RZ
Bz = Benzoyl; DNB = 3, 5-dinitrobenzoyl; Prl = isopropyl. Eluent: hexane-2-propanol (95:5).
R, R, k' o
NHDNB COOCH, 4.75 1.31
NHDNB CN 950 1.05

NHBz COOCH, 3.75 1.00

it has been established that this enantiomer is the most retained on this CSP derived
from L-lactic acid. The dependence of the capacity factor (k") and of a on the structure
of the amino acid derivative cannot be described in a simple way. However, consid-
ering only the compounds where the R moiety is an alkyl group, it seems that o
reaches its maximum value when R is a primary group, branching at the carbon in «
position reducing the resolution. Additional interesting information can be obtained
from Table II, which shows the dependence of k) (capacity factor of the first eluted
enantiomer) and « on the structure for a series of compounds related to valine. The
most relevant results are as follows: (i) the presence of a 3,5-dinitrobenzoyl group on
the substrate is essential for the chiral recognition; in fact its replacement with a
benzoy! group reduces k7 and no resolution is achieved —this suggests the importance
of interactions between m-acidic and z-basic groups in the chiral discrimination
process; (ii) replacement of an ester function with another polar group such as ~CN,
which has, however, different chemical and geometrical characteristics, strongly re-
duces « —this might be a consequence of the absence of the carbonyl group in the
compound listed in row 2, indicating the important réle of this group in the chiral
recognition process. To summarize and accepting the three-point rule? it can be
stated that the interactions which are involved in the chiral recognition are: (1) a =—n
interaction between the m-acidic 3,5-dinitrobenzoyl ring of the substrate and the
phenyl group of the CSP; (2) hydrogen bond between the acidic N-H proton of the
CSP and the carboxyl group of the esters of the substrate; (3) the third, discrimi-
nating interaction could be a steric repulsion (present in only one of the two possible
diastereoisomeric adducts) involving the R group linked to the asymmetric center of
the substrate.

CONCLUSIONS

A simple derivative of L-lactic acid, carbamalactic acid, can be used for prepar-
ing a new CSP by reacting it with y-aminopropylsilanized silica gel; the chiral residue
is covalently bonded to the chromatographic support. With this CSP and an organic
mobile phase (e.g., hexane-2-propanol), baseline separation of 3,5-dinitrobenzoyl-
amino acid methyl esters can be obtained. The support has a high stability as demon-
strated by the reproducibility of the o values after several months of use.
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Note

Separation and identification of enantiomers by high-performance liq-
uid chromatography with a chiral column and a polarimetric detector
as applied to deltamethrin

C. MEINARD* and P. BRUNEAU
Division Scientifique Roussel UCLAF, Procida-CRBA St Marcel, 13011 Marseille Cedex (France)

The resolution of racemates has been widely studied. The physico-chemical
properties of optical antipodes are identical, differing only in their opposite rotations
in polarized light. The main methods of isolating these optically pure compounds are
fractional recrystallization, stereospecific synthesis and enzymatic synthesis.

Gas chromatography has been attempted but has several limitations: the com-
pound studied must show a certain volatility, high temperatures often cause race-
mization of the stationary phase, which results in a loss of enantioselectivity of the
column with time, and preparative analysis is not generally possible in this event.

High-performance liquid chromatography (HPLC) with chiral supports has
allowed the resolution of racemates. The specificity of these types of columns with
respect to the substances to be studied has led to numerous theoretical studies on the
separation mechanisms, thus permitting a better understanding and optimization of
these separations'~>.

UV detection is necessary in this type of analysis as it is much more sensitive
than polarimetric detection. UV detection makes it possible to identify and quantify
isomers. Polarimetric detection allows the characterization of isomers through their
action on polarized light, but it is much less sensitive unless a suitable computerized
system is connected which amplifies the signal and reduces the background noise®.

Recently, HPLC, owing to its high resolving power and the availability of
various detection systems, has been used for the identification of diastereocisomers
with a UV detector, the characterization of enantiomers with a polarimetric detector,
allows the separation and identification of the optical antipodes, their character-
ization and their eventual quantification.

Pyrethroids often need to be subjected to diastereoisomeric and enantiomeric
analysis. The resolution of racemates and the identification of optical antipodes is
delicate and requires specific methods such as polarimetry or chiral phases in HPLC.

In this work, different techniques were applied to deltamethrin (RU 22974), its
optical antipode (RU 40767) (Fig. 1) and the racemate (RU 43501). The difficulty lies
in finding a chiral phase that will allow the resolution of the racemate studied. Much
research has been carried out in this field and according to the classification establish-
ed by Lienne et al.> we obtained seven classes of chiral supports which act differently
and haved various powers of separation as regards the chemical structures to be
separated.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.



170 C. MEINARD, P. BRUNEAU

/
i T ﬁ SNO\ /© i T : ﬁ lj_@\ @
(3 ® H
c=c c—o—c* c=c, L—o—ct
Br> 1Scis j® o Br> " B o
1Rcls
H CN
RU 40767 RU 22974

Fig. 1. Structure of deltamethrin (RU 22974) and its optical antipode (RU 40767).

EXPERIMENTAL

Apparatus

The HPLC system consisted of a Model 414 LC pump (Kontron, Ziirich, Swit-
zerland), a PU 4021 multi-channel UV detector equipped with a PU 4850 video
chromatography control centre (Pye Unicam, Cambridge, U.K.) and a Model 241
LC polarimeter (Perkin-Elmer, Norwalk, CT, U.S.A.) with a 0.65 mm I.D. microflow
cell having a 10-cm optical pathway. The polarimeter was used at 302 nm and the
resulting recorded range was +0.5° full-scale. The two detectors were connected by a
stainless-steel capillary tube. A Model 7125 injection valve (Rheodyne, Cotati, CA,
U.S.A.) with a 20-ul loop was used.

Analytical conditions

All solvents were of spectrographic grade from Fluka (Buchs, Switzerland).

First, a standard LiChrosorb Si 60 (5 um) column (250 mm X 4 mm L.D.)
(Merck, Darmstadt, F.R.G.) was used. The mobile phase consisted of a mixture of
1900 ml of hexane, 45 ml of acetonitrile, 100 ml of pentane, 10 ml of dioxane and 1.5
ml of 2-propanol and the flow-rate was 1.3 ml/min.

Second, a Chiralpack OT 4, (5 um) chiral column (250 mm x 4 mm 1.D.)
(Daicel Chemical Industries, Japan) thermostated at 10°C was used. The mobile
phase was methanol-acetic acid (99:1) and the flow-rate was 0.5 ml/min.

RESULTS AND DISCUSSION

The analysis of deltamethrin and of its diastereoisomers and enantiomers has
been reported previously®”.

Identification of enantiomers

In the first step, coupling a UV spectrometer and a polarimeter with a standard
LiChrosorb Si 60 column allowed the identification and quantification of these enan-
tiomers (Fig. 2). This method, which uses the ratio of the signals obtained from the
polarimetric and UV detectors, allows a quantitative study to be performed. UV
detection gives the sum of the signals of the two optical antipodes and the polarimeter
the difference. Hence from the difference in signals we can determine the two optical
antipodes in a mixture without separating them (Fig. 3). Baseline resolution of the
racemate was not possible with the LiChrosorb Si 60 column.
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Fig. 2. Chromatograms of deltamethrin, optical antipodes and racemate obtained with a LiChrosorb SI 60
column; (A) UV detection; (B) polarimetric detection. Peaks: 1 = deltamethrin; 2 = optical antipode; 1 +
2 = racemate.

Separation of enantiomers

Our study concerned deltamethrin and its optical antipode (Ru 40767) (Fig. 1).
The resolution of the racemate was achieved using the Daicel Chiralpack OT+, col-
umn designed by Okamato et al.® (Figs. 4 and 5), and the enantiomers were quantitat-
ed with an accuracy of £ 5%.
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Fig. 3. Chromatograms obtained with different ratios of the enantiomers with UV (bottom) and polari-
metric (top) detection. Peaks: 1 = deltamethrin; 2 = optical antipode.

The support consists of an isotactic polymer of triphenylmethyl methacrylate
(PTrMA) (Fig. 6), presenting chiral centres and fixed on a macroporous silica gel.
This polymer is made optically active by anionic polymerization in the presence of
chiral catalysts which give a helical structure to the polymer chains®°.

This “impregnated” chiral stationary phase gives low capacity factors (k') and
therefore short retention times, T, = To(1 + k). The enantioselectivity and resolu-
tion are high.

4249 I5R 338 590 770 349

)

Fig. 4. Resolution of the racemate RU 43501 by HPLC with a Chiralpack OT,,, column, as described.
Peaks: 1 = deltamethrin; 2 = optical antipode. f, is retention time in s; A = wavelength in nm.
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Fig. 5. Resolution of the racemate RU 43501 by HPLC with a Chiralpack OT,,, column: (A) polarimetric
detection; (B) UV detection. Peaks: | = deltamethrin; 2 = optical antipode.

Fig. 6. Structure of the polymer of triphenylmethylmethacrylate (PTrtMA).

PTrMA shows chirality owing to its helicity with a high specific rotatory pow-
er, [@}3® > 250 in tetrahydrofuran. The recommended solvents are hexane, 2-propa-
nol, ethanol, acetonitrile, methanol and water. Polar solvents usually give a better
resolution. Thermostating of this type of column is sometimes required for better
separation.
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The importance of these hydrophobic interactions between solutes and the chi-
ral stationary phase and the superimposition of these interactions on inclusion phe-
nomena and steric overloading of the PTPMA group play a significant role in eluci-
dating the mechanism of the phase. The explanation of this phenomenon and the
description and production of this polymer have been reported—**,

CONCLUSIONS

This example shows the importance of these new HPLC chiral supports, which,
when coupled with two types of detectors, UV and polarimetric, lead to the resolution
of a racemate as well as the identification, separation, characterization and quantifi-
cation of enantiomers in a mixture. They provide valuable help in research as regards
determinations of structures and absolute configuration.
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CYCLODEXTRIN-CHIRAL SUBSTRATE INTERACTIONS

HIGH FIELD NUCLEAR MAGNETIC RESONANCE AND MOLECULAR
GRAPHICS STUDIES
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SUMMARY

The inclusioni compounds of (+)-, (—)- and ( £ )-menthol have been studied by
500-MHz nuclear magnetic resonance (NMR) spectroscopy in deuterium oxide and
by molecular graphics techniques. The molecular graphics modelling suggests a
slightly reduced degree of Van der Waals interactions in the case of (—)-menthol
coupled with greater chemical inequivalence of the CH; groups of the isopropyl
function. These results have been confirmed by *H NMR studies which show the CH3
protons to be sensitive to the external environment.

INTRODUCTION

The cyclodextrins provide a cylindrical cavity for the inclusion of organic host
molecules, and the saccharide molecules give a chiral environment. They have been
used extensively as enzyme mimics* and more recently their use in asymmetric solid
state reactions has been studied?.

OH °
H
OH
n

We are studying the chemical modification of the cyclodextrins to allow the
complexation of metal complexes and their subsequent use in asymmetric synthesis.
However, in order to design such compounds, knowledge of the inclusion and release

n=26T7or8

0021-9673/88/$03.50 © +1988 Elsevier Science Publishers B.V.
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of suitable organic substrates is vital. Menthol has been shown to undergo chiral
separation on formation of inclusion compounds with f-cyclodextrin (5-CD), al-
though the separation (5%) was low>. As the molecule possesses three potentially
non-equivalent methyl groups we decided to study its inclusion compounds with
B-cyclodextrin by 500-MHz NMR spectroscopy and molecular graphics.

CH, _(_:H:l
OH Q"‘Ion
CH
H,c/ \cn3 H,e CH\CH,
(1R,28,5R)-(— )-menthol (1S5,2R,58)-(+ )-menthol
EXPERIMENTAL
Chemicals

B-CD was obtained from Roquette. The (—)-, (+)- and (+£)-menthol were
obtained from Aldrich without purification. Deuterium oxide was prepared by CEA
(Saclay, France).

Preparation of inclusion compounds

A sample of §-CD (2.0 g) was suspended in water (50 ml) and heated at 60°C
with stirring. Menthol (0.4 g) was added to the solution and the heat source was
removed. After stirring for 1 h at room temperature, the precipitate was collected and
washed with diethyl ether.

Molecular graphics studies

The inclusion compounds of (+)- and (—)-menthol were studied using the
SYBYL molecular graphics program*. The complexes were constructed via the
Building subroutine using previously minimized structures for host and substrate
molecules. During the course of the construction, optimum inclusion was obtained at
a depth in which the hydroxyl group of menthol was at the same height as oxygen
linking the saccharide residues and with an O-O distance of 2.5 A. On this basis we
propose a possible hydrogen bond which would stabilize the structure and, in conse-
quence, this orientation was fixed. The structure was then energetically minimized
_using the Maximum 2 subroutine over 40 cycles, to yield final Van der Waals energies
of —51.4 kcal mol ~! for B-CD—(+ )-menthol and — 52.1 kcal mol " for §-CD—(—)-
menthol. The model structures are given in Figs. 1 and 2 respectively with the CH;
groups of the isopropy! functions marked. The models suggest an inequivalence of the
CHj; groups in both complexes.

High field NMR studies

The 500-MHz NMR studies were undertaken using an upgraded Bruker WM
500 spectrometer with a process controller and an array processor for (+)-, (—)- and
(£)-menthol complexes of f-CD in using [2Hg] dimethyl sulphoxide and deuterium
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Fig. 1. Molecular graphics model of the f-CD-(+)-menthol inclusion complex.

N/
VAR

Fig. 2. Molecular graphics model of the f-CD—(— )-menthol inclusion complex.

7
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oxide as solvents. In the case of deuterium oxide, the hydroxyl functions of §-CD
were previously exchanged with deuterium and the compounds were prepared in
deuterium oxide.

_ Wl
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5.5 5.0 45 4.0 3.5 30 25 2.0 1.5 1.0

PPM
Fig. 3. "H NMR spectrum of the (+)-menthol-§-CD inclusion complex.
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Fig. 4. 'H NMR spectrum of the (—)-menthol-$-CD inclusion complex.
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Fig. 5. "H NMR spectrum of the (£ )-menthol-$-CD inclusion complex.
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RESULTS AND DISCUSSION

For the spectra obtained in [*Hg)dimethyl sulphoxide the formation of a 1:1
inclusion compound was confirmed. As inclusion complexes in this solvent are usu-
ally litte dissociated, further information was expected. However, in the case of (—)-
menthol, considerable broadening of the f-CD peaks was observed; a possible expla-
nation of this is that a slow exchange between the menthol inclusion complex and the
dimethyl sulphoxide inclusion complex is taking place, confirming the greater stabil-
ity suggested by molecular graphics.

el

M{\’M\w
T T t I I
1.2 11 1.0 0.9 0.8
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Fig. 6. Expansion of the methyl region in the 'H NMR spectra of the inclusion complexes of (—)- (middle),
(+)- (top) and (& )-menthol (bottom) f-CD.
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The very low solubility of -CD inclusion complexes in water has until now
prevented the study of such species by NMR spectroscopy. The advent of ultra high
field instruments with their higher sensitivity should now permit such experiments,
and we give the 500-MHz spectra of (+)-menthol--CD, (—)-menthol-8-CD and
(£ )-menthol-f-CD in Figs. 3, 4 and 5 respectively. The doublet of the single CH;
group is shifted from 0.7 to 1.03 ppm; the molecular graphics models place this group
in the region of the primary hydroxyl groups of the cyclodextrin, which is consistent
with this shift. In Fig. 6 is shown an expansion of the methyl region of the spectra of
the three compounds; in the case of the CHj of the isopropy! groups a clear in-
equivalence is seen, which is more marked for (—)-menthol, again in agreement with
the differing environments suggested by molecular graphics. In the case of the racemic
mixture an excess of the (— )-menthol complex is demonstrated, in accord with results
from NMR spectroscopy in [2Hg] dimethyl sulphoxide and molecular graphics.

In conclusion, the combination of high field NMR spectroscopy and molecular
graphics has allowed us to carry out a fundamental study of the interactions in
molecular inclusion complexes leading to chiral separation. The NMR technique is a
particularly potent probe in such investigations, allowing an highly detailed analysis
of the compounds, whilst the molecular graphics of such compounds are somewhat
less sophisticated. The results obtained here are promising for the future use of such
methods in the design of specific chiral hosts for asymmetric separations.
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SUMMARY

Solid-liquid phase transfer catalysis without addition of solvent was used to
induce asymmetric Michael addition. Determinations of enantiomer ratios by chiral
liquid chromatography and by NMR chiral shifts using europium salts are compared.
The effect of chiral phase transfer catalyst structure, addition of solvent and addition
of molecular sieves are discussed. The best enantiomeric excess are obtained with
N-benzyl-N-methylephedrinium salts in the absence of solvent and in the presence of
molecular sieves.

INTRODUCTION

It was shown previously that solid-liquid phasetransfer catalysis (PTC) without
added solvent!-? efficiently promotes reactions of anionic nucleophiles on activated
double bonds (Michael additions)**. For instance, it has been shown that, under these
conditions, N-acetylamidomalonate (1) reacts easily with different a-enones* (Fig. 1).

H
CO,E H l
. base .
H-—%CO,E( + chiral catalyst ch CH,COR
NHCOCH, H 0 { /_CO,Et
R CH,CONH——C
\CO,El
1 2 2@ R=Cghe 3 d+1
b R=CH

Fig. 1. Scheme of the reaction. Et = Ethyl.
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During the course of this reaction, one asymmetric centre is created if the
electrophile involved (2) is -substituted. Thus, performing the reaction in the presence
of a chiral ammonium salt can induce some asymmetric Michael addition. Few
examples of such PTC asymmetric inductions have been described and they seem to be
limited .

EXPERIMENTAL

Equimolar amounts of reactants 1 and 2 were mixed in the presence of catalytic
amounts (6 mol.%) of base (potassium hydroxide or carbonate) and a chiral
tetraalkylammonium salt, but in the absence of organic solvent. The mixture was
heated for 1 h at 60°C under mechanical agitation. Organic products were then
removed by addition of methylene chloride and filtration on Florisil”. For the sake of
comparison, experiments could be performed in the presence of organic solvent or of
molecular sieves.

The products were identified and characterized by gas chromatography and
NMR spectroscopy. Enantiomers were determined by chiral high-performance liquid
chromatography (HPLC) and NMR shifts using europium salts.

Assays for optical purity

Optical rotations. The relative d and [ attributions of enantiomers 3 were
obtained by determining the optical rotation of enantiomerically enriched samples
(c = 2, acetone). The [x]3® values are 0 (racemic), +8°1 (d:/ = 81:19) and —7°I
(d:l = 27:73).

Chiral liguid chromatography. A direct HPLC separation of enantiomers without
any derivatization or isolation of compounds 3 (3a,R = C¢Hj; 3b,R = CHj3) was
achieved using a chiral EnantioPac column. This well known protein-type («;-acid
glycoprotein) column® has been used for compounds of many different chemical
structures®!!. The optimized conditions employed for the separation of 3a enantio-
mers were as follows: eluent, 2-propanol-phosphate buffer (pH 7) (10:90, v/v), the
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Fig. 2. HPLC resolution (R, = 2.24) of compounds 3a on EnantioPac column. d:/ = 81:19 (left) or 16:84
(right).
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Fig. 3. Europium derivative used in NMR resolution: (+)- or (—)-[Eu(hfc);].

buffer composition being 4 mM NaH,PO, + 4 mM Na,HPO, + 10 mM NaCl;
flow-rate, 0.25 (or 0.20) ml/min; temperature, 20°C; sample load, 1 nmol; UV
detection, 243 nm, 0.02 a.u.fs.

Under the above conditions, we obtained a resolution factor!? (R,) between 3.12
and 1.52 for samples 3a (depending on the flow-rate and the age of the column).
Examples of the chromatograms obtained are given in Fig. 2.

The enantiomer ratios obtained by HPLC are given in Table I. They were
evaluated by area normalization and comparison with a racemic mixture, which led to
a relative area ratio of 50.8:49.2.

The chiral HPLC separation of compounds 3b (R = CH3) is more difficult on an
Enantiopac ‘column. The HPLC conditions employed for the separation of 3b
enantiomers were as follows: mobile phase, 2-propanol-phosphate buffer (pH 7) (2:98,
v/v); flow-rate, 0.30 ml/min; temperature, 20°C; sample load, 1 nmol; UV detection,
207 nm, 0.02 a.u.f.s.

The enantiomer ratios were evaluated from peak-height ratios as complete
resolution was not achieved, and are given in Table .

NMR chiral shift. The enantiomeric excess was also obtained by NMR chiral
shift studies!31# on enantiomeric mixtures of 3a or 3b containing about 10 mol.-% of
tris[3-(heptafluoropropylhydroxymethylene)-(+)- or (—)-camphoratoleuropium-
(I11) derivative (Fig. 3). The shift was observed on the methyl signal of the acetyl
moiety with the / enantiomer shifting to lower field relative to the d enantiomer when
(—)-europium salt was used (Fig. 4c).

We can emphasize the reverse behaviour with the following systems: the same
chiral europium derivative, (+)-[Eu(hfc);], interacting with mixtures of 3a with
respective //d composition 80:20 and 20:80 (¢f., Fig. 4a and b); and enantiomeric chiral
(+)- and (— )-europium salts complexing the same sample [/:d = 80:20] of 3a (cf’, Fig.
4a and c).

RESULTS

The effects of different factors on the reaction were studied (see Fig. 1): effect of
the phase transfer catalyst structure with TEBA (Et31¢ICH2Ph, Cl7) (a non-chiral

catalyst; Et = ‘Ethyl, Ph = phenyl) 4 [(+)--or (—)-N-benzyl-N-methylephedrinium
salts] and 5 [N-benzyl salts from (—)-cinchonidine or ( + )-cinchonine] (see Fig. 5 for
structures); effect of the presence of solvent by addition of carbon tetrachloride or
toluene, generally advocated in asymmetric Michael additions®'>; and effect of
addition of molecular sieves as their presence has been claimed to enhance the
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Fig. 4. NMR resolution of compounds 3a obtained at 250 MHz with (4 )- or (—)-[Eu(hfc);] derivative. (a)
I:d = 80:20 in presence of (+)-[Eu(hfc);]; (b) /:d = 20:80 in presence of (+ )-[Eu(hfc),]; (c) I:d = 80:20 in
presence of (—)-[Eu(hfc);].

enantiomeric excess for different kinds of asymmetric reactions!7. Some results are
reported in Table I.

Although the chemical yields are limited (40-60%), probably connected with the
possible reversibility of Michael addition, the enantiomeric excess (ee) leads to
satisfactory results. It appears that N-benzyl salts derived from (+ )- or (—)-N-methyl-
ephedrine are the most efficient (ee > 60%) when compared with cinchonidinium or
cinchoninium salts (ee &~ 30%). Electron-attracting substituents on the benzyl moiety,
advocated in the asymmetric alkylation of indanone derivatives®, had unfavourable
effects in this work.

H—T—OH
+ CH
H‘—'———N<CH:I
Nk
CH

X~

(4=
jon

Fig. 5. Formulae of the chiral catalysts used: 4 = (+)- or (~)-N-benzyl-N-methylephedrinium salts;
5 = N-benzyl salts from (—)-cinchonidine or (+ )-cinchonine.
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TABLE 1
CHIRAL MICHAEL ADDITION OF ACETAMIDOMALONATE 1 TO «-ENONE 2: SUMMARY OF RESULTS

Compound Catalyst* Additional compound Chemical yield Enantiomers (l:d)
_— (% 3 isolated)
z X~ HPLC NMR
2a,
R=CsH; TEBA - 71 50:50 50:50
4(—)-H Br~ — 56 80:20 78:22
(-)H (o' - 57 84:16 80:20
(+)-H Br~ - 48 19:81 19:81
(-)-H Br~ Mol. sieves 3A 62 83:17 84:16
(=>H  Br” Mol. sieves 4A 53 82:18 79:21
(—)-H Br~ CCl, (1 or 5ml) 53 No sample 56:44
(—)>H Br~ Toluene (1 or 5 ml) 51 59:41 64:36
(—=)-H Br~ Mol. sieves 3A + toluene 57 No sample 68:32
5(—) Cl- — 51 64:36 66:34
+) Cl- — 57 33:67 30:70
4(—)-NO, Br~ — 58 62:38 60:40
-CN Br~ - 54 67:33 67:33
-CF; Br- — 42 73:27 Crude sample
2b,
R=CH, TEBA - 55 50:50 50:50
4(—)-H Br- - 43 57:43 56:44

* TEBA = triethylbenzylammonium; 4 and 5 = chiral catalysts (see Fig. 5).

Organic solvents should be omitted, as the enantiomeric excess is noticeably
improved in the absence of carbon tetrachloride or toluene (ee > 60% compared with
only 20-30%). Addition of molecular sieves has a small beneficial effect.

CONCLUSION

As will be detailed in a forthcoming paper’, and as far as asymmetric synthesis is
concerned, three main conclusions can be drawn, that the enantiomeric excess can be
increased under PTC conditions (i) by omitting an organic solvent during the reaction
step, i.e., operating under solid-liquid PTC without solvent!'?, as the presence of
carbon tetrachloride or toluene reduces asymmetric induction considerably; (ii) by
choosing the most appropriate PTC catalyst, N-benzylammonium salts derived from
(+)- or {(—)-N-methylephedrine being the most efficient; and (iii) by addition of
molecular sieves, which seems to have a slightly positive effect. .

A final point can be made with respect to the important role of a phenyl group
o to the carbonyl function in an a-enone. Its presence seems to be fundamental in order
to observe good asymmetric induction as the enantiomeric excess decreases from 2a to
2b. The enantiomer ratios obtained by NMR and HPLC are similar. However, some
advantages of chiral HPLC determinations appear in connection with the possibility of
analysing crude mixture (NMR studies require a previous purification to obtain pure
3a or 3b as 1 is troublesome, giving a complex with europium salts). Nevertheless, this
last method may be the only possible route when a separation is poor or impossible by
chiral HPLC.
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DIRECT HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC RESOLU-
TION OF DIHYDROPYRIDINE ENANTIOMERS

E. DELEE, I. JULLIEN* and L. LE GARREC
Recherche Syntex France, Leuville-sur-Orge, 91310 Montlhéry (France)

SUMMARY

A direct high-performance liquid chromatographic enantioseparation on a chi-
ral stationary phase using a protein as chiral selector was achieved for some dihydro-
pyridines with different structural groups (amine, amide, acid and hydroxyl groups).
The protein involved was a;-acid glycoprotein and the work was mainly carried out
with an EnantioPac column. An improved version of this chiral column (Chiral-
AGP) was compared with the previous one and gave interesting results.

INTRODUCTION

To establish the optical purity of new drugs and to monitor their asymmetric
synthesis, simple methods are required. The aim was to obtain a direct separation
without a lengthy sample preparation (derivatization or extraction) and to determine
optical enantiomers. We also required a high-performance liquid chromatographic
(HPLC) method that would separate many different structural families without major
changes in conditions. The utilization of aqueous mobile phases with the potential for
application also to biological fluids is important. These requirements were met with a
protein-type chiral stationary phase column, the protein involved being o, -acid gly-
coprotein (AGP). This protein consists of polymers composed of naturally occurring
chiral amino acid subgroups and the binding that occurs can often be stereospecific.

We previously described!*? the resolution of f-amino alcohol enantiomers on
the EnantioPac (AGP) column and we have also used this column to monitor a
solid~liquid phase transfer catalysis without addition of solvent, inducing asymmetric
Michael addition of acetamidomalonate to alphaenone®. In this paper we give results
for dihydropyridines (DHP). This work was mainly carried out on a well known
EnantioPac column, but some preliminary results on a second version of AGP (Chi-
ral-AGP) were also obtained.

To improve the resolution, the mobile phase was optimized and the concentra-
tion of 2-propanol (organic modifier), the flow-rate, the ionic strength, the pH and the
temperature were adjusted.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Columns

Both chiral columns used contained AGP. The first is commercially available as
EnantioPac (LKB), with a broad applicability*—®. The advantages and limitations of
this protein-type column have been discussed in detail’=®. We used a 100 x 4.0 mm
(1.D.) cartridge column system with a matrix based on a diethylaminoethylsilica gel
(10 um particle size) on which the plasma protein is immobilized by ionic bonding.

The second column, an improved version of EnantioPac (Chiral-AGP), is
claimed by the manufacturer to overcome some limitations of the EnantioPac col-
umn. We used a pilot-plant scale column (100 x 4.0 mm 1.D.), without a cartridge,
with AGP immobilized on porous, spherical silica particles (5 um particle size). The
surface chemistry of the silica is also different to that of EnantioPac.

DHP sample preparation

As the DHP tested (see structures in Table I) were not water-soluble, we usually
prepare stock solutions in 2-propanol-water (1:1) and dilute them with the corre-
sponding mobile phase. We injected about'1 nmol of each DHP (10 ul; Shimadzu
autosampler).

TABLE I
STRUCTURES OF DIHYDROPYRIDINES RESOLVED ON THE ENANTIOPAC COLUMN
Ry
Ra
Rs._ X Ry
HLC T R,
R
Compound R, R, R, R, R;
A NO, H COOH CH,  COOCH,
B NO, H COO(CH,),Br CH,  COOCH,
c NO, H COO(CHg)30—S ) (CH,),0H CH,  COOCH,
D NO, H COOCH,CH, CH,  COOCH,
E H CF, NO, CH,  COOCH,
F H a  so, _@_ OCHy CH, COOCH,
G H Cl  COO(CHy), —(f—__\> CH,  CONH-CH,
\ =
H H Cl  COOCH,CH, CH,0H COOCH,
I c Cl COO(CH,),N(CH,), CH,  COOCH,
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HPLC system

The temperature of the column was usually maintained at 20°C with a circulat-
ing water-jacket and a thermostated water—alcohol bath. The mobile phase was 2-
propanol-phosphate buffer (4 mM NaH,PO, + 4 mM Na,HPO, + 10 mM NaCl),
the proportions of the components and the flow-rates (between 0.15 and 0.35 ml/min;
LKB Model 2150 pump) being given in Table IT. The column effluent was monitored
at 227 nm with a variable-wavelength detector (Kratos Model 783). The integrator
was a Shimadzu CR3A.

RESULTS AND DISCUSSION

The optimized mobile phase composition and flow-rate for each DHP tested on
the EnantioPac column are given in Table II. They represent a summary of different
trials in which we optimized the separation with respect to the percentage of 2-
propanol and the pH of mobile phase in particular.

The resolution factor!®, R,, is also given in Table II for each DHP.

Fig. 1 gives some examples of chromatograms obtained for DHP with different
functional groups. When authentic enantiomers were available, we identified each
enantiomer as (+) or (—) and calculated their optical purities by peak-area hormal-
ization in comparison with the racemic DHP.

In addition for one DHP (C) with a hydroxyl group, we studied the influence of
several factors on the enantioseparation. The results are summarized in Fig. 2 and
show the importance of the concentration of organic modifier and the pH. Small
alterations in these two parameters change the enantioselectivity of DHP drastically.
Temperature is also an important parameter for resolution, whereas flow-rate is more
important for the column lifetime than for resolution (a low flow-rate of less than 0.5
ml/min is recommended for the EnantioPac column). We optimized the above pa-
rameters to obtain a compromise between good resolution and as short a run time as
possible.

All the DHP reésolved, have binding groups and a ring structure coupled direct-

TABLEII
HPLC CONDITIONS AND RESOLUTION FACTORS ON THE ENANTIOPAC COLUMN

t, = retention time of second eluted peak; R, = resolution factor.

Compound Mobile phase t, (min) R,
2-Propanol (%) Buffer pH Flow-rate (mlfmin)

A 1 5.95 . 0.35 51.5 1.03
B 18 6.97 0.25 25.1 0.78
C 14 6.97 0.25 48.6 1.41
D 15 6.97 0.25 259 1.22
E 15 6.97 0.30 322 1.08
F 10 4.05 0.15 101.9 1.60
G 15 6.97 0.30 65.8 3.78
H 8 6.97 0.25 78.7 1.33
1 10 6.97 0.25 49.8 1.41
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Fig. 1. Examples of dihydropyridine enantiomer resolution on EnantioPac column (compounds I, G and
C).

ly to the single chiral atom. However, we obtained a poor resolution with other DHP
having the same functional groups but other substituents. This result corroborates
the hypothests that the separation mechanism includes not only hydrophobic interac-
tions and interactions of polar groups but also steric effects®>.

A comparison of results obtained with the Chiral-AGP and EnantioPac col-
umns is given in Table III for compounds A, B, D, E and I using the HPLC condi-
tions as in Table II. For all the compounds except A (for which the HPLC conditions
may not be optimal) the time of analysis was reduced and the resolution was in-
creased when the Chiral-AGP was used (see the chromatograms in Fig. 3). In addi-
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TABLE 111
COMPARISON BETWEEN ENANTIOPAC AND CHIRAL-AGP COLUMNS

HPLC conditions as in Table 11. 7, and ¢, = retention times (min) of the first and the second eluted peaks,
respectively; R, = resolution factor.

Compound EnantioPac column  Chiral-AGP column
4 L, R, ‘4 Ly R,
A 429 515 1.03 260 719 1.50
B 219 251 078 - 127 160 1.18
D 216 259 122 124 152 181
E 284 322 1.08 128 148 1.20
1 40.7 498 141 393 468 219

tion, the flow-rate could be increased to 0.5 ml/min, allowing a reduction in the run
time. These first results are very promising and we also hope that the column lifetime
will be increased.

It should be noted that as the chiral stationary phases are similar in nature their
mechanisms of separation are the same and Chiral-AGP probably will not resolve
enantiomers that cannot be separated on the EnantioPac column.

21.89
25.06

EnantioPac
(600 ng compound B}

MINUTES

n
2 e
o w0
¢ 2

Chiral-AGP
(220 ng compound B)

MINUTES

Fig. 3. Comparison of the enantiomer resolution of compound B on the EnantioPac and Chiral-AGP
columns using the same HPLC conditions (see Table II).
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CONCLUSION

The wide applicability of AGP columns to the direct enantiomeric separation of
dihydropyridines with an aqueous mobile phase makes it an economic means of
supporting stereospecific synthesis, although the first EnantioPac type has to be han-
dled very carefully and has some limitations (column lifetime, low capacity, flow-rate
restriction). The newer Chiral-AGP has given very promising results and, if it is
confirmed by full-scale production, some limitations of this kind of protein column
will be overcome.
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CHROMATOGRAPHIC SEPARATION OF THE ENANTIOMERS OF 1,3-
DITHIOLANE-1-OXIDES

WILLIAM H. PIRKLE* and BRUCE C. HAMPER*
School of Chemical Sciences, University of Illinois, Urbana, IL 61801 (U.S.A4.)

SUMMARY

The enantiomers of 2,2-disubstituted 1,3-dithiolane-1-oxides (type 1 and 2) are
separable by direct high-performance liquid chromatography on commercially
available chiral stationary phases derived from the N-3,5-dinitrobenzoyl derivatives of
o-amino acids. The chromatographic data for a series of dithiolane oxides is presented.
Two chiral recognition models are advanced to account for the structure—enantio-
selectivity relationships observed for these series. Using these models, absolute
configurations of the enantiomers are assigned on the basis of chromatographic
elution order. These assignments are consistent with those determined by independent
chemical and spectroscopic means. Resolutions of the enantiomers are compared on
nine different chiral stationary phases.

INTRODUCTION

In view of the importance of stereochemistry and particularly the absolute
configuration of chiral compounds in biological systems, facile methods of deter-
mining enantiomeric purity and absolute configuration are highly desirable. Direct
chromatography on a chiral stationary phase (CSP) offers the possibility of quickly
and easily determining both enantiomeric purity and absolute configuration. For
configurationally unknown compounds, the absolute configuration can be determined
if the details of the chiral recognition process are known'. CSPs can also provide
a means of preparatively resolving useful quantities of the enantiomers?. In the course
of investigating the resolution of chiral sulfoxides on a series of CSPs, we became
interested in the mechanisms by which the enantiomers of 2,2-disubstituted 1,3-
dithiolane-1-oxides (type 1 and 2) are chromatographically separated®. An under-
standing of the chiral recognition process allows estimation of the separability of
a wide range of dithiolane oxides and assignments of their absolute configurations.
Furthermore, advances in the understanding of enantioselective processes in this
system can be extended to allow both rational design and employment of CSPs.

Several recently developed high-performance liquid chromatographic CSPs

* Present address: Monsanto Agricultural Co., a Unit of Monsanto Company, 800 N. Lindbergh
Blvd., St. Louis, MO 63167, U.S.A.

021-9673/88/303.50 © 1988 Elsevier Science Publishers B.V.



200 W. H. PIRKLE, B. C. HAMPER

S Smo s\<s--o
Ar R, Ar 'R,

1 2

Cls trans

have been employed for the direct resolution of chiral sulfur compounds. Chiral
sulfoxides and sulfoximines can be resolved by affinity chromatography utilizing
bovine serum albumin immobilized on silica*>. Wainer et al.® resolved sulfoximines,
sulfinamides and sulfilimines on a cellulose-based CSP. Preparative resolution of up to
100 mg of a sulfoxide has been achieved on a column (50 x 2 cm 1.D.) containing
a cellulose tribenzoate derived CSP”. Sulfoxides and sulfoximines have also been
resolved on CSP 3a® which, in addition, can be used to resolve related selenoxides®and
phosphine oxides!®.

NO,
o
N
/IS'_(CHz)s_Y NO,
002H5 o
R
a phenyl
3Y=NH'O b isobutyl
4Y=NH ¢ benzyl

d isopropyl
e B-naphthyl

CSPs 3 and 4, derived from N-3,5-dinitrobenzoy! amino acids, are capable of
resolving a wide variety of analytes'’. These CSPs contain an electron-deficient
aromatic ring, an amide hydrogen, a carboxylate (3) or amide group (4) and steric
subunits which are capable of stereospecific interactions with complementary groups.
Depending on which combination of interaction sites is utilized, two chiral recognition
models, S and 7, can be advanced to account for the resolution of a variety of analytes
(Fig. 1)'2. While alternative combinations are possible, even these two allow the
categorization of many seemingly unrelated compounds into two groups, each
resolvable on the CSPs. This categorization gives some insight into the scope of these
CSPs, often allows one to predict whether an analyte will be resolved, and, in such
cases, in what order the enantiomers may be expected to elute.

Chiral recognition model 5 invokes the 3,5-dinitrobenzoyl (DNB) substituent of
the CSP as a m-acceptor site, the benzamide hydrogen as an acidic site and the amide
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Fig. 1. Chiral recognition models invoked for CSPs 3 and 4 to account for the resolution of complimentary
analytes of general structure 6 and 8. For HPLC on the (R)-CSPs 3 and 4 at room temperature, analytes 6a
and 8a will form the more stable diastereomeric adsorbates and will be retained more strongly than are their
enantiomers. .

(or carboxylate) carbonyl as the basic site. To interact with the CSP via this
mechanism, the analyte must contain a n-donor site, a basic site for association with
the benzamide. hydrogen and an acidic site to hydrogen bond to the basic carbonyl
oxygen, and these sites must be stereochemically disposed such that all of the
interactions with the CSP can occur simultaneously. The analyte enantiomer which, on
a time average basis, best maintains these simultaneous interactions with the CSP will
be most retained. Using this general depiction, 6a would be expected to afford three
simultaneous bonding interactions with the CSP while both are in low energy
conformations, and, at room temperature, would be preferentially retained. For 6b to
undergo these simultaneous bonding interactions, either it or the CSP would have to
assume higher energy conformations. Accordingly, 6b would be chromatographically
less retained and would elute first. The second chiral recognition model, 7, is analogous
to 5 in that the CSP employs a n-acceptor site (DNB substituent) and an acidic site
(benzamide hydrogen) to afford two-point binding to the analyte. However, the third
interaction is repulsive rather than attractive in nature. The relative stability of the two
diastereomeric adsorbates depends on juxtaposition of either a sterically small or large
group of the bound analyte enantiomer towards the CSP. Owing to differential steric
interaction, analyte 8a will form a more stable diastereomeric adsorbate with the CSP.
Since the small group is directed toward the CSP, this allows closer approach of the
attractive interaction sites. Conversely, 8b cannot approach the CSP so closely owing
to unfavorable steric interaction with the large group. Conformational change to
lessen this steric interaction would increase the energy of the adsorbate relative to the
other diastereomeric adsorbate.
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Fig. 2. Solutes which contain a n-donor site (1), a basic site (2), and an acidic site (3) and are resolved on CSPs
3 and 4 include compounds 9, 10, and spirosulfoxide 25 (top). Resolvable analytes which contain a n-donor
site (1), a basic site (2), and a steric interaction site (3) include compounds 11, 12, and sulfoxides of type 1 and
2.

The resolution of more than twenty analogous bi-f-naphthols, 9, has been
rationalized in terms of chiral recognition model 5 (Fig. 2)!®. While one aromatic ring
serves as a n-base, the oxygen on the second ring serves as a basic site and the phenolic
hydrogen on the first ring serves as an acidic site. The relevant interaction sites are
labetled 1, 2, and 3 respectively. Similarly, a-aryl-y-lactams, 10, appear to resolve by
this mechanism?®. Compounds which are thought to resolve by mechanism 7 include
a number of cyclic alcohols'#, 11, and phthalides'>, 12. These compounds contain
aromatic rings for n—x interaction with the CSP and either a hydroxyl or carbonyl
oxygen to serve as a basic site. The stability of the two possible diastereomeric
adsorbates is determined by the relative steric repulsion between the analyte and the
CSP encountered in each adsorbate.

For studying chiral recognition processes, the cyclic sulfoxides 1 and 2 have
advantages over acyclic sulfoxides in that the ring system limits the number of possible
conformations. This significantly reduces the number of possible arrangements
for association with the CSP and simplifies evaluation of the structure-



SEPARATION OF ENANTIOMERS OF 1,3-DITHIOLANE-1-OXIDES 203

enantioselectivity relationships. While diastereomerically pure sulfoxides such as 1 or
2 have been prepared!®:!7, to our knowledge none of these dithiolanes has previously
been resolved or assigned absolute configurations*. A series of racemic dithiolane
oxides of type 1 and 2 were prepared and found to be resolvable on CSPs 3 and 4. The
chromatographic structure-enantioselectivity relationships noted are consistent with
the two chiral recognition models presently employed to assign absolute configura-
tions to these configurationally unknown compounds.

EXPERIMENTAL

General

Analytical liquid chromatography was performed using an Altex 100 or 110A
pump, a Valco 7000 p.s.i. or Altex 210 injector equipped with 10-ul or 20-ul sample
loop, respectively, and an Altex Model 152 dual-wavelength (254 nm and 280 nm)
detector or a Beckman 165 variable-wavelength detector. Chromatography columns
containing CSP 3a,b or 4a,b were obtained from Regis and Baker. The covalently
bound a-amino acid derived CSP 4e,d,e were obtained by in situ modification of
a commercially packed aminopropyl silanized silica column!®. Preparation of
ionically bound «-amino acid CSP 3c,d followed the previously reported procedure!.
Preparative separations (100 mg to 5 g) were performed by medium-pressure
chromatography (MPLC) using Ventron 58-um large-pore silica gel dry-packed into
30 in. x 1 in. I.D. columns. The cyanopropyl bonded phase for preparative
separations was prepared from this silica using standard methods?°.

Melting points were taken on a Buchi apparatus and are uncorrectéd. IR spectra
were recorded on a Beckman IR-12 or Nicolet FT-IR 7199 spectrometer and the
adsorptions expressed in wavenumbers. 'H NMR spectra were obtained on a Nicolet
NTC (360 MHz), Varian HR-220 (220 MHz), EM-390 (90 MHz), or XL-200
(200MHz). All resonances are recorded as ppm relative to internal standard
tetramethylsilane. Electron-impact mass spectra were recorded on a Varian MAT
CH-5-DF spectrometer (low resolution) or a Varian MAT 311A or 731 (high
resolution). Microanalyses were performed by Mr. J. Nemeth and co-workers at the
University of Illinois

The 1,3-dithiolanes required for preparation of sulfoxides 1 and 2 were prepared
from the corresponding ketones by standard methods?!. Compounds 1a, 2a, and 18
have been previously prepared'®!’. New compounds were fully characterized by
melting point, NMR and IR spectroscopy, and either elemental analysis (within 0.40%
of expected values for C, H, and S) or molecular formula determination by
high-resolution mass spectrometry. Characterization data for the compounds listed in
Tables I-III will be presented elsewhere. However, data is provided herein for the
compounds to be presented only in this paper.

General synthesis of 1,3-dithiolane-1-oxides. The 1,3-dithiolane oxides were
dissolved in dichloromethane, the solution was cooled in an ice-water bath and treated
portionwise with an equimolar amount of 85% MCPBA. After addition was complete,
the mixture was stirred for 15 min and washed twice with 10% sodium hydrogen-

* In the case of 1,3-dithiane-1-oxide, the parent compound has been resolved by separation of
diastereomeric derivatives prepared from (+)-camphor!8,
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carbonate. The organic layer was dried with magnesium sulphate and the solvent
removed to afford a mixture of diastereomers (in the case of symmetrical ketones, only
one monosulfoxide, such as 18 or 22, is obtained). Separation was achieved by MPLC
on either a silica or cyanopropyl column using mixtures of 2-propanol in hexanes as the
eluent.

Cis- and trans-2-phenyl-2-methyl-1,3-dithiolane-1-oxide (1b and 2b). Oxidation
of 2-phenyl-2-methyl-1,3-dithiolane afforded a mixture of the cis and trans dia-
stereomers (9:91) as determined by 'H NMR of the crude reaction mixture. Separation
by MPLC (cyanopropyl silica, 5% 2-propanol in hexanes) afforded trans-2b (75%)
which was recrystallized from hexanes: m.p. 57-58°C; IR (KBr) 3055, 2980 and 2922
(C-H, str.), 1055 (S-0), 771 and 698 (C-H, bend) cm ™ !; 'H NMR (C?HCl3) § 2.05
(s,3H), 2.70 (m,1H), 3.20 (m,2H), 3.72 (m,1H), 7.36 (m,3H), 7.69 (dd,2H), MS (70 V),
m/e (relative intensity) 212 (100,M *), 195 (27), 194 (36), 137 (19), 136 (46), 121 (18),
103 (31), 92 (33). Recrystallization from hexanes afforded cis-1b (9.6%) .as.a white
crystalline solid: m.p. 71.5-72°C; IR (KBr) 1052 (S-O); *H NMR (C?HCl;) 6 1.95
(s,3H), 2.90 (ddd,1H), 3.32 (m,3H), 7.36 (m,3H), 7.65 (m,2H); MS (70 eV), m/e
(relative intensity) 212 (100,M *), 196 (19), 136 (41), 121 (12), 103 (25), 92 (22).

Cis- and trans-2-phenyl-2-ethyl-1,3-dithiolane-1-oxide (1c and 2¢). A mixture of
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diastereomers obtained by oxidation using the above method was separated by MPLC
(cyanopropyl silica, 5% 2-propanol in hexanes) to afford trans-2¢ (1.9 g, 59%) and
cis-1¢ (0.42 g, 13%). The trans-2¢ isomer was obtained as a white solid: m.p. 63-64°C;
IR (KBr) 1050 (S-0) cm™!; 'H NMR (C?HCl;) é 0.87 (t,3H), 2.47 (q,2H), 2.64
(ddd,1H), 3.13 (ddd,1H), 3.71 (ddd,1H), 7.33 (t,1H), 7.40 (t,2H), 7.76 (d,2H); MS (70
eV) m/e (relative intensity) 226 (100), 181(25), 150 (31), 117 (96), 92 (18). The cis-1c
isomer was obtained as a white solid: m.p. 56-58°C; IR (KBr) 1060 (S-O) cm ™ !; 'H
NMR (C?HCI;) 6 0.91 (t,3H), 2.01 (dq,1H), 2.61 dq,1H), 2.69 (ddd,1H), 3.12
(ddd,1H), 3.32 (m,2H), 7.38 (t,1H), 7.45 (t,2H), 7.66 (d,2H); MS (70 eV), m/e (relative
intensity) 208 (14), 150 (22), 121 (82), 117 (100), 91 (15), 77 (24).

Cis- and trans-2-phenyl-2-isopropyl-1,3-dithiolane-1-oxide (1d and 2d). To
a solution of 2-phenyl-2-isopropyl-1,3-dithiolane (4.37 g, 19.5 mmol) in 25 ml of
glacial acetic acid was added 2.15 m1 (21.5 mmol) of 30% hydrogen peroxide. After 2 h,
the reaction mixture was diluted with 50 ml of water and extracted thrice with
dichloromethane. The combined extracts were washed twice with 1 N sodium
hydroxide, dried and the solvent removed to afford an oily solid consisting of a mixture
of the cis and trans diastereomers (35:65). Fractional recrystallization from benzene-
hexanes afforded 2.3 g (50%) of trans-2d: m.p. 127-128°C; IR (KBr) 1058 (S-O); 'H
NMR (C?HCl;) é 0.92 (d,3H), 1.08 (d,3H), 2.65 (ddd,1H), 2.77 (dq,1H), 3.05
(ddd,1H), 3.13 (ddd,1H), 3.55 (ddd,1H), 7.34 (m,3H), 7.63 (d,2H); MS (70 eV), m/e
(relative intensity) 240 (38,M ), 181 (10), 164 (20), 131 (100), 121 (14), 117 (21), 91
(7.3). The cis diastereomer was obtained by concentration of the benzene-hexanes
mother liquors and recrystallization to afford 0.90 g (20%) of cis-1d: m.p. 68-71°C; IR
(KBr) 1060 (S-O)cm™*; *H NMR (C*HCl;) 6 0.88 (d,3H), 1.25 (d,3H), 2.43 (ddd,1H),
2.78 (dq, 1H), 3.00 (m,2H), 3.31 (ddd,1H), 7.40 (d,1H), 7.46 (t,2H), 7.78 (d,2H); MS
(70eV), m/e (relative intensity) 240 (21,M *), 181 (36), 164 (22), 131 (100), 121 (44), 117
(36), 91 (16).

Cis- and trans-spiro-1,3-dithiolane-2,1'- (2,2’ -dimethyltetralin )-1-oxide (15a and
15b). Oxidation by the usual method afforded a 55:45 mixture of the cis-15a and
trans-15b diastereomers as determined by analytical HPLC (cyanopropyl silica, 5%
2-propanol in hexanes). Separation by MPLC afforded 0.18 g (53%) of cis-15a: m.p.
99.5-100.5°C; IR (KBr) 1098 and 1048 (S-O)cm ~!; *H NMR (C?HCl,) 6 1.06 (s,3H),
1.26 (s,3H), 1.77 (ddd,1H), 2.34 (ddd,1H), 2.94 (dd,2H), 3.22 (ddd,1H), 3.44 (m,2H),
3.86 (ddd,H), 7.11 (d,1H), 7.24 (m,2H), 7.70 (d,1H); MS (70 eV), m/e (relative
intensity) 266 (30,M ™), 174 (14), 158 (100), 143 (43), 129 (8), 118 (8), 108 (13). The
trans-15b was obtained as a white crystalline solid: m.p. 115-156°C; IR (KBr) 1085 and
1045 (S-O) cm™'; "H NMR (C2HCl;) 6 1.44 (s,3H), 1.49 (s,3H), 1.66(ddd, 1H), 2.25
(ddd,1H), 2.85 (ddd,1H), 3.1t (ddd,1H), 3.79 (dd,2H), 4.10 (m,2H), 6.53 (d,1H), 7.21
(m,2H), 7.27 (d,1H); MS (70 V), m/e (relative intensity) 266 (35,M "), 158 (100),143
(28).

Cis- and trans-spiro-1,3-dithiolane-2,9'- ( 2'-methoxy )-9' H-fluorene-1-oxide (21a
and 21b). The diastereomers were obtained in the usual manner (nearly 1:1 mixture)
and separated by MPLC (cyanopropyl silica, 5% 2-propanol in hexanes). Recrystal-
lization from hexanes-benzene afforded cis-21a as a white, crystalline solid: m.p.
147.5-148°C; IR (CHCl3) 1095, 1060 and 1040 (S-O) cm ™ !; tH NMR (C42Hg)6 2.68
(m,2H), 2.94 (ddd,1H), 3.34 (s,3H), 4.05 (ddd,1H), 6.82-7.27 (m,6H), 7.70 (d,1H); MS
(70 V), mfe (relative intensity) 302 (52,M ™), 226 (100),210 (29), 78 (9), 76 (10). An
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analytical sample of trans-21b was obtained by recrystallization from hexane-benzene;
m.p. 138-139°C; IR (CHCl;) 1096, 106 and 1045 (S-O) cm~*; MS (70 eV), m/e
(relative intensity) 302 (77,M *), 226 (100), 210 (91), 195 (12), 183 (23), 139 (28), 27 (29).

RESULTS AND DISCUSSION

By comparing the separation factors, a, with the structure of the dithiolane
oxides, structure—enantioselectivity relationships can be determined which provide
insight into the nature of the chiral recognition processes (Table I). Since un-
symmetrically substituted 1,3-dithiolane-1-oxides contain two stereocenters, there are
two diastereomers, the cis 1 and trans 2 isomers, or a total of four possible
stereoisomers. Cis and trans denotes the disposition of the sulfinyl oxygen with respect
to the substituent on the adjacent stereogenic center having the highest Cahn—
Ingold-Prelog priority. Chromatography on a CSP can, in principle, separate all of
these and, for an isomeric mixture of the diastereomers 1i and 2i, this is in fact realized
(Fig. 3). The enantiomers of diastercomer 1a are separated quite well (« = 2.13), while
those of the other isomer, 2i are just barely resolved (¢ = 1.08). The assignment of
which pairs of chromatographic peaks stem from which diastereomer was achieved by
separation of the diastereomers and assignment of their structure by NMR. A survey
of the data in Table I shows that the separation factors, a, of the enantiomers of the cis
diastereomers 1 are significantly larger than are those of the enantiomers of the trans
diastereomers 2 in a majority of cases. The relative configuration of the sulfoxide
oxygen to the aromatic ring, Ar, plays a decisive role in determining the magnitude of
enantioselectivity observed on CSP 3a.

TABLE 1

CHROMATOGRAPHIC SEPARATION OF THE STEREOISOMERS OF 2,2-DISUBSTITUTED
" 1,3-DITHIOLANE-1-OXIDES ON CSP 3a

NS indicates an « value of less than 1.04. Chromatographic data were obtained with an analytical column
(250 x 4.6 mm 1.D.) containing (R)-CSP 3a. Detection, UV 254 nm; flow-rate, 2 ml/min; mobile phase, 10%
2-propanol in hexanes. k' = Capacity factor.

Compound Ar R Cis 1 Trans 2
k' o k' o

a Phenyl H 10.4 1.05 8.0 NS
b Phenyl CH; 10.3 NS 7.9 NS
¢ Phenyl C,H; 14.4* 1.09 10.6* NS
d Phenyl - CH(CH3;), 435** 116 4.0 NS
e Phenyl C(CH,); 3.11* 1.08 6.37* 1.02
f Phenyl Cyclohexyl 5.7 1.35 1.8 NS
g Phenyl n-CsH;, 10.1* 1.11 7.9* NS
h Pheny! n-Cy1Hys 9.2* 1.12 6.7* NS
i (6,7-Dimethyl-1-naphthyl)  Cyclohexyl 8.0 2.13 43 1.08
j 1-Naphthyl H 23.1 1.13 1.4 1.10
k 2-Naphthyl H 257 1.15 15.5 1.09
m 9-Anthryl H 29.0 1.32 16.0 1.28

* Mobile phase, 2% 2-propanol in hexanes.
** Mobile phase, 5% 2-propanol in hexanes.
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Fig. 3. Chromatographic separation of the four possible stereoisomers of 1i and 2i on (R)-CSP 3a.
Chromatographic conditions are given in Table L.

If we consider the most populated solution conformer of CSP 3a, .in which the
average position of the methine hydrogen is approximately eclipsed with the
dinitrobenzoy! carbonyl oxygen??, the stationary phase can be considered as having
two faces; the larger phenyl group protruding from one, and the sterically smaller
carboxylate group protruding from the other. The functional subunits deemed
necessary for the interactions essential for chiral recognition of the dithiolane oxide
enantiomers include the m-acceptor site, the acidic site and a steric interaction site.
Complementary interaction sites for 1 and 2 include a n-basic site, the basic sulfinyl
oxygen, and a steric group (labelled as 1, 2 and 3, respectively, in Fig. 2). The
enantiomeric analyte which has these groups in the appropriate geometric arrange-
ment for simultaneous interaction with the CSP will be preferentially retained.

For 1b-h, in which the Ar substituent is phenyl, the degree of separation of the
enantiomers can be related to the steric size of the R substituent. As steric size
increases, o values increase from almost no separation for 1b(R; = CHj3)to 1.35 for 1f
(Ry = cyclohexyl). In terms of the selectivity observed, the effect of the alkyl
substituents is cyclohexyl > isopropyl > n-alkyl > ethyl, tert.-butyl > methyl. This
correlates well with the relative steric size of these groups with the exception of le
(Ry = tert.-butyl), which affords enantioselectivity similar to 1¢ (R, = ethyl).
However leis not as chromatographically retained as other members of this series and
thus adsorption by the CSP may be more difficult owing to the steric bulk of the
tert.-butyl group. If a compound cannot undergo the proper orientation with the CSP,
chiral recognition can be diminished. For the 2-aryl monosubstituted compounds 1a,
2a, 1j, 2j, 1k, 1m and 2m, the cis and trans isomers resolve almost equally well. As the
n-basicity of the aromatic substituent is increased, the selectivity for the enantiomers is
increased. Consequently, 1m and 2m, in which Ar is a 9-anthryl group, exhibit the
largest « values. The proposed chiral recognition model, 7, adequately rationalizes the
observed structure-enantioselectivity relationships; for either an increase in the
n-basicity of the aryl substituent or an increase in the size of the steric group of the
analytes, an increase in o value is observed, indicating a greater difference in stability of
the two diastereomeric adsorbates. Knowledge of these two trends allows the design of
compounds which afford even greater separation factors on CSP 3a. Thus, 1i, which
contains a 6,7-dimethyl-1-naphthyl group (n base) and a cyclohexyl group (sterically
large group) affords the largest enantioselectivity (x=2.13) on 3a for this series of
compounds.



208 W. H. PIRKLE, B. C. HAMPER

TABLE 1l

CHROMATOGRAPHIC RESOLUTION OF CHIRAL SPIRO-2-ALKYL-2-ARYL-1,3-DITHIO-
LANE-1-OXIDES ON CSP 3a

Chromatographic conditions as in Table 1.

Compound Cis a Trans b

No. =n R k' o K o

13 1 H 6.2 1.10 3.8 NS
14 2 H 6.2 1.14 4.2 1.04
15 2 CH, 4.0 1.04 11.2 1.24
16 18.8 1.40 9.47 1.08
17 4.66* 1.07

* Mobile phase, 20% 2-propanol in hexanes.

Spiro-2,2-disubstituted 1,3-dithiolane-1-oxides 13-25 are also resolvable on 3a.
The chromatographic resolution of spiro compounds derived from a-indanone,
o-tetralone and their derivatives (Table II) is similar to 1 and 2. These compounds
contain an aromatic ring (m-base), a sulfinyl oxygen (basic site) and an alkyl
substituent at C2 (steric group) for site-specific interaction with the CSP. As the steric
bulk of the alkyl substituent increases from a methylene group, 14b, to dimethyl, 15b,
the separation factor increases from 1.04 to 1.24. An increase in n-basicity improves
the enantioselectivity from 1.04 for 14a (phenyl substituent) to 1.40 for 16b (naphthyl
substituent). While in this series the resolution of the cis diastereomer is usually more
facile, trans 15b resolves with greater ease than cis 15a, perhaps due to changes in the
preferred conformation of the ring due to the steric bulk of the two methyl
substituents. Based on chiral recognition model 7, the CSP differentiates the
enantiomers on the basis of the absolute configuration of the C2 stereogenic center of
the dithiolane ring. The absolute configuration at sulfur simply determines the degree
of enantioselectivity observed. Thus, (R)-3a, will preferentially retain compounds
which have the S configuration at C2 and therefore, the retained cis isomer is 1R,2.S,
while the retained trans isomer is 15,2S.

The enantiomers of spiro-2,2-diaryl-1,3-dithiolane-1-oxides, derived from fluo-
renone and its derivatives, are readily resolved on 3a (Table III). For most of these
compounds both the cis and trans isomers are resolved. However, assignments of
absolute configurations are confounded by the presence of two aromatic substituents.
Depending on which aromatic ring is considered to serve as a n-base for site-specific
interaction with the CSP, opposite assignments of absolute configuration are reached
for the retained enantiomer. However, for 20 and 25, which contain a hydroxyl group
on one aromatic ring, chiral recognition model 5 can be invoked to predict
enantioselectivity and absolute configuration of the more retained analyte. The CSP
utilizes the 3,5-dinitrobenzoyl group (DNB, n-acceptor), the DNB amide hydrogen
(acidic site) and the carboxylate group (basic site) for site-specific interactions.
Analytes 20 and 25 contain the appropriate complementary sites; an aromatic ring
(mn-donor), a sulfinyl oxygen (basic site) and a hydroxyl group (acidic site). Since the
aromatic ring without the hydroxyl substituent must serve as a zn-donor site for
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TABLE 111

CHROMATOGRAPHIC RESOLUTION OF CHIRAL SPIRO-2,2-DIARYL-1,3-DITHIOLANE-1-
OXIDES ON CSP 3a

Chromatographic conditions as in Table L.

Compound Cis a Trans b

No. X R, R, k' o k' o
18 S H H 4.26 1.21

19 S CH, H 3.21 1.26 6.79 1.21
20 S H OH 13.1* 1.40 10.5* NS
21 S H OCH, 6.37 1.24 7.76 1.23
22 CH, H H 495 1.21

23 32.0%* 1.52 32.0** 1.21
24 R = CH; 8.25* 1.59 11.3* .48
25 R =H 25.6* .13 19.3* 1.29

* Mobile phase, 20% 2-propanol in hexanes.
** Mobile phase, 5% 2-propanol in hexanes.

simultaneous three-point interaction with the CSP, three unambiguous bonding
interactions are possible. By this model, the enantiomers of cis isomers 20a and 25a
preferentially retained on (R)-3a are assigned the 1S,2R configuration, while the
retained enantiomer of 25b is assigned the 1R,2R configuration.

For the most part, all of the CSPs 3a—d and 4a—e provide some separation of the
dithiolane oxides (Table IV). Subtle variations between the selectivities of these CSPs
are not easy to rationalize since they presumably stem from slight differences in the
conformational preferences and the consequential “fits”” between the analytes and the
CSP. Tt is not surprising, however, to find that the compounds which are proposed to

TABLE IV

COMPARISON OF THE SELECTIVITY OF CSPs 3a-d AND 4a—e FOR THE STEREOISOMERS OF
DITHIOLANE OXIDES

CSP* Separation factor «

1f Li 1k 15b 16a 20a 24b 25a
3a 1.35 2.13 .15 1.24 1.40 1.40 1.48 1.13
3b 1.12 1.08 1.29 1.56 113 1.94 1.07 1.74
3c 1.04 1.22 117 1.46 NS 1.46 1.05 1.46
3d 111 1.23 1.09 1.37 1.07 1.28 NS 1.22
4a 1.41 1.99 1.29 1.26 1.50 1.29 1.44 1.18
4b L1l 1.57 1.78 NS 1.90 1.08 1.71
4c 1.06 1.20 1.3t 1.61 NS 1.33 NS 1.21
4d 1.08 1.14 1.1 1.64 1.05 .28 1.05 1.20
de 1.85 1.33 1.29 1.45 1.23 1.36 1.13

* All CSPs were prepared on 5-um spherical silica and packed into columns (250 x 4.6 mm LD.).
Chromatographic conditions as in Table L.
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resolve by chiral recognition model 5 involving two bonding and one steric interaction
(f, 1i, 16a, and 24b) afford the larger separation factors on 3a, 4a, and 4e, which have
sterically large aryl groups to prevent association of the analyte with the “‘back” face of
the CSP. The leucine-derived CSPs 3b and 4b provide improved separations for 1k,
15b, 20a, and 25a.

In summary, the structure-enantioselectivity relationships observed for the
chromatographic resolution of 1,3-dithiolane-1-oxides can be rationalized in terms of
chiral recognition models 5 and 7. These models can be applied to other analytes which
contain the proper spatial arrangement of complementary interaction sites. In
addition, absolute configurations can be assigned based on chromatographic elution
order. Such assignments are only reliable in cases where the chiral recognition
processes involved are adequately represented by the chiral recognition model. In
a series of compounds, absolute configurations of unknown members can be
determined even if an inversion of elution order occurs within the series by “tracking of
absolute configurations”!2, Independent determination of the absolute configura-
tions of some of the 1,3-dithiolane-1-oxides in this series is desirable so that the validity
of the assignments of absolute configuration made on the basis of the models may be
ascertained.
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DIRECT ENANTIOMERIC RESOLUTION OF DISOPYRAMIDE AND ITS
METABOLITE USING CHIRAL HIGH-PERFORMANCE LIQUID CHRO-
MATOGRAPHY

APPLICATION TO STEREOSELECTIVE METABOLISM AND PHARMACO-
KINETICS OF RACEMIC DISOPYRAMIDE IN MAN

PASCAL LE CORRE*, DENIS GIBASSIER, PIERRE SADO and ROGER LE VERGE

Laboratoire de Pharmacie Galénique et Biopharmacie, Université de Rennes I, 2 Avenue du Professeur Léon
Bernard, 35033 Rennes (France)

SUMMARY

A method for the simultaneous determination of disopyramide and mono-N-
desisopropyldisopyramide enantiomers extracted from human plasma and urine is
presented. Separation and quantitation were carried out using two columns coupled in
series, and UV detection at 254 nm. First, the racemates of the two compounds were
separated using a reversed-phase column, and then the enantiomers were separated
using a stereoselective column packed with human «;-acid glycoprotein. The mobile
phase was 8 mM phosphate buffer, pH 6.20-2-propanol (92:8, v/v). The coefficients
of variation (%) for the plasma daily determination were 6.7% for R(—)- and
S(+)-disopyramide at drug levels of 1.5 ug/ml, and 8.5% and 7.7% for R(—)- and
S(+)-mono-N-desisopropyldisopyramide, respectively, at drug levels of 0.375 ug/ml.

The method has allowed the study of stereoselective metabolism and pharmaco-
kinetics of disopyramide after oral administration as a racemate.

INTRODUCTION

Disopyramide (DP) is a class IA antiarrythmic agent used clinically as a racemic
mixture of the S(+) and R(—) enantiomers (Rythmodan®, Roussel; Norpace®,
Searle). In humans, mono-N-desisopropyldisopyramide (MND) is the only known
metabolite of DP*-2 (Fig. 1). The plasma protein binding of DP enantiomers, which

@ CONH2 )_ CONH2 H

/
* N —_—_— * N
@ e @ Y
Disopyramide Mono-N-Desisopropyldisopyramide

Fig. 1. Metabolic pathway of disopyramide in man. The asterisk indicates the chiral centre.

0021-9673/88/%03.50 © 1988 Elsevier Science Publishers B.V.
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involves essentially the a;-acid glycoprotein (a;-AGP)**, is concentration dependent
and stereoselective>~®. Numerous investigators have described the pharmacokinetics
of racemic DP°72 and of its enantiomers, when administered separately®’. In
humans, the unbound species pharmacokinetics® of DP enantiomers, when admin-
istered separately, are stereoselective. To date, littie information is available describing
the pharmacokinetic behaviour of each enantiomer following administration of the
racemate’. This results essentially from the difficulty in evaluating simultaneously
both enantiomers after co-administration as a racemate.

The two main approaches to the stereospecific analysis of racemic drugs in
biological samples are (a) the use of stereoselective liquid or gas chromatographic
methods and (b) the use of mass spectrometric analysis following the administration of
a pseudo-racemate, one of the enantiomers being labelled with a stable isotope’. The
latter technique requires several steps: (a) the isolation of the compounds of interest
from biological samples, for instance by collection of a fraction of the mobile phase
following high-performance liquid chromatographic (HPLC) analysis; (b) the deter-
mination of the concentration of the mixture of labelled and unlabelled forms; and (c)
the evaluation of the ratio of labelled to unlabelled compounds. The main drawbacks
of the stable-isotope-labelling techniques are that they are time consuming and costly.
Further, the lack of an in vivo isotopic effect must be demonstrated.

As described previously, a stereoselective analysis of enantiomers of DP!? and
other basic drugs'* can be achieved using a column packed with human a;-AGP. The
development of a stereoselective HPLC assay of DP and MND enantiomers'® has
allowed the evaluation of the metabolism and pharmacokinetics of DP enantiomers
when administered as racemic DP.

EXPERIMENTAL

Chemicals and reagents
DP and MND standards, as racemic bases, were supplied by Roussel UCLAF
(Paris, France). All other chemicals were of analytical-reagent grade.

Apparatus

The HPLC system consisted of a Waters Model 6000 B pump (Waters Assoc.,
Milford, MA, U.S.A.), a Waters WISP 710 B automatic injector, a Waters Model 440
detector set at 254 nm and a Delsi Enica 21 integrator (Delsi, Suresnes, France). As the
affinity constants of R(—)-DP and S(+)-MND for human «,-AGP are similar, the
separation of both DP and MND enantiomers required the previous separation of the
two racemic species on a hydrophobic packed column!3, Hence, two columns were
coupled: a Supelcosil LC-8-DB (50 x 4.6 mm 1.D.) (Supelco, Bellefonte, PA, U.S.A.)
and a human «;-AGP packed column (LKB EnantioPac, 100 x 4 mm 1.D.) (LKB,
Bromma, Sweden).

Extraction procedure

DP and MND were isolated from biological samples using the two step-
extraction procedure shown in Fig. 2. As urine concentrations of DP and MND are
generally higher than plasma concentrations, urine samples (10 ul) were diluted with
drug-free plasma (240 ul) and then handled according to the procedure described for
plasma.
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PLASMA OR URINE
(250pl) (10 p1)
DILUTED WITH

DRUG-FREE PLASMA (240 pl)

ADD : WATER (500 pt)
1M SODIUM HYDROXIDE (100pul1)
ETHYL ACETATE (4ml)

SHAKE , CENTRIFUGE

[ l

I AQUEOQUS PHASEJ I ORGANIC PHASE l

DISCARD ADD: 0.1 M FORMIC ACID (100 yl )
SHAKE , CENTRIFUGE

l FORMIC ACID PHASE |

EVAPORATE TO DRYNESS

| RESIDUE I

DISSOLVE IN 50 ul OF
THE MOBILE PHASE

CHROMATOGRAPHY

|

Fig. 2. Schematic outline of the sample preparation used in the determination of DP and MND enantiomers
in plasma or urine.

Chromatographic conditions

Isocratic chromatography was carried out at a flow-rate of 0.3 ml/ml, the mobile
phase being phosphate buffer (8 mM, pH 6.20)-2-propanol (92:8, v/v), with UV
detection at 254 nm,

Study design

Six hospitalized patients, suffering from ventricular extrasystoles, were given
racemic DP at a dose of 200 mg three times a day (at 8, 16 and 24 h). At the steady state,
onday 4, venous blood was drawn prior to drug administration at 8 h and then at 9, 10,
11, 12, 14 and 16 h; 24-h urines were collected.

Pharmacokinetic analysis
Owing to the protocol, the plasma clearance of total DP enantiomers (CL) was
evaluated relative to the systemic availability (F) according to

CL/F = dose/AUC
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where AUC is the area under the total plasma concentration—time curve.

It has been reported that (a) the first-pass effect of DP is insignificant'?, (b)
MND, the sole metabolite of DP, is not further biotransformed!:?"'? and (c) both DP
and MND are eliminated in the urine!?. Hence, the extent of biotransformation (EB,
%) of DP enantiomers was evaluated according to

EB = 100 An/(A, + A,

where A, and A,, are the 24-h urinary cumulated amounts of parent drug and the
stereochemically related metaolite, respectively.

Statistical analysis
The statistical significance of the stereoselective differences was estimated using
Student’s paired r-test.

RESULTS AND DISCUSSION
Chromatography

The specificity of the simultaneous determination of DP and MND enantiomers
is illustrated by the chromatogram in Fig. 3. The separation factors («) obtained for

DP and MND enantiomers were 1.47 and 1.34, respectively. The resolution factors
(R) of DP and MND enantiomers were 1.81 and 1.27, respectively.

o
o
=

Time (min)

R(-}MND

S(+)MND

S(+)-DP

-t

Fig. 3. Chromatogram of plasma extract containing R(—)-DP and S(+)-DP at 1 yg/ml and R(~)-MND
and S(+)-MND at 0.5 pug/ml.
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TABLE I
EXTRACTION YIELDS

Compound Concentration Yield Coefficient of variation n p
(ngimi) (%) (%)

R(—)-DP [ 79.5 5.5 10 >005

S(+)-DP i 79.9 5.7 10

R(—)-MND 0.5 823 5.3 8 >0.05

S(+)-MND 0.5 82.1 6.6 8

On account of the stereoselective a;-AGP binding, the extraction yield of
R(—)-DP and S(+)-DP and of R(—)-MND and S(+)-MND were compared. The
results reported in Table I show that the extraction procedure is not stereoselective.

The linearity of the method was evaluated in the concentration range 0.5-4
ug/ml for DP enantiomers and 0.125-1 pug/ml for MND enantiomers. The coefficients
of correlation were better than 0.999 for the four calibration graphs. The repro-
ducibility was checked daily (n = 12) at 1.5 pug/ml for DP enantiomers and at 0.375
ug/ml for MND enantiomers. The coefficients of variation, 6.7% for R(—)-DP and
S(+)-DP, 8.5% for R(—)-MND and 7.7% for S(+)-MND, indicate an acceptable
reproducibility of the method.

Metabolism and pharmacokinetics

The mean extent of biotransformation of S(+)-DP (56.6%) was significantly
higher than that of R(—)-RP (39.8%) (p < 0.001). The mean S(+ )-DP/R(—)-DP
metabolic ratio, i.e., the stereoselective index, equal to 1.42, indicates that N-
dealkylation of racemic DP is stereoselective. These results are consistent with data
from our laboratory, which have pointed out stereoselectivity in DP metabolism, when
R(—)-DP and S(+)-DP were administered separately to healthy volunteers; the
stereoselective index was 1.55.

2.5 -
® O
®
2 /. / \
O .\
15 e o-/o o\ *
pg/ml / O\o
11
0.5 fu U s | O g a1
n.— {m} a
N . . . . .
8 9 10 1 12 13 14 15 16

Time (h)

Fig. 4. Average total plasma concentrations of DP and MND enantiomers, at the steady state, following oral
administration to patients (n = 6), of racemic DP at a dose of 200 mg three times daily. ® = S(+)-DP;
O = R(—)-DP; B = S(+)-MND; 0 = R(—-)-MND.
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The average total plasma concentrations of DP and MND enantiomers, at the
steady state, are presented in Fig. 4.

When administered separately, the total plasma clearance of DP enantiomers is
not stereoselective®’. In this study, when the enantiomers are co-administered, the
total clearances are significantly different: 114.6 and 157 ml/min for S(+)-DP and
R(—)-DP, respectively (p < 0.001). These results, consistent with previous data
obtained following a single parenteral administration of DP as a pseudo-racemate’,
suggest a stereoselective interaction between the DP enantiomers. A reciprocal
displacement interaction between the DP enantiomers in plasma protein binding has
been described, S(+ )-DP being a more potent displacer than R(—)-DP®. Thus, in the
presence of S(+)-DP, the unbound plasma fraction and consequently the total plasma
clearance of R(—)-DP should be increased.
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SELECTIVE EFFECT OF CLONAZEPAM AND (S)-UXEPAM ON THE BIND-
ING OF WARFARIN ENANTIOMERS TO HUMAN SERUM ALBUMIN

ILONA FITOS* and MIKLOS SIMONYI

Central Research Institute for Chemistry of The Hungarian Academy of Sciences, P.O. Box 17, H-1525
Budapest (Hungary)

SUMMARY

Both clonazepam and (S)-uxepam selectively increase the binding of (S)-
warfarin to human serum albumin. By liquid affinity chromatography, improved
resolution of rac-warfarin was achieved.

INTRODUCTION

Binding studies performed by various methods have shown that serum proteins
have different affinities for the enantiomers of several chiral ligands®. Liquid affinity
chromatography on immobilized serum albumin is a sensitive technique to detect
enantioselective binding and to perform resolution of racemates?:3.

Warfarin is a chiral anticoagulant drug and its S-enantiomer has higher
anticoagulant activity*. The binding affinities of warfarin enantiomers to human
serum albumin (HSA) are slightly different®-®, allowing a poor chromatographic
resolution of rac-warfarin. Previously we found’ stereoselective allosteric binding
interactions in the binding of warfarin enantiomers and certain optically active
3-substituted 1,4-benzodiazepines to HSA, which were manifested by either mutually
increased or decreased binding. The highest enhancements were observed with the
S-enantiomers of both ligands. Increased stereoselective binding of these ligands
resulted which can be utilized for improved chromatographic resolution of the
racemates on an HSA-Sepharose column.

We present here the effects of clonazepam and the enantiomers of uxepam on the
binding of warfarin enantiomers. Clonazepam is optically inactive, being an equimolar
mixture of two conformers of opposite chirality, while uxepam has a centre of chirality
in the Cs position.

)

(=0
oH (H
!

070

rac-warfarin clonazepam (S}-uxepam

0021-9673/88/%03.50 © 1988 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Clonazepam and rac-warfarin were obtained from Sigma, [**Clrac-warfarin
from The Radiochemical Centre Amersham. rac-Warfarin was resolved into its
enantiomers as described® and kindly donated by Dr. T. Larsson. It was applied as its
sodium salt. Uxepam enantiomers were obtained from Chemical Works of Gedeon
Richter (Budapest, Hungary).

About 107* M HSA (Miles Labs., Elkhart, IN, U.S.A.) was immobilized on
CNBr-Sepharose 4B (Pharmacia). Elution was by Ringer buffer (pH 7.4) containing
0.01% sodium azide. Detection was by UV spectroscopy or radioactive liquid
scintillation counting. Samples of 2-5 ug were applied.

RESULTS

Warfarin binds strongly® to HSA (K ~ 1.8 - 10> M%) and the affinities of the
enantiomers are similar to each other. The direction of stereoselectivity can be
opposite under slightly different experimental conditions. Fig. 1a shows the radio-
chromatogram of [**Clrac-warfarin on a short HSA-Sepharose column and it is seen
that no resolution occurred. When the eluent contained 10~ M clonazepam (Fig. 1b)
the enantiomers appeared in separate peaks. The assignment of the peaks were made
with (R)- and (S)-warfarin. Table I shows the elution volumes of warfarin enantiomers
obtained with buffer alone as well as with 10™* M clonazepam in the buffer. The
binding of (S)-warfarin is enhanced in the presence of clonazepam. This was confirmed
as follows: on an HSA-Sepharose column (Vo = 7 ml) the elution volume of
clonazepam (12 ml) was practically unchanged in the presence of 10~* M (R)-warfarin,
while 10~* M (S)-warfarin increased it (23 ml).

Fig. 2 shows the selective effects of uxepam enantiomers on the binding of
rac-warfarin. It is the (S)-uxepam which brings about resolution. The binding of
rac-uxepam to HSA, unlike the parent 4,5-dihydrodiazepam!?, is very weak and not

dpm a
5000
0 | O,
b
50001
!
0 0 fraction number

Fig. 1. Radiochromatogram of ['*C]rac-warfarin on a HSA-Sepharose column (Vg = 3 ml, V.
Elution was by (a) buffer, (b) 10™* M clonazepam.

= 8ml).

fraction
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TABLE I

EFFECT OF CLONAZEPAM ON THE ELUTION VOLUMES OF WARFARIN ENANTIOMERS
ON A HSA-SEPHAROSE COLUMN

Vo = 6 ml.
Sample Ve (mi)
Eluent: buffer Eluent: 10~* M clonazepam
(R)-Warfarin 60 48
(S)-Warfarin 52 120
dpm s
10 000}
0 1
b
10 000
0 \(JJ\OM
4
10 000
i
0 0 fraction number

Fig. 2. Radiochromatogram of ['*C]rac-warfarin on a HSA-Sepharose column (F, = 4 ml, V,

. =8ml).
fraction
Elution was by (a) buffer, (b) 10™* M (R)-uxepam, (c) 10~* M (S)-uxepam. t

TABLE II

EFFECT OF (R)- AND (S)-WARFARIN ON THE ELUTION VOLUMES (IN ml) OF UXEPAM
ENANTIOMERS

Vo =6 ml.
Sample Buffer 10=* M (R)-Warfarin  10~* M (S)-Warfarin
(R)-Uxepam 8 8 8

(8)-Uxepam 8 8 12
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stereoselective. In accordance with the above interaction, (S)-warfarin selectively
increases the binding of (S)-uxepam (Table IT).

DISCUSSION

Diazepam and rac-warfarin are generally considered®*! as markers of the two
main binding sites on HSA. The binding interactions observed suggest that there are
allosteric interactions between these binding sites. The manifestation of this phe-
nomenon is strongly dependent on the configuration of both benzodiazepine and
warfarin as well as on the structure of the benzodiazepine molecule. According to the
above results the following conclusions can be drawn:

(1) Tt is (S)-warfarin which shows binding interactions with clonazepam and
(S)-uxepam.

(2) In the clonazepam molecule it is the 2'-Cl substituent which is responsible for
inducing the binding interaction, since desmethyldiazepam and warfarin enantiomers
do not affect the binding of each other. The clonazepam molecule can exist in two
chiral conformations. Analogously to diazepam and 3,3-dimethyl derivatives'?, and
according to the difference in the circular dichroism (CD) spectra of the clonazepam-—
HSA complex!3, we suppose that the (M)-conformation is preferred by the binding
process.

(3) In the (S)-uxepam molecule it is the 4-carbamoyl substituent which is
responsible for inducing the binding interaction, since none of the enantiomers of
4,5-dihydrodiazepam and warfarin affects the binding of each other.

{4) Both clonazepam and (S)-uxepam have very low binding affinities to HSA,
yet they are able to provoke binding interactions manifested in improved resolution of
the strongly bound rac-warfarin. Liquid affinity chromatography is suitable to detect
not only stereoselective binding!* but even stereoselective binding interactions. Under
favourable experimental conditions this can be utilized for chiral separations.
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SUMMARY

A sensitive and enantiospecific gas chromatographic method for the determina-
tion of the S(+)- and R(—)-enantiomers of baclofen (I'and II) in plasma and urine has
been developed and validated. The method is based on the complete resolution of the
derivatized enantiomers on a chiral fused-silica capillary column. The hydrochloride
salt of a (—)-fluoro analogue of baclofen (III - HCI) was used as the internal standard
in plasma, the hydrochloride salt of a (+)-fluoro analogue of baclofen (IV - HCI) as the
internal standard in urine. Rapid and convenient isolation of the compounds was
achieved using reversed-phase Bond-Eflut C, 5 columns. After elution, the compounds
were converted into isobutyl esters and purified by base-specific solvent extraction.
The isobutyl .esters were then- N-acylated with heptafluorobutyric anhydride The
derivatives were quantitated after separation on the chiral column using electron-
capture detection. The analysis of spiked plasma and urine samples demonstrated the
good accuracy and precision of the method, with limits of quantitation of 25 nmol/l for
I and II in plasma and of 2 umol/l for I and II in urine. The method appears to be
suitable for use in pharmacokinetic studies of the enantiomers in plasma and urine
from animals and man after administration of the racemic baclofen.

INTRODUCTION

Baclofen is a centrally acting antispastic agent. The enantiomers of this
compound (Fig. 1) differ in their pharmacodynamic and toxicological properties: the
R(—)-enantiomer (II) is much more active but also more toxic than the S(+)-
enantiomer (I)!. In addition, the “ineffective” isomer I antagonizes the action of the

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. 1. Chemical structures of baclofen, 1, I, 11T and 1V. The absolute configuration of IIT and 1V is
unknown.

effective isomer II, so that II is also substantially more effective than racemic
baclofen?:. In spite of these interesting differences in the pharmacodynamics of I, I
and racemic baclofen, the pharmacokinetics of the enantiomers have not yet been
described due to the lack of analytical methods for their enantiospecific and sensitive
determination. Between 1984 and 1987, several high-performance liquid chromato-
graphy (HPLC) methods for the separation of the enantiomers of baclofen were
reported*~7. However, none of these methods has so far been extended to determina-
tions in biological fluids.

In 1988, Spahn et al.® published an enantiospecific HPLC method which is
suitable for the determination of I and II in biological material, but this method lacks
sensitivity for the determination in plasma. Their paper also gives the first information
on the urinary excretion in healthy volunteers.

Based on published gas chromatographic (GC) methods for racemic ba-
clofen®!°, we have now developed an enantiospecific GC procedure using a chiral
capillary column. The method is less time consuming than the non-enantiospecific GC
method described by Degen and Riess® and more sensitive than the method of Spahn et
al.8. The present paper describes this method and its validation for the determination
of I and IT in plasma and urine.

EXPERIMENTAL
Chemicals and reagents

Racemic baclofen (C;oH;,CINO,; mol.wt. 213.66), the hydrochloric salts of the
S(+)- and R(—)-enantiomers of baclofen, I - HCl and II - HCI, respectively
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(C1oH,CINO,; - HCI; mol.wt. 250.12), and the two internal standards, the hydro-
chloride salts of the (—)- and (+ )-fluoro analogue of baclofen, III - HCland IV - HC],
respectively (C;oH;,FNO, + HCI; mol.wt. 233.67), were all supplied by Ciba-Geigy
(Basle, Switzerland) (Fig. 1). Il - HCl was used as the internal standard in the plasma
method, IV - HCI in the urine method.

A l-pmol amount of I or Il is equivalent to 0.2501 ng of the hydrochloride salt of
I or II or to 0.2137 ng of the free amino acid (I or II).

Borate buffer pH 10 was prepared by dissolving 24.6 g boric acid (No. 165;
Merck, Damstadt, F.R.G.), 29.8 g potassium chloride (Merck No. 4936) and 14.1
g sodium hydroxide (Merck No. 5589) in 1 1 of distilled water.

The solvents used for esterification were isobutanol (Merck No. 984) and acetyl
chloride (Merck No. 31). For the acylation, we used heptafluorobutyric anhydride in
glass ampoules of 1 ml (No. 63164; Pierce, Rockford, IL, U.S.A.). All other chemicals
were of analytical grade.

Extraction columns and vacuum apparatus

Bond-Elut C, g columns with a capacity of 2.8 ml (607 303; Analytichem, Harbor
City, CA, U.S.A.) were used for plasma and Bond-Elut C; 5 columns of 1 ml capacity
(Analytichem, 607 101) were used for urine. Rapid sample processing was achieved in
both cases with a vacuum manifold (No. 5-7030; Supelco, Bellefonte, PA, U.S.A.).

Chromatographic equipment

Gas chromatography was performed on an HP 5890 A chromatograph
(Hewlett-Packard, Palo Alto, CA, U.S.A.) equipped with an electron-capture
detector, an automatic sampler HP 7673 A and a gas chromatographic workstation
HP 5895 A. Two types of chiral fused-silica capillary columns were tested: a 25
m x 0.25 mm L.D. column coated with Chirasil-Val IIT (Alltech, No. 13636; Applied
Science, State College, PA, U.S.A.); a 25 m x 0.22 mm L.D. column coated with
Chirasil-L-Val or Chirasil-D-Val, film thickness 0.12 um (No. 7495 and No. 7496,
respectively, Chrompack, Middelburg, The Netherlands).

Determination of the enantiomeric purity of I - HCl and Il - HCI

The enantiomeric purity of I - HCl and II - HCl was determined by
enantioselective GC of the N-heptafluorobutyryl isobutyl ester derivatives. These were
prepared as described in the analytical procedure after evaporation of pure methanolic
solutions of the compounds. Six samples containing 1000 pmol of one enantiomer were
analyzed for the content of the other enantiomer using a calibration graph in the range
2-50 pmol. For the determination of I, a Chirasil-L-Val column was used, where this
enantiomer was eluted before 11. For the determination of II, a Chirasil-p-Val column
was used, where the elution order was reversed.

Chromatographic performance
The chromatographic separation of the derivatives of [ and I was characterized
by the separation coefficient, «, and the resolution factor, R'!:!2
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2(t; — ty)

R= 7699 (wn, + wo)

where 1, 1 = retention times of the enantiomers (¢, > 1), to = retention time of
a non-retained compound and w, = peak width at half-height.

The retention time of the solvent (heptane) was considered as 7. Assuming ideal
Gaussian peaks, baseline separation is achieved for R > 1.5'2,

Extraction yield

The extraction yield of I and II and of the internal standards (III for plasma, IV
for urine) from plasma and urine was determined by comparison with directly
derivatized samples considering the detector response. The calculation was based on
the average for six samples of each.

Stock solutions and working solutions

Stock solutions were prepared by dissolving all compounds in 0.1 M hydro-
chloric acid. Working solutions were obtained by dilution of the corresponding stock
solution in distilled water. All solutions were stored at 4°C and were stable for at least
1 month; :

The stock solutions were different for samples used for the calibration and
method validation.

Preparation of spiked plasma samples

Aliquots of the working solutions of I - HCI and IT - HCI were added together
with a constant amount (850 pmol) of the internal standard III - HCl to 1 ml of plasma.
The samples were shaken on a Vortex mixer for 15 s.

Calibration samples containing I - HCl and II - HClin comparable amounts were
prepared at six different concentrations between 20 and 800 nmol/l for each
enantiomer. For method validation, the spiked samples contained I - HCl and II - HCI
in comparable or different amounts between 20 and 835 nmol/l. Clinical samples were
processed in the same way using water instead of the working solution of I - HCI and
1T - HCL

Preparation of spiked urine samples

Calibration and validation samples containing equal amounts of the enan-
tiomers I - HCl and II - HCI at six different concentrations were prepared by spiking
urine with racemic baclofen. Validation samples containing different amounts of the
enantiomers were prepared by spiking urine.with T - HCl and II - HCL.

Aliquots of the working solutions were added with a constant amount (2.15
nmol) of the internal standard I'V - HCl to 25 ul of urine. Distilled water was added to
a total volume of 250 ul. Finally, 75 ul of blank urine were added. The samples were
shaken on a Vortex mixer for 15 s. The amount of each compound added was related to
the urine sample volume of 25 ul used to analyse clinical urine samples. Calibration
samples were in the range corresponding to the concentrations of each enantiomer in
urine, between 2.2 and 90 umol/l. The concentrations of the validation samples
covered the same concentration range. Clinical samples were processed in the same
way using water instead of the working solutions of baclofen, I - HCl and 11 - HCL.
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Extraction procedure for plasma

Extraction was performed with Bond-Elut C;s columns. The columns were
.positioned in the luer fittings of the vacuum manifold. Twelve columns can be used
simultaneously; the columns were conditioned by washing with 2 x 3 ml of methanol
and 2 x 3 ml of water. A vacuum of 25-50 cmHg was applied which was turned off as
soon as the water had passed through, to prevent the columns from drying out. The
plasma samples were applied to the columns and the biological matrix was sucked off
by gently applying a vacuum to the manifold. Then each column was washed with 1 ml
of water. The vacuum was maintained for 5.5 min until the columns were dry. The
cover of the manifold was then removed and the stainless-steel needles of the column
were wiped with a tissue to remove-drops of the washing solution. Glass tubes of 10 ml
were then positioned under each column and the columns were eluted with 2 x 500 ul
of methanol by applying a vacuum to the manifold. The eluents were evaporated to
dryness at 45°C under a stream of nitrogen.

Extraction procedure for urine

The extraction procedure for urine was that used for plasma except as follows:
Bond-Elut Cg columns of 1 ml capacity were used and conditioned with 2 x 1 ml of
methanol and 2 x 1 ml of water; after application of the sample, each column was
washed with 100 ul of water, then the vacuum was maintained for 4 min until the
columns were dry. The columns were eluted with 2 x 500 ul of methanol and the
eluents evaporated to dryness at 45°C.

Derivatization ,

Esterification. The dry residue was dissolved in 0.5 ml hydrochloric-acid in
isobutanol (5 ml isobutanol and 0.25 ml acetyl chloride), heated at 100°C for 15 min
and evaporated to dryness under nitrogen at 45°C. _

Purification. The dry residue was dissolved in 5 ml of diethyl ether—di-
chloromethane (4:1, v/v) and the solution was extracted with 2 ml of 0.05 M sulphuric
acid by shaking for 10 min. After a short period of centrifugation, the organic phase
was discarded. The aqueous phase was made alkaline by addition of 2 ml of borate
buffer pH 10 and extracted with 5 ml of hexane—acetone (50:1, v/v) by-shaking for 10
min. After a short period of centrifugation, the organic phase was transferred to
a 10-ml tube and evaporated to dryness under nitrogen at 45°C.

Acylation. A 100-ul volume of heptafluorobutyric anhydride and 500 ul of
diethyl ether were added to the residue and allowed to react for 30 min at room
temperature. Then the mixture was evaporated to dryness under nitrogen at 45°C. The
dry residue was dissolved in 1 ml heptane and washed with 2 ml of 0.1 M sodium
hydroxide by shaking for 10 min. After centrifugation, an aliquot of the organic phase
was transferred to a conical vial of the automatic sampler; 2 ul were injected into the
gas chromatograph.

Chromatographic. conditions

Splitless injection was used with a splitless period of 1 min. The inlet pressure of
the carrier gas, i.e., helium, was 65 kPa for the Chirasil-Val-III column or 90 kPa for
the Chirasil-L-Val or Chirasil-D-Val column. The septum purge was 3 ml/min and the
flow-rate of the auxiliary gas (argon—methane, 90:10) for the detector was 60 ml/min.
The injector temperature was 250°C and the detector temperature was 300°C.
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After injection, the column was held at 80°C for 1 min, then heated at 30°C/min
to 200°C.

To elute endogenous plasma or urine compounds, the Chirasil-L-Val or
Chirasil-D-Val column was held at 200°C for 20 min. Using the Chirasil-Val III
column, the temperature was held at 200°C for 9 min, then raised at 70°C/min to 240°C
and held at this level for 3 min.

Quantitative evaluation

Quantitation was based on the peak height ratio, y, of the substance and the
internal standard. Calibration graphs were obtained by plotting y versus the
concentration, x, of I or IT in the sample and calculating the regression line. This was
done by weighted linear least-square regression analysis with a weighting factor of
1/x2.

RESULTS AND DISCUSSION

Enantiomeric purity

The analysis of pure samples of I - HCI and II - HCl revealed an optical purity of
at least 99.8% for both enantiomers. The samples were derivatized in the usual manner
as described. Thus, the high optical purity also demonstrated that no racemization
occurred during the derivative formation.

Chromatographic purity and choice of the internal standard

Impurities were not detected when investigating the enantiomeric purity of
I-HCland II - HCI. When studying the determination in urine, the concentrations of
the enantiomers were about 10 times higher than those for the determination in
plasma. Under these conditions, there was an impurity peak with a retention time close
to that of the III - HCl derivative used as the internal standard for the plasma method.
This peak was present also in pure derivatized samples of racemic baclofen as well as of
I - HCI and II - HCL. The peak height increased with increasing amounts of the
compounds. The origin of this impurity is unknown. To avoid a possible interference
with the internal standard, we used IV - HCI instead of IIT - HC] as the internal
standard for the method in urine.

Choice of the analytical column

Baseline separation of the baclofen enantiomers (I and IT) was achieved with
each of the three chiral columns tested. The parameters characterizing the separation
are listed in Table 1. . )

The separation coefficient, o, and the resolution factor, R, gradually deteri-
orated with increasing number of injections. The values given in Table I were obtained
using new columns.

In terms of the separation performance and the thermal stability, the Chirasil-
L-Val or -p-Val column was found to be superior to the Chirasil-Val III column. The L-
and D-Val columns are expected to exhibit an acceptable peak resolution even after
more than 1000 injections of plasma or urine extracts.

All method validation data given in this paper were obtained using a
Chirasil-L-Val column.
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TABLE 1

PARAMETERS CHARACTERIZING THE SEPARATION OF THE N-HEPTAFLUOROBUTYRYL
ISOBUTYL ESTER DERIVATIVES OF THE BACLOFEN ENANTIOMERS (1 AND IT) ON CHIRAL
CAPILLARY COLUMNS

Chromatographic conditions and definitions of « and R as in Experimental.

Column Retention time (min) o R

I 11
Chirasil-Val 11T 13.87 14.09 1.019 1.485
Chirasil-L-Val 1.7 11.96 1.024 1.998
Chirasil-p-Val 12.93 12.66 1.025 2.079

Extraction and derivatization

A solid-liquid extraction using Bond-Elut C,g columns (capacity 2.8 ml for
plasma and 1 ml for urine) was found to produce the best extraction efficiency and
throughput time. For the method in urine, the best results were achieved when the
samples applied to the columns contained 100 pl of urine. Therefore the spiked (or
clinical) urine samples of 25 ul were (will be) diluted in 75 ul of blank urine. The
extraction yield for plasma was 85% for I, 89% for IT and 65% for II1. The extraction
yield for urine was 83% for I, 82% for II and 89% for IV.

These values are comparable to those reported for adsorption on charcoal and
XAD-2 resin of racemic baclofen® and markedly higher than those reported for
jon-pair extraction'®. In addition, the Bond-Elut method is less time consuming than
the other two methods.

Different derivatives of baclofen were used in the GC methods reported for the
racemic compound®-1°, In a screening procedure, we have tested derivatives of I and II
obtained by esterification with methanol, ethanol, propanol, pentafluoropropanol,
isobutanol or n-butanol and by acylation with trifluoroacetic-, pentafluoropropionic-
or heptafluorobutyric anhydride. The best results with respect to separation efficiency
and sensitivity were achieved for the N-heptafluorobutyryl isobutyl ester derivatives.
Therefore, these derivatives were chosen for the present method.

Gas chromatography of plasma and urine extracts

Typical chromatograms of extracts from blank plasma and plasma spiked with
I-HC, II - HCl and TII - HC1 are shown in Fig, 2. No interfering peaks derived from
endogenous plasma components were observed at the expected retention times. The
“background” peaks observed are negligible compared to the peaks obtained for
a concentration of around 20 nmol/l of I - HCl and II - HCI,

Typical chromatograms of extracts from blank urine and urine spiked with
racemic baclofen and IV - HCl are shown in Fig. 3. No interference peaks derived from

endogenous urine components were observed at the expected retention times for I, IT
and IV.

Calibration graphs
Calibration graphs for I and II in plasma showed a linear response in the range
20-800 nmol/l. Typical parameters for the calibration graphs in plasma were



228 A. SIOUFI et al.

42 I II
so ] @ ‘@ BN

11.8 12.6
Time Cmin 1

45 )J W’L,W LU
JN_J"MJ I I

22}
“! T T T — T T T T 1
a 2 4 E <] 1@ 12 14 1E
4% .0 I ]I
"B: )”'S \|
1 ! .
RSN
ED 5.8 r——————
11.9 tz.8
3 N A .
Time (min. 1}
5@
]
0] A

w
[a]
[ FENE Y -
f S
Lt
o~
f

|

o I

2!3?

Br ZT 4, g E:' 18 II:’ 1~’% ’jE
SHO
53
SEq
i ll: L“A‘\,LJLL\J L—4~--‘~'\""J\""“""““' |‘ "’/\”“—A/’\JL—

E{ .
391 I"\../‘JL/
O

— m 1§11
zQ

Eir—— Er 4 E: E'-:r 15 1z 1:’: llB

Time (min 3
Fig. 2. Typicalchromatograms of (1) a derivatized extract of a blank human plasma sample, (2) a derivatized
extract of a spiked plasma sample containing 21.9 nmol/l of I- HC, 20.4 nmol/l of IT - HCI and 855.9 nmol/l
of the internal standard (III . HCI), (3) a derivatized extract of a spiked plasma sample containing
784.7 nmol/l of 1 . HCI, 777.9 nmol/l of 11 . HCI and 855.9 nmol/l of the interna] standard (I1I - HCI).
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Fig. 3. Typical chromatograms of (1) a derivatized extract of a blank urine sample (25 ul), (2) a derivatized
extract of a spiked urine sample containing 4.36 umol/l of racemic baclofen (corresponding to 2.18 umol/! of
1- HCl and II - HCl) and 85.59 umol/l of the internal standard (IV - HCI) and (3) a derivatized extract of
a spiked urine sample containing 71.52 pmol/! of racemic baclofen (corresponding to 35.76 pmol/l of 1- HCl
and I - HC]) and 85.59 pmol/] of the internal standard (IV - HCI).
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TABLE 11

WITHIN-DAY PRECISION AND ACCURACY OF THE DETERMINATION OF I AND II IN
SPIKED HUMAN PLASMA

Concentration of I added n Accuracy Concentration of Il added n Accuracy
(nmolll) (%)* (nmolfl) (% )*

20.9 5 102.5 (3.6) 20.0 5 93.8 (10.6)
41.7 6 101.6 (7.5) 40.1 6 105.5 (9.4)
130.3 6 96.7 (2.0) 139.1 6 100.3 (1.3)
260.7 6 1004 2.9) 2783 6 100.1 (4.2)
521.4 6 97.2 (4.1) 5009 6 106.3 (4.1)
834.2 6 96.9 2.1) 8348 6 98.1 (6.5)
Mean 35 99.1 (4.5) 35 100.9 (7.3)

* Mean of the individual recoveries; values in parentheses are coefficients of variation (%).

y = 0.0019391 x + 0.0067692, R = 0.9988 for I and y = 0.0018807 x + 0.017155,
R = 0.9987 for II, where y denotes the peak-height ratio, x the concentration and R the
coefficient of correlation.

Calibration graphs for I and II in urine showed a linear response in the range
2.2-90 umol/l. Typical parameters were y = 0.016898 x + 0.009314, R = 0.9982 for
I and y = 0.016707 x + 0.009606, R = 0.9980 for II.

Within-day accuracy and precision

Human plasma samples spiked with comparable amounts of I - HCland II - HCI
or human urine samples spiked with racemic baclofen at six different concentrations
were analyzed six times on one day (Tables II and III). The overall accuracy for the
determination of I and II in plasma and urine was characterized by mean recoveries
ranging from 99.1 to 101.3% (n = 35in plasma, n = 36 in urine). The precision of the
method is shown by overall coefficients of variation between 4.5 and 7.3%.

TABLE 111

WITHIN-DAY PRECISION AND ACCURACY OF THE DETERMINATION OF I AND I IN
SPIKED HUMAN URINE

Concentration of n Accuracy (% )*
each enantiomer added
{(umoljl) I b/

2.29 6 1003(6.1)  99.7(7.1)
6.08 6 1067 (20) 1051 (2.0)
16.98 6  106.5(83)  106.1 (8.0)
44.70 6 97.1 (5.5  98.1(5.1)
53.64 6 1009 (6.0)  102.1 (6.1)
87.60 6 96.6 2.0)  96.6 (1.9)

Mean 36 101365 1013 (6.3)

* Mean of the individual recoveries; values in parentheses are coefficients of variation (%).
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TABLE IV

DAY-TO-DAY PRECISION AND ACCURACY OF THE DETERMINATION OF I AND II IN
SPIKED HUMAN PLASMA

Concentration of I added n Accuracy Concentration of Il added  n Accuracy
(nmolll) (%)* (nmolfl) (% )*

209 5 929 (10.4) 200 5 97.9 (14.3)
41.7 5 95.4 (7.4) 40.1 5 98.7 (5.3)
130.3 5 1003 3.4)  139.1 5 104.0 (3.1)
260.7 5 94.7(5.7) 2783 5 97.7 (4.9)
521.4 5 96.3 (4.7) 5009 5 99.6 (4.5)
834.2 5 95.5(5.3) 8348 5 98.5 (5.8)
Mean 30 95.8 (6.4) 30 99.4 (6.9)

* Mean of the individual recoveries; values in parentheses are coefficients of variation (%).

Day-to-day accuracy and precision

Human plasma samples spiked with comparable amounts of I - HCland I - HC1
or human urine samples spiked with racemic baclofen at six different concentrations
were analyzed in duplicate on five consecutive days. All chromatograms were
evaluated using the calibration graph obtained on day 1. The results are listed in Tables
IV and V. The overall accuracy (n = 30) for [ and II was 95.8 and 99.4%, respectively,
in plasma and 104.2 and 104.3%, respectively, in urine. The overall coefficients of
variation ranged from 6.4 to 7.6%. These results demonstrate the good accuracy and
precision of the method in the concentration ranges tested. In addition, the day-to-day
validation data are comparable to the within-day data.

Samples spiked with different amounts of I - HC! and II - HCI

Seven plasma and urine samples were spiked with the same amount of one
enantiomer each at one of seven different concentration levels, and variable amounts
of the other enantiomer were added. The concentration ranges were comparable to

TABLE V

DAY-TO-DAY PRECISION AND ACCURACY OF THE DETERMINATION OF I AND I IN
SPIKED HUMAN URINE

Concentration of n Accuracy (% )*
each enantiomer added
(umolfl) I i

229 5 107.58.7) 1098 (9.2)
6.44 5 109241 1092 (4.6)
16.99 5 1079(3.1) 1074 (3.0
37.55 5 102035 1018 (4.0)
64.37 5 99.9 (6.6)  99.8 (6.3)
87.60 5 984 (9.9)  97.7 (10.5)

Mean 30 104.2 (7.1) 104.3 (7.6)

* Mean of the individual recoveries; values in parentheses are coefficients of variation (%).
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those given in Tables [I-V. A total of 49 plasma and 49 urine samples prepared in this
way were analyzed to investigate the accuracy and precision of the method when
measuring oné enantiomer in the presence of markedly different-amounts of the other
one. In plasma, the mean accuracies for each concentration level of I and IT were
between 92.1 and 104.9% with coefficients of variation of 8.6% or less. In urine, the
mean accuracies ranged from 91.0 to 109.2% with coefficients of variation 0f 9.5% or
less. Thus, reliable results can also be obtained when the concentrations of the
enantiomers in the same urine or plasma sample are quite different.

Limit of quantitation

The limit of quantitation (coefficient of variation <10%) was estimated from
the results listed in Tables II-V. For both baclofen enantiomers, the limit of
quantitation was 25 nmol/l in plasma and 2 pmol/l in urine. In urine, lower
concentrations can be determined with comparable precision if the sample volume
used is larger than 25 ul, e.g., 50 or 100 ul. In plasma, lower concentrations can be
determined with a reduced precision.

CONCLUSION

The capillary GC method described here permits the enantiospecific determina-
tion of S(+)- and R(—)-enantiomers of baclofen in plasma and urine with an high
specificity and sensitivity. The method is suitable for investigation of the pharma-
cokinetics of the enantiomers and will be applied in biological media from animals and
man dosed with racemic baclofen.
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SUMMARY

Enprostil (I) is a synthetic dehydro-prostaglandin E, containing a chiral allene
moiety which is unresolved relative to the four remaining chiral centers. The relative
configuration of the four remaining chiral centers is consistent with that of the
naturally occurring E series of prostaglandins. Thus, enprostil exists as enantiomeric
pairs of two allenic epimers. An analytical procedure has been developed that
separates the four optical isomers present in enprostil. This procedure involves, first,
the acid-catalyzed dehydration of enprostil to its corresponding prostaglandin
A analogue followed by derivatization with f-naphthylsulfonyl-L-prolyl chloride. The
resulting diastereomeric sulfonate esters are separated on an achiral silica gel
high-performance liquid chromatographic column.. This procedure has been applied
to the analysis of both enprostil drug substance and enprostil formulated in
a propylene carbonate solution from soft elastic gelatin capsules. An efficient
procedure for the recovery of enprostil from the solution formulation is also described.

INTRODUCTION

Enprostil (methyl (4)-7-{(1R*,2R*,3R*)-3-hydroxy-2-[(E)-(3R*)-3-hydroxy-
4-phenoxy-1-butenyl]-5-oxocyclopentyl}-4,5-heptadienoate) (Fig. 1) is a novel
prostaglandin drug currently under development as a treatment for duodenal and
gastric ulcers. It has been shown'~® to be a potent inhibitor of gastric acid secretion.
Enprostil is formulated as a 125 ug/ml solution in propylene carbonate encased in
a soft elastic gelatin capsule under the trademark Gardrin®. The product has been
granted marketing approval in Mexico, New Zealand, France and Italy for use in
treating gastric and duodenal ulcers.

Enprostil is a unique type of prostaglandin E, in that it contains a chiral allene
moiety at the C-4-C-6 position which is unresolved with respect to the four remaining
chiral centers. The synthesis of enprostil produces a racemic mixture of four
stereoisomers (Fig. 1), consisting of a pair of diastereomers that are epimeric at the
allene center, together with the corresponding enantiomers. The relative configuration
of the four remaining chiral centers in enprostil is consistent with that of the naturally
occurring E series of prostaglandins (PGEs).

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. 1. Structures of the stereoisomers of enprostil (I).

Significant advances have been made in the area of chiral separations in recent
years®~'? in terms of development of novel chiral stationary phases, chiral derivatizing
agents and chiral mobile phase additives. These analytical advances, when applied to
the analysis of chiral drug substances as the raw material and in formulations, allow
rapid and quantitative measurements of optical purity which may be required for both
quality control and stability testing. When applied to the analysis of biological fluids,
the ability to quantitate individual optical isomers enables one to define the
enantioselective metabolism, if present, of a drug.

During the early development of enprostil it was observed that the diastereomers
of enprostil separate readily with either reversed-phase or normal-phase high-
performance liquid chromatography (HPLC)!%1%. Diastereomer ratios were obtained
for stressed stability samples of the drug substance and formulated drug, and
deviations in the diastereomer ratios over a 2-year period were not observed. Using
a non-chiral HPLC separation, Kenley er al.'® addressed the relative reactivity of
enprostil stereoisomers in soft elastic gelatin capsules by comparing degradation rates
from mixtures composed of individual enprostil optical isomers. This work alluded to
the absence of significant enantioselective degradation of enprostil in soft elastic
gelatin capsules.

Itis also of interest to follow the metabolic fate of each individual optical isomer
of this racemic drug upon administration to patients. Therefore, an analytical
procedure for the separation of the individual stereoisomers present in enprostil was
developed and is described in this communication.

The use of chiral chromatography for the separation of the optical isomers of
prostaglandins has met with little success, as evidenced by the paucity of publications
appearing in the literature. Recently, Roston and Wijayaratne!” reported the
enantiomeric separation of the pharmacologically active form of misoprostil with
a multi-column HPLC method. Misoprostil exists as a mixture of four isomers or, two
enantiomeric pairs of diastereomers. This separation was achieved with the use of
column switching, combining a reversed-phase HPLC diastereomer separation and
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subsequent chiral separation of the enantiomer pairs of each diastereomer with an
EnantioPak® HPLC column. Clarke et al.'® reported a partial resolution of the
diastereomeric derivatives of a benzidine-type prostaglandin using a Chiralcel® OT
column. Armstrong et al.'® reported that the structural isomers of prostaglandins
A and B (PGAs and PGBs) could be separated on a f-cyclodextrin HPLC column.
Snider?° reported the separation of cis and trans isomers of several prostaglandins with
p- and y-cyclodextrin HPLC columns.

In this work, five commercially available chiral HPLC columns (Pirkle covalent
D-naphthylalanine, Pirkle covalent 3,5-DNB-D-phenylglycine, Resolvosil® bovine
serum albumin, EnantioPak o-1-acid-glycoprotein and Cyclobond® f-cyclodextrin)
were investigated for their ability to separate the four individual optical isomers of
enprostil without success. Therefore, the use of derivatization with chiral reagents was
pursued as an alternative.
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Fig. 2. Derivatization of enprostil for stereoisomer analysis by HPLC.
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A method was developed which involves acid-catalyzed dehydration of enprostil
to its corresponding PGA analogue (II) and subsequent derivatization of the
15-hydroxyl group with f-naphthylsulfonyl-L-prolyl chloride (BNSPC) (Fig. 2). The
isolated B-naphthylsulfonyl-L-prolyl ester derivative-(BNSP, III) is then chromato-
graphed under normal-phase HPLC conditions leading to the facile separation of all
four individual optical isomers of enprostil.

EXPERIMENTAL

Apparatus

HPLC was performed on a Spectra-Physics 8100XR (San Jose, CA, U.S.A))
chromatograph equipped with a Valco (Houston, TX, U.S.A.) 20-ul fixed-loop
injector and a Kratos (Ramsey, NJ, U.S.A.) 737 UV detector set at 270 nm.

Materials

The prostaglandins were synthesized at Syntex Research, Palo Alto, CA,
U.S.A.'. BNSPC was prepared according to the procedure of Shimizu et al.?!. The
optical purity of BNSPC was determined to be greater than 99.5% according to the
procedure described in ref. 21. HPLC-grade solvents were obtained from Burdick and
Jackson (Muskegon, MI, U.S.A.). Phosphoric acid was obtained from J. T. Baker
(Phillipsburg, NJ, U.S.A.) and pyridine from Aldrich (Milwaukee, WI, U.S.A.). The
C,5 Sep-Pak® was obtained from Waters (Milford, MA, U.S.A.). The TLC plates used
were obtained from Analtech (Newark, NJ, U.S.A.).

Al HPLC separations were carried out on a DuPont Zorbax® Sil (250 x 4.6 mm
I.D.) (Wilmington, DE, U.S.A.) HPLC column. The mobile phase consisted of
water-saturated dichloromethane. The water-saturated dichloromethane was de-
gassed for only 2 min and was not stirred during the course of chromatography. The
flow-rate was 2.0 ml/min, and the column temperature was kept constant at 40°C.

Isolation of enprostil from Gardrin captures
The contents of 50 Gardrin capsules were collected and transferred to a 500-ml
round-bottomed flask. Fifty capsules will yield ca. 14 ml of propylene carbonate
solution containing ca. 1.6 mg of enprostil. The propylene carbonate solution was then
diluted with 15 volumes of HPLC-grade water (210 ml) and mixed well. A C, g Sep-Pak
was prepared for use by passing 10 ml of methanol followed by 10 ml of HPLC-grade
water through the cartridge. The diluted capsule contents were then passed through an
apparatus as shown in Fig. 3 at a flow-rate of 24 ml/min. The cartridge was then
rifised with 20 ml of HPLC-grade water to remove residual propylene carbonate and
the combined cartridge eluents were discarded. The cartridge was thoroughly dried by
passing purified nitrogen through it at a flow-rate of ca. 50 ml/min for 30 min at room
temperature. The enprostil is recovered by allowing 5.0 ml of acetonitrile to pass
through the cartridge by gravity in the same flow direction used to process the diluted
capsule contents. The collected eluent was transferred to a clean 75 x 12 mm test-tube
and the recovered enprostil was evaporated to dryness under a stream of nitrogen.

Preparation of Enprostil PGA analogue (II)
Enprostil was converted into its PGA analogue by acid-catalyzed dehydration in
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Fig. 3. Apparatus for isolation of enprostil from aqueous propylene carbonate solution.

acetonitrile, and the product was isolated by preparative thin-layer chromatography
(TLCO).

A sample of ca. 5 mg of enprostil drug substance or enprostil isolated from
Gardrin capsules was placed in a 12 x 75 mm test-tube, and 1.0 ml of HPLC-grade
acetonitrile containing 50 ul of 85% phosphoric acid was added. The reaction mixture
was stoppered, mixed well, and allowed to stand at room temperature in the dark for
12-16 h. The volume of the reaction mixture was reduced to ca. 0.5 ml and the
concentrated reaction mixture was applied to a TLC plate in a continuous narrow
band 2 cm from the bottom of the plate using an appropriate streaking device. The
TLC plate was developed (Analtech silica gel GF, 20 x 20 cm, 250 um, water-
saturated diethyl ether), and dried. The band at R = 0.7 was scraped from the plate
and stirred with 5.0 ml of dichloromethane-methanol (10:1). The resulting slurry was
filtered, rinsed and evaporated to dryness in a 10-ml round-bottomed flask.

Preparation of PGA B-naphthylsulfonyl-v-prolyl ester (II1)

The 15-hydroxyl group of the enprostil PGA analogue was derivatized with
BNSPC and the product was isolated by preparative TLC.

To the PGA analogue in a 10-ml round-bottomed flask was added 2.0 ml of dry
dichloromethane, 20 mg of BNSPC and 20 ul of anhydrous pyridine. The flask was
stoppered and the contents were stirred at room temperature for 30 min. The reaction
mixture was then evaporated to dryness and the residue was dissolved in 0.5 ml of
dichloromethane and applied to a TLC plate as described previously. The TLC plate
was developed (Analtech silica gel GF, 20 x 20 ¢m, 250 um, dichloromethane-ethyl
acetate, 4:1) and the BNSP ester of the PGA analogue (Rr = 0.6) was isolated and
recovered as previously described. The recovered BNSP ester was then diluted with
dichloromethane to give a sample concentration of ca. 0.4 mg/ml. This solution was
injected onto the column and afforded the chromatogram shown in Fig. 4. The isolated
BNSP ester derivative was characterized by mass spectrometry, exhibiting M™* at m/z
765 (electron impact mode).

RESULTS AND DISCUSSION

The need to derivatize enprostil in order to achieve separation of the individual
optical isomers stemmed from the inability to separate the isomers by means of
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Fig. 4. Chromatographic separation of the BNSP ester of the PGA analogue of enprostil. Column, Zorbax
Sil (250 x 4.6 mm 1.D.); mobile phase, water-saturated dichloromethane; flow-rate, 2.0 ml/min; detector,
270 nm; temperature, 40°C.

“chiral” HPLC as discussed previously. A recent review'? details the applications of
chiral derivatizing agents. The two alcohol moieties of enprostil provide ready access
for derivatization but, at the same time, create complications by the fact that both
mono- and disubstituted products may be produced. This problem was circumvented
by elimination of the C-11 hydroxyl group, which is § to the C-9 carbonyl function, by
dehydration.

The conversion of PGE-type prostaglandins into their PGA forms has been
reported to be very facile?>~2°, catalyzed by acid, UV light or heat. Base-catalyzed
dehydration of PGEs gives predominantly the PGB form while acid catalysis, in
general, yields the PGA form with some PGB. The transformation of enprostil to its
PGA analogue, without further rearrangement to the PGB analogue or to other
degradation products, is best effected with the use of a mild acid catalyst. Several
acid-catalyzed dehydration reactions using acetic acid, trifluoroacetic acid, phospho-
ric acid and sulfuric acid were performed at various acid concentrations and reaction
times. The use of 5% phosphoric acid in acetonitrile and reaction times of 12-16 h, in
the dark, at room temperature led to the desired PGA analogue with the least amount
of by-product formation. The PGA analogue was isolated by preparative TLCin order
to remove phosphoric acid or any traces of residual water which would interfere with
the subsequent derivatization with BNSPC,

Enprostil, upon acid-catalyzed dehydration to its PGA analogue and subse-
quent derivatization with BNSPC, separates into four peaks (Fig. 4) under the
chromatographic conditions described in the Experimental section. The identity of
these components was determined by separately derivatizing each individual optical

-isomer of enprostil. and chromatographing each as described. The order of elution of
the four stereoisomers (see Fig. 4) was B1, A1, B2 and A2 at retention times of 78, 83,
87 and 93 min, respectively.

The precision of the chromatography was assessed by six replicate injections of
the BNSP derivative of the PGA analogue of enprostil. The standard deviation for the
area-normalized values for each peak was 0.3% indicating that the method is precise.

Conversion of enprostil into the PGB analogue (IV) offers another possible
approach for chiral resolution via derivatization of the hydroxyl group at C-15. The
resulting PGB analogue was derivatized with BNSPC and the PGB BNSP ester was
isolated and chromatographed under the same conditions as described for the PGA
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Fig. 5. Chromatographic separation of the BNSP ester of the PGB analogue of enprostil. HPLC conditions
as in Fig. 4.

analysis. As can be seen from Fig. 5, the PGB BNSP ester does not provice baseline
resolution of the four optical isomers of enprosil. Also, the presence of any PGB
analogue from the acid-catalyzed dehydration of enprostil to PGA would interfere
with the chromatographic analysis. The PGB analogue is successfully eliminated,
however, by preparative TLC purification at both the dehydration and BNSPC
derivatization steps.
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It is of interest to note that superior resolution was observed with a Zorbax Sil
HPLC column when water-saturated organic mobile phase was used or a small (ca.
0.1%) amount of water was added to the mobile phase. Apparently, the addition of
a small amount of water moderately deactivates the silica gel and the efficiency is
enhanced. Thus, a solvent system consisting of water-saturated dichloromethane
offers the best resolution. However, a gradual decrease in the resolution and retention
times of the four optical isomers of enprostil is observed after 1-2 days of continual
chromatography using this mobile phase. The column can be reactivated by flushing
with anhydrous tetrahydrofuran for a period of 2 h.
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Swiss Federal Institute of Technology (ETH) Zurich, Department of Pharmacy, CH-8092 Ziirich
(Switzerland)

SUMMARY

The separation of enantiomers using forced-flow planar chromatographic
techniques such as overpressured layer chromatography and various rotation planar
chromatographic methods such as ultra-microchamber rotation planar chromato-
graphy and microchamber rotation planar chromatography is reported for the first
time. For circular and linear overpressured layer chromatography and ultra-
microchamber rotation planar chromatography, the thin-layer chromatographic
(TLC) mobile phase system from chromatography in an unsaturated chamber could
be applied directly. In overpressured layer chromatography, a prerun had to be made
before starting the separation in order to eliminate the disturbing zone. To achieve
better migration of the a-front on the Chiralplate® in ultra-microchamber rotation
planar chromatography an area of 10-20 cm? had to be wetted with a component of
the mobile phase in which the substances did not migrate. The TLC mobile phase used
in a saturated chamber exhibits similar properties when transferred to microchamber
rotation planar chromatography. Employing forced-flow planar chromatographic
techniques as many as 80 samples can be separated on a single plate. In all instances the
separations were better and faster with the forced-flow methods than those achieved
with TLC with the same mobile phase.

INTRODUCTION

Over the last decade, numerous gas chromatographic!—3 and high-performance
liquid chromatographic*~” methods have been developed. Thin-layer chromato-
graphic (TLC) separations of enantiomers without derivatization were introduced by
Giinther® in 1983. Giinther et al.”~!? later described a chiral phase made by treating an
octadecyl-modified silica TLC plate with a solution of copper acetate followed by
a solution of (25,4R,2'RS)-4-hydroxy-1-(2-hydroxydodecyl)proline. Using the com-
mercially available Chiralplate®, Giinther!# and Giinther and Schickedanz'? recently
separated several types of amino acids (proteinogenic, non-proteinogenic, N-alkyl and
halogenic) and dipeptides. Brinkman and Kamminga'® found that a S-cm develop-
ment distance in an unsaturated system was sufficient for satisfactory resolution in
most cases.

0021-9673v/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Forced-flow planar chromatographic methods, such as overpressured layer
chromatography'”~*? and the various types of analytical rotation planar chromato-
graphic?®-2! techniques, have the advantage of achieving better separation with the
selected optimum mobile phase velocity. This advantage should also be apparent
during the separation of enantiomers, especially when the separation is insufficient in
densitometric determinations.

From the special preparation of the Chiralplate, two main questions arose for
the transfer of the mobile phase from TLC to the various forced-flow techniques: can
be mobile phase be transferred directly to forced-flow techniques or are modifications
necessary?; and will better resolution and shorter separation times be achieved using
the forced flow techniques?

In this paper, we report the applicability of overpressured layer chromato-
graphy, ultra-microchamber rotation planar chromatography, and microchamber
rotation planar chromatography for the separation of amino acids in the linear and
circular development modes. In all experiments, D,L-alanine was used to study the
applicability of overpressured layer chromatography and ultra-microchamber rota-
tion planar chromatography and for the transfer of the mobile phase to these methods
from an unsaturated TLC system. The transfer of the mobile phase from the saturated
TLC system to microchamber rotation planar chromatography is shown with
D,L-a-methylserine as an example.

EXPERIMENTAL

Materials and instrumentation

Separations were carried out using Chiralplate obtained from Macherey, Nagel
& Co. (Diiren, F.R.G.). D,L-Alanine was obtained from Merck (Darmstadt, F.R.G.)
and p,L-a-methylserine from Sigma (St. Louis, MO, U.S.A.). All reagents used were of
analytical-reagent grade. The plates were either sprayed with 0.3% ninhydrin in
n-butanol or dipped into 0.3% ninhydrin in acetone.

For all overpressured layer chromatography separations, a Chrompress 10
overpressured layer chromatograph (Labor MIM, Budapest, Hungary) was used at
a 10-bar overpressure. To eliminate the height difference between the support and the
glass plate, a silicone sheet was placed around the plate to protect the water cushion
(Fig. 1a).

The rotation planar chromatographic methods were carried out in a
Rotachrom® Model P rotation planar chromatograph (Petazon, Zug, Switzerland).
The speed of rotation varied between 600 and 1500 rpm. The ultra-microchamber
rotation planar chromatography is almost a closed system, the layer being placed in
a special co-rotating aluminium support on crepe rubber (see Fig. 1b). For
microchamber rotation planar chromatography separations the layer was put directly
in the support on a silicone plate, and on top of the plate two silicone rings with
different diameters were used to define the small vapour space (see Fig. 1c). For both
separation techniques, a modified perfusor pump (Braun, Melsungen, F.R.G.) was
used.

Densitograms were taken either with a Shimadzu 920 scanner (Shimadzu,
Kyoto, Japan) or with a Camag TLC scanner II, coupled with an HP computer
9000/216 (Camag, Muttenz, Switzerland).
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Fig. 1. Schematic diagram of the overpressured layer chromatography and rotation planar chromato-
graphy chambers. 1 = Layer; 2 = solventinlet; 3 = cushion system; 4 = silicone; 5 = pressurized chamber;
6 = glass cover-plate; 7 = crepe rubber; 8 = ultra-microchamber; 9 = microchamber; 10 = vapour room.
M-RPC = Microchamber rotation planar chromatography; OPLC = overpressured layer chromato-
graphy; U-RPC = ultra-microchamber rotation planar chromatography.

Preparation of the plates

For circular overpressured layer chromatography separations, preparation of
the plates was not necessary (see Fig. 2a). For the one-directional linear overpressured
layer chromatography separations, all four sides of the plates were impregnated with
an Impress polymer suspension (Labor MIM). Two channels for the solvent inlet and
outlet were scratched out at an 18-cm distance (Fig. 2b). For the two-directional linear
overpressured layer chromatography separations, only two sides of the plate were
impregnated; one channel was scratched out in the middle of the plate (see Fig. 2c).
Two filter-papers were placed at the ends of the plate to ensure overrunning.

For the rotation planar chromatographic separations, the corners of the platcs
were removed with a special glass cutting instrumeui (Ciba Geigy, Central Analytik,
Basle, Switzerlaud) in order to fit the plates into the rotating chamber. For circular
ultra-microchamber rotation planar chromatography and microchamber rotation
planar chromatography separations, no modifications were necessary (Fig. 2d); for
linear separations, the mobile phase velocity was linearized by scraping lines in the
layer (see Fig. 2e).

ttt

i

a) b) ) d) o)

Fig. 2. Preparation of the plates and migration of the mobile phases in circular and linear overpressured
layer chromatography and rotation planar chromatography (the arrows indicate the direction of mobile
phase migration). (a) Circular overpressured layer chromatography; (b) linear, one-directional overpres-
sured layer chromatography; (c) linear, two-directional overpressured layer chromatography; (d) circular
ultra-microchamber rotation planar chromatography and microchamber rotation planar chromatography;

(e) linear ultra-microchamber rotation planar chromatography and microchamber rotation planar
chromatography.
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For linear overpressured layer chromatography separations, samples were
applied in the form of points with a 100- and 200-nl Pt-Ir capillary (Camag) at various
distances from the inlet channel, so that sixteen samples could be applied ona 20 x 10
cm plate at an 18-cm separation distance, or 32 samples in the two-directional
development mode. For linear microchamber rotation planar chromatography and
ultra-microchamber rotation planar chromatography, sixteen samples were applied
3.5 ¢m from the centre of the plate. For various circular forced-flow planar
chromatographic methods, 48 samples were applied on a 5-cm or 78 samples on
a 10.5-cm diameter circle around the centre of the plate.

RESULTS AND DISCUSSION

Study of the behaviour of the Chiralplate in TLC

For the successful transfer of the mobile phase to the different forced-flow
techniques, the specific properties of the Chiralplate had to be determined.

During our studies of the chromatographic behaviour of the Chiralplate in
anormal TLC tank, we observed that the properties of these plates are similar to those
of normal-phase plates; for example, the Ry values of the compounds may be increased
with water or reduced with hexane. The behaviour of the amino acids in different
solvents also had to be studied, because in overpressured layer chromatography
a prerun is usually necessary?2. For such a prerun, a solvent should be chosen in which
the compounds to be separated do not migrate, and it should be a component of the
mobile phase. The amino acids studied did not migrate with many neat solvents, e.g.,
dichloromethane, chloroform, diethyl ether, acetone and acetonitrile; the last two are
components of the solvent mixtures commonly used for their separation’*.

A certain type of gradient was observed with the mobile phases, e.g., during the
development a broad blue zone migrates below the front, which we call the *““active
zone”. The compounds are, in most instances, separated on this zone. This “active
zone” seems to be necessary for the successful separation of the enantiomers, because
when the zone is eliminated by prewashing the plate with the same mobile phase and
after drying and sample application, separation is almost impossible on the plate.
A typical mobile phase mixture is acetone—methanol-water (10:2:2), where the blue
zone is very pronounced. In Fig. 3, the densitogram of a developed plate with this
mobile phase, the densitogram of an undeveloped plate as a control and the resulting
curve are shown. This experiment illustrates that a certain gradient type of the “active
zone” is formed during the development of the plate.

Circular overpressured layer chromatography separations

The applicability of overpressured layer chromatography was studied for the
separation of D,L-alanine with acetone-methanol-water (10:2:2) as the mobile phase.
Using this solvent, the two enantiomers applied as small points on a Chiralplate can be
separated visually in an unsaturated TLC tank, but densitometrically the two
compounds are virtually unseparated.

From our earlier work on the overpressured layer chromatography separation of
polar compounds?3, the circular separation mode was studied first because prepara-
tion of the plate is not necessary and the separation can be started without an inlet
pressure. Moreover, the effect of the disturbing zone?? is not as evident as in the linear
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Fig. 3. The “active zone™ of the Chiralplate. | = Densitogram of control plate without development after

detection with ninhydrin reagent; 2 = densitogram of developed plate [acetone-methanol-water (10:2:2)]
after detection; 3 = resultant curve.
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development mode, as the volume of the stationary phase is not constant. Therefore,
by selection of the mobile phase velocity the disturbing zone may be located as such
that it does not distort the separation.

The first experiment was carried out so that 48 samples were applied in the form
of points on a 5-cm diameter circle around the centre of the plate. The a-front migrated
within 20 min over the 10-cm separation distance. The disturbing zone was observed in
the lower Rp-range. The migration of the a-front was totally irregular, because with
this mobile phase and velocity, the wettability of the plate was not satisfactory. To
increase the wettability of the stationary phase with the a-front, acetone was selected as
a coadjuvant. This solvent is a component of the inobiie phase and had been shown in

Fig. 4. The disturbing zone in circular overpressured layer chromatography (for conditions, see text). (a)

The disturbing zone, photograph taken directly after development; (b) the effect of the disturbing zone after
detection with reagent.
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Fig. 5. Circular overpressured layer chromatography separation of b,L-alanine (for conditions, see text). (a)
Diameter of sample application circle = 5cm, separation time = 7 min; (b) diameter of sample application
circle = 5 cm, separation time = 50 min.

TLC experiments to cause no migration of D- and L-alanine. In all of the following
experiments, a small amount of acetone (about 15 cm? of the stationary phase was
wetted with this solvent) was injected before initiating the separation with the mobile
phase.

In the following experiments, higher mobile phase velocities were used. In Fig. 4,
the effect of the disturbing zone is shown at two different mobile phase velocities. In
Fig. 4a, development at 5 min is shown. The disturbing zone, which is the inner
irregular zone (totally wetted zone'?), was photographed directly after the plate had
been taken out of the overpressured layer chromatography chamber. The effect of the
disturbing zone on the separation at 3 min can be seen in Fig. 4b following application

Fig. 6. Circular overpressured layer chromatography separation of p,L-alanine (for conditions, see text).
Diameter of sample application circle = 10.5 cm, separation time = 50 min.
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of ninhydrin reagent. The disturbance made it impossible to determine the extent of
separation.

Subsequently, the mobile phase velocity was decreased successively so that the
negative effect of the disturbing zone could be eliminated. Of the various mobile phase
velocities tested, two are shown in Fig. 5. In Fig. 5a, the separation is shown at a 7-min
development time and in Fig. 5b at 50 min. The separation was significantly better at
a slower mobile phase velocity (separation time 50 min), although for qualitative
analysis the fast separation (7 min) was sufficient. For a quantitative determination
with a minimum resolution of 1.2, a separation time of 60 min was required when 48
samples were applied on a 5-cm circle.

Owing to the expense of the Chiralplate, as many samples as possible should be
analysed on a single plate. We tested a larger application diameter of 10.5 cm with
different mobile phase velocities. Considering the resolution and the separation times,
the best results are shown in Fig. 6, where 78 samples were separated in 60 min.

Linear overpressured layer chromatography separations

Because in linear overpressured layer chromatography the disturbing zone is
more prominent than in the circular development mode, the only general method for
eliminating this effect is the prerun, which pushes the adsorbed air or gas completely
out of the plate.

The linear overpressured layer chromatography separation could be carried out
either as a one-directional development with a separation distance of 17 cm or as
a two-directional development with a separation distance of 9 cm. With the
one-directional development, the prerun was carried out such that the solvent, in
which the compounds to be separated did not migrate, was pumped through the plate
and out of the solvent outlet until no more bubbles were formed, then the actual
separation with the mobile phase was started. Five experiments were made on 20 x 10
cm plates, and the mobile phase velocity was varied between 0.1 and 0.5 cm/min at an
inlet pressure of 1 bar. The distance between the inlet channel and the sample
application was also varied between 1 and 3 cm. The 4Ry values between the two
enantiomers were larger when the distance between the solvent inlet and the start was
shorter, but the shape of the compound zones was more compact at the 3-cm distance.
The lower the mobile phase velocity, the larger was the 4 Ry value, but in all instances
tailing was observed.

From the results of circular and one-dimensional linear overpressured layer
chromatography, it could be presumed that a shorter separation distance would be
sufficient. Therefore, the two-directional overpressured layer chromatography was
employed, which allowed the separation of twice as many samples. For these
experiments, the solvent of the prerun was absorbed with small sheets of paper at the
end of the plates. Again, the mobile phase velocity and the distance of the sample
application were tested in the same range. The chromatogram obtained with a 1-cm
distance from the inlet channel and a mobile phase velocity of 0.22 cm/min is shown in
Fig. 7a. The separation was complete within 45 min. Fig. 7b shows a plate developed
with the same velocity but a slight overrun was made. On the top of this plate, the
samples were applied 5 cm from the inlet channel (similar to the circular overpressured
layer chromatography experiment) and on the bottom located 1 cm from the inlet
channel. The latter gave a better separation, but the spots were less compact.
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Fig. 7. Two-directional linear overpressured layer chromatography separation of D,L-alanine (for
conditions, see text). (a) Sample application distance 1 cm; separation time 45 min; (b) sample application
distance on top 5 cm. on bottom 1 cm, separation time 60 min.

Ultra-microchamber rotation planar chromatography separations
Ultra-microchamber rotation planar chromatography is a forced-flow planar
chromatographic technique in which the eluent flow is accelerated by centrifugal force
in an unsaturated chromatographic system, because the vapour space is almost
eliminated. The circular ultra-microchamber rotation planar chromatography separa-
tion of D,L-alanine was started with a high mobile phase velocity at a high rotational
speed (1500 rpm). The result is depicted in Fig. 8a directly after the plate was taken out
of the ultra-microchamber and in Fig. 8b after detection with the ninhydrin reagent.
The migration of the a-front was totally irregular and the wettability of the stationary

Fig. 8. Migration of the a-front on Chiralplate in circular ultra-microchamber rotation planar chromato-
graphy without pre-wetting (for conditions, see text). (a) Photograph of the plate taken directly after
development; (b) after detection with the ninhydrin reagent.
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Fig. 9. Ultra-microchamber rotation planar chromatography separation of b,L-alanine (for conditions, see
text). (a) Diameter of sample application circle = 5 cm, separation time 45 min; (b) diameter of sample
application circle = 10.5 cm, separation time 43 min.

phase with this mobile phase was not sufficient, so a similar result was obtained as with
the surface effect published in 1986%¢.

To increase the wettability of the layer with the mobile phase, a solvent was first
injected to wet approximately 15 cm? of the layer, then the mobile phase was applied at
a rotational speed of 700 rpm. In Fig. 9, two chromatograms for the separation of
D,L-alanine are depicted. Fig. 9a shows the separation where the samples were applied
on the smaller circle of 5 cm diameter and Fig. 9b on the larger circle of 10.5 cm
diameter. In both instances, the separations were initiated at a higher mobile phase
velocity until the blue “active zone” had reached the applied substances. The mobile
phase velocity was then decreased to 10 ml/h. The separation was finished in 45 and 43
min, respectively. In both instances, densitometrically a very good separation was
obtained. In Fig. 9a with the smaller radius, although the resolution (R; = 1.2) is
better, the substance zones are more diffuse. Also, the compounds are located at the
beginning of the “active zone”, and this zone is not as pronounced as in the
chromatogram obtained with the large radius. The reason for the latter is the longer
development at a high initial mobile phase velocity to concentrate the “active zone”.

Microchamber rotation planar chromatography

Many separations of the various types of amino acids are made in saturated
systems. These enantiomers cannot be separated by either overpressured layer
chromatography or ultra-microchamber rotation planar chromatography. At present
microchamber rotation planar chromatography is the only saturated forced-flow
planar chromatographic system. In microchamber rotation planar chromatography,
the small, defined vapour space (see Fig. 1) is saturated within a few seconds, so
generally the mobile phase may be transferred from the saturated TLC system to
microchamber rotation planar chromatography?! without any modification.

The same negative effects due to the wettability of the plate were observed as in
ultra-microchamber rotation planar chromatography (see Fig. 8). In microchamber
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a) b) c)
Fig. 10. Densitograms of the separation of D,L-a-methylserine by difterent methods (for conditions, see
text). (a) Circular microchamber rotation planar chromatography separation; separation distance 7.5 cm,
separation time 42 min; (b) linear TLC separation; separation distance 13 cm, separation time 95 min; (c)
linear microchamber rotation planar chromatography separation; separation distance 6.5 cm, separation
time 40 min.

rotation planar chromatography, no pre-wetting of the plate is possible, because this
would change the composition of the gas phase in the vapour space. To get the mobile
phase into the layer more regularly, a second silicone ring (with a smaller diameter than
the circle for the sample application) was placed around the centre. This allowed for
better wetting of the stationary phase. Enlargement of the radius of the ring also
increased the flow-rate.

A circular microchamber rotation planar chromatography separation of
D,L-o-methylserine gave good resolution (Fig. 10a). Compared with the TLC
separation (Fig. 10b), the microchamber rotation planar chromatography technique
resulted in better peak shapes with shorter development times. With linear micro-
chamber rotation planar chromatography (channels had to be scraped out of the plate
to linearize the mobile phase velocity), the same resolution could be achieved (Fig.
10c). This separation technique is only useful when the sample application in the form
of bands is of importance. However, in this case fewer samples can be applied.

CONCLUSION

For the application of TLC mobile phases to the various types of forced-flow
planar chromatographic techniques, the following observations can be made:

(i) The TLC mobile phase may be transferred from the unsaturated TLC
chamber to overpressured layer chromatography and ultra-microchamber rotation
planar chromatography without any modification.

(ii) For circular overpressured layer chromatography, pre-wetting of the plate is
necessary, so that approximately 15 cm? are covered with solvent. The solvent used for
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this purpose has to be chosen so that the compounds to be separated do not migrate,
and the solvent should be a component of the mobile phase.

(iii) For linear overpressured layer chromatography, a prerun has to be made in
order to eliminate the effect of the disturbing zone. The solvent used for this prerun has
to be chosen so that the compounds to be separated do not migrate, and it should be
a component of the mobile phase.

(iv) Owing the special properties of the Chiralplate, pre-wetting of the plates is
necessary for circular and linear ultra-microchamber rotation planar chromatography
as for circular overpressured layer chromatography.

(v) For circular and linear microchamber rotation planar chromatography,
a special ring was introduced around the centre between the quartz glass and the layer,
which allowed for more regular migration of the a-front.

(vi) Comparing circular overpressured layer chromatography with ultra-
microchamber rotation planar chromatography, ultra-microchamber rotation planar
chromatography gave more compact zones.

(vit) Comparing linear overpressured layer chromatography with ultra-
microchamber rotation planar chromatography and microchamber rotation planar
chromatography, overpressured layer chromatography has the advantage that more
samples can be applied on a single plate with the same resolution as in ultra-
microchamber rotation planar chromatography and microchamber rotation planar
chromatography.

(viii) For qualitative analysis with all three methods, very rapid separations
could be obtained, generally within 10 min.

(ix) For quantitative determinations with all three methods, longer separation
times (generally between 45 and 60 min) are needed to achieve an even better resolution
for the densitometric evaluation compared with development in a TLC chamber.

(x) The quality of the separation depends not only on the separation distance,
but also on the location of the “active zone”.

(xi) Depending on the separation problem and method, between 50 and 80
samples may be applied on a single 20 x 20 cm Chiralplate.

The experiments show that after the basic properties of the Chiralplate have been
studied and adapted to the various forced-flow planar chromatographic techniques,
these methods may be applied successfully for the routine separation of enantiomers.
The use of these forced-flow techniques is especially indicated when the separation in
a TLC tank is insufficient and more samples per plate need to be separated.
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SUMMARY

The chiral resolution of 3-thienylcyclohexylglycolic acid on a f-cyclodextrin-
bonded chiral stationary phase (CSP) is described. A complete study was made of the
influence of the organic solvent (nature and content) and phosphate buffer (pH and
concentration) on retention, selectivity, efficiency and resolution and the effects of
small structural changes to the solute on selectivity. The results allow a better
understanding of retention and chiral recognition mechanisms. A model consistent
with the fact that high retentions are observed in methanol in conjunction with the
separation of enantiomers is proposed; it involves the degree of ionization of the solute
in the mobile phase and in the liquid stationary phase. The separation of the methyl
ester of 3-thienylcyclohexylglycolic acid cannot be achieved on Cyclobond-I CSP but
is successful on ChiralCel OB CSP under both liquid and subcritical fluid chromato-
graphic conditions. A comparison of these two analytical techniques is presented.
3-Thienylcyclohexylglycolic acid and its methyl ester are important reactants for the
synthesis of new potent anticholinergic drugs.

INTRODUCTION

It is well known that different enantiomers of drugs often give different
pharmaceutical effects and that the use of pure isomers can greatly improve the
therapeutic effect of such drugs. This explains why there is increasing interest in chiral
separations, especially in liquid chromatography, which is the most sensitive technique
for the determination of the optical purity of enantiomeric compounds. It is now
possible to analyse a wide range of drugs as a large number of chiral stationary phases
(CSPs) are commercially available or easily accessible by synthesis.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. 1. Structures of test solutes, (&)-3-thienylcyclohexylglycolic acid (TCGA) and its (4 )-methyl ester
(MTCGA).

Recently, we were involved in the development of new potent anticholinergic
drugs containing a chiral centre and derived from 3-thienylcyclohexylglycolic acid
(TCGA). Tambuté and Collet* reported the chemical separation of TCGA isomers by
mean of diastereomeric salts starting from ephedrine. It was important for us to
possess a reliable means of controlling the enantiomeric purity of TCGA and of its
methyl ester (MTCGA) (Fig. 1) before using them for the synthesis of anticholinergic
drugs.

In this paper, the separation of TCGA enantiomers on a -cyclodextrin-bonded
CSP (Cyclobond-I) is described. A study of the influence of various parameters such as
pH, the nature and content of the organic component in mobile phase and the
phosphate buffer concentration was conducted in order (a) to improve the chiral
separation and (b) to understand retention and chiral recognition mechanisms better.
For this last purpose many structurally related acids were also studied, in addition to
another chiral stationary phase (the acetylated form of the p-cyclodextrin-bonded
CSP).

Unfortunately, it was impossible to resolve the methyl ester of TCGA on these
stationary phases. However, a good separation was observed on ChiralCel OB CSP in
both the liquid and subcritical fluid chromatographic (LC and SubFC) modes. This
work represents a continuation of our systematic investigation of the use of chiral
stationary phases in SubFC?2~>,

EXPERIMENTAL

Apparatus

For LC, a modular liquid chromatograph (Gilson, Villiers-le-Bel, France) was
used. The standard operating conditions were flow-rate 1 ml/min and temperature
25°C. For SubFC, the apparatus has been described previously®. Carbon dioxide, kept
in a container with an eductor tube, was passed into a Model 303 pump (Gilson)
_through an ethanol cooling bath.

The pump head (10SC) was cooled in order to improve the pump efficiency. The
inlet adaptor and cooling jacket were laboratory-made. Polar modifiers were added by
use of a second Gilson pump and mixed with carbon dioxide through a Gilson mixer
(Model 802). A constant-temperature water-bath provided temperature control for
the column.

A polychrom 9060 diode-array detector (Varian, Palo Alto, CA, U.S.A)) set at
215 nm was used without modification. The pressure was monitored by a manual
back-pressure -regulator (Tescom, Model 26-1700; GEC Composants, Asniéres,
France) connected in-line after the detector and maintained at 45°C by a water-bath.
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All results were recorded with a Shimadzu CR 3A integrator (Touzart et Matignon,
Vitry-sur-Seine, France). The standard operating conditions were average pressure
120 bar, temperature 25°C and average carbon dioxide flow-rate 2 ml/min at 0°C.

Chiral stationary phases

Two types of columns were used: (1) cyclodextrin-bonded columns (Cyclobond
CSP) (Advanced Separation Technologies, Prolabo, Paris, France), particle size 5 um
(25 cm x 4.6 mm 1.D.); we used more specifically the f-cyclodextrin-bonded phase
(Cyclobond-I) and its acetylated form; and (2) cellulose tribenzoate coated on
macroporous silica gel (ChiralCel OB) (Daicel Chemical Industries, Sochibo, Velizy-
Villacoublay, France), particle size 10 yum (25 cm x 4.6 mm 1.D.).

Mobile phase, reagents and solutes

Carbon dioxide was of N45-grade (99.995% pure) (Air Liquide, Alphagaz,
Paris, France). Methanol, 2-propanol and acetronitrile of chromatographic grade
were obtained from Merck (Darmstadt, F.R.G.). Phosphoric acid was purchased from
Fluka (Interchim, Paris, France) and sodium hydrogenphosphate and dihydrogen-
phosphate from Merck. Water (deionized) was doubly distilled with a Buchi
Fontavapor 285 apparatus before use. pH values were measured by means of a Minisis
8000 (Tacussel, Prolabo, Paris, France). A type TB/H glass electrode and a type CB
reference electrode were employed. pK, values were determined by titration of
methanol-water containing 1072 M TCGA solutions with standardized sodium
hydroxide solution (1 M).

Glycolic acids were kindly provided by Professor M. Robba (Directeur de
I'UER des Sciences Pharmaceutiques, Laboratoire de Chimie Thérapeutique,
Université de Caen, France). Other test solutes (such as glycolic esters) were
synthesized in our laboratory according to previously described procedures’; we then
had available racemic and pure enantiomeric forms of TCGA.

RESULTS AND DISCUSSION

Separation of TCGA on Cyclobond-I CSP

Among various commercially available CPSs, Cyclobond-I CSP was selected
because of its ability to resolve some structurally related compounds such as
cyclohexylphenylglycolic acid (CHPGA) or cyclohexylphenylacetic acid’-8. Prelimi-
nary results, obtained with the mobile phase conditions found to be optimal by
Feitsma et al.® for the resolution of CHPGA [aqueous sodium phosphate buffer (pH
4.3, 0.1 M)—acetonitrile (40:60, v/v)], were unsatisfactory for TCGA enantiomers. The
mobile phase composition was then investigated in order to optimize the separation.
The influence of the organic modifier (nature and content) and phosphate buffer (pH
and concentration) on retention, selectivity and resolution was successively studied.

Nature of the organic modifier

Methanol was used instead of acetonitrile while keeping constant all other
analytical parameters. A comparison of the chromatograms is presented in Fig. 2. As
expected, the retention of TCGA is increased because methanol shows less interaction
with the f-cyclodextrin (8-CD) cavity than does acetonitrile. As chiral recognition on
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Fig. 2. Comparison of chromatograms obtained with (a) acetonitrile and (b) methanol as organic solvent in
mobile phase. Operating conditions: CSP, Cyclobond-1I; solute, TCGA; mobile phase, (a) acetonitrile or (b)
methanol-phosphate buffer (pH 4.3, 0.1 M) (70:30, v/v); flow-rate, | ml/min; temperature, 25°C; detection,
205 nm.

cyclodextrin-bonded phases depends on the formation of inclusion complexes between
a hydrophobic moiety of the solute and the hydrophobic cavity of the CD
molecule®!?, the selectivity, o, increases from 1.21 for acetonitrile to 1.54 for
methanol. Further evidence that inclusion is favoured when methanol is used instead
of acetonitrile is that the retention of the last-eluted enantiomer, k,, which gives the
strongest interactions with the chiral cavity, is much more affected by the change in
solvent nature than is the other antipode: k; “:°H/k; N = 1.04 and k;, “H,OH /f, CH,CN
= 1.30.

A large baseline resolution is obtained for methanol within 18 min. However, the
efficiency remains poor (h x 17), probably owing to slow dissociation of the
diastereomeric complexes formed during the chiral recognition (strong interactions
between the acidic group of TCGA and secondary hydroxyl groups of the cyclo-
dextrin).

Methanol content in mobile phase
The methanol content in the mixture was increased in order to decrease the
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retention of TCGA enantiomers. As expected, the capacity factors began to decrease
(Fig. 3a) as the hydrophobic character of mobile phase was increased at high alcohol
content. However, in contrast to what is commonly observed on cyclodextrin-bonded
CSPs, the retention shows a minimum. At the same time, the selectivity, «, remains
roughly constant (Fig. 3b). This phenomenon is surprising because, if the number of
solute-CD cavity interactions is lowered, then the retention and the selectivity should
decrease uniformly. A tentative explanation is proposed under Discussion.

Maximum efficiency is also observed (Fig. 3c) at a methanol content of 95% in
the mobile phase (2 ~ 10, which can be considered to be satisfactory). The large
decrease in efficiency at higher alcohol contents may be attributed to the increase in
strong interactions between secondary hydroxyl groups and the acidic moiety of
TCGA (see additional comments under Discussion).

Finally, optimum resolution per unit time (Fig. 3d) is observed with phosphate
buffer (pH 4.3, 0.1 M)-methanol (10:90, v/v) as the mobile phase. The resolution is
then 4.9 for an analysis time of 11 min.
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3 \ / 13
A_//
2 1.2
@ (0
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70 80 %0 100 ) g% 9 100
"] —
5000 0.6 \
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3000- ¢ o4l \
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2000 © 0.3 @
70 80 90 100 70 80 9 00

Methanol content {v/v)

Fig. 3. Influence of the methanol content in the mobile phase on (a) retention of the last eluted enantiomer,
k, (b) selectivity, a, (c) efficiency, N, and (d) resolution per unit time, R/t in the separation of TCGA
enantiomers on Cyclobond-I CSP. Other operating conditions as in Fig. 2b.
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Phosphate buffer pH and concentration

As the solute is a weak acid, the pH of the mobile phase is one of the major
parameters for governing retention, selectivity and efficiency. The pH values given in
the figures are those of the aqueous part of the mobile phase and were measured before
mixing with methanol.

The influence of pH is clearly demonstrated in Fig. 4. The retention of TCGA
decreases with increasing mobile phase pH. Three chromatograms are presented in
Fig. 5, obtained at (a) pH 4.3, (b) pH Sand (c) pH 5.8 with 70% methanol in the mobile

pH=43
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Fig. 4. Influence of the initial pH of phosphate buffer on the capacity factor of the Jast-eluted enantiomer of
TCGA, k',. Operating conditions as in Fig. 2b, except for the methanol content in the mobile phase and the
phosphate buffer concentration: (A) 70%, 0.025 M; (A) 70%, 0.1 M; (<) 80%, 0.025 M; (@) 80%, 0.1 M;

(®) 90%, 0.1 M.

Fig. 5. Comparison of chromatograms obtained at (a) pH 4.3, (b) pH § and (c) pH 5.8. Other operating
conditions as in Fig. 2b.
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Fig. 6. Influence of the initial pH of phosphate buffer on the selectivity, a, of the separation of the
enantiomers of TCGA. Operating conditions and symbols as in Fig. 4. .

phase. Again, a decrease in retention is not achieved to the detriment of selectivity (Fig.
6), which increases slightly with increasing pH; in fact, at pH 4.3 and for a buffer
concentration of 0.1 M, o = 1.52 and k, = 5.01, whereas at pH 5.8, « = 1.55 and
k, = 2.36. The evolution of selectivity is more pronounced at a concentration of 0.025
M as a increases from 1.54 at pH 5 to 1.82 at pH 6.9 (80% methanol in the mobile
phase). However, there is some uncertainty in this last selectivity value because the
retention time of the first-eluted enantiomer is close to that of an unretained solute;
imprecision in the determination of the column dead volume can induce substantial
artificial effects on the selectivity calculation.

The effect of the phosphate buffer on resolution was studied. Two experiments
were conducted with two mobile phases consisting of (1) methanol-water and (2)
methanol-phosphate buffer mixtures; the concentration of buffer was kept constant in
the mobile phase (0.002 M), whatever the methanol content, and the initial pH was
maintained at 5 before the addition of methanol. Results are presented in Fig. 7.
Minimum retention is observed with mobile phases (1) and (2) with ca. 98% methanol,
but the presence of buffer salts decreases the retention consideration (Fig. 7a).
Moreover, the efficiency is dramatically increased with mobile phase (2), as shown in
Fig. 7b. Finally, the selectivity of the separation is favoured in the presence of buffer
salts (Fig. 7c): whereas a maximum is observed with methanol-phosphate buffer
mixtures (¢ = 1.61), a minimum occurs with methanol-water mixtures (« = 1.30).

The influence of the buffer concentration in the aqueous part of the mobile phase
was also studied (Fig. 8). As expected, the retention is lower at high buffer
concentrations. At the same time, a small decrease in selectivity is observed.

DISCUSSION

We have demonstrated that retention is governed by (a) methanol content, (b)
the pH of the mobile phase and (c) buffer concentration. Uncommon phenomena are
observed, such as a minimum in the curve of retention versus methanol content and the
resolution of TCGA enantiomers in pure methanol.
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Fig. 7. Comparison of results obtained with methanol-water (pH 5.6) (B) and methanol-phosphate buffer
(V) (pH 5,0.002 M in mobile phase) mixtures as mobile phase. Influence on (a) retention, &', (b) efficiency,
N, and (c) selectivity, «. Operating conditions as in Fig. 2b except for flow-rate, 2 ml/min. Symbols in (a): ((T)
and (V), capacity factors of the first-eluted enantiomer; (M) and (), capacity factors of the last-eluted
enantiomer.

Similar curves were described by Armstrong and co-workers!!-!2 but no
selectivity was observed in methanol*2. The increase in retention was explained by the
low solubility of the amino acid (tryptophan) in methanol. In the present work this
explanation is not satisfactory as TCGA is very soluble in methanol whereas its
solubility is low in water (10~> mol I7%).

Nevertheless, the chromatographic behaviour of TCGA appears to be better
reflected by its degree of ionization in the mobile phase. This is supported by the fact
that, at a constant methanol content, the retention decreases with increasing pH (Figs.
4 and 5); as the anionic form (denoted TCGA™) is less hydrophobic than its
corresponding molecular form, it is consequently much less retained. The ratio
ITCGA™|/ITCGA| is obviously related to the difference pH — pK, by the equation

ITCGA |

= 1QPH-PK)
ITCGA] O
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Fig.8. Variation of the capacity factor of the last-eluted enantiomer of TCGA, k'2, with the concentration of
the phosphate buffer before its mixture with methanol. Operating conditions as in Fig. 2b; (A) 70%
methanol, pH 4.3; (©) 80% methanol, pH 5.

where | | represents species activities in solution.

The difference pH — pK, for each mobile phase composition was determined by
measuring (a) the pK,* of TCGA in a methanol-water mixture and (b) the pH* of the
same composition of methanol-phosphate buffer (initial pH 4.3, 5 or 5.8 and initial
concentration 0.1 M) mixture. The asterisk indicates that we did not calibrate the pH
meter before each measurement. However, the fact that we are interested only in the
difference pH — pK, overcomes all the problems related to the shift of the origin of the
pH scale with water—-methanol mixtures.

The results are presented in Fig. 9. The difference pH — pK, and the degree of
ionization of TCGA increase not only with the initial pH of the aqueous part of mobile
phase but also with the dilution of the buffer in methanol. This was expected as the
variations of the pK, of acids between two solvents depend mainly on the charges of
anionic species in solution*?; consequently, variations of the buffer pH will be different
from that of the TCGA pK,.

Qualitative explanations can then be proposed. We must assume, in a classical
manner, that the stationary liquid phase in contact with the CSP is enriched in
methanol owing to the hydrophobic character of the CSP!°. As the solubility of
phosphate buffer salts is low in methanol, then, locally, the pH conditions are different
from those of the mobile phase. Our proposed model is in two parts, as follows.

(1) For a low methanol content, the pH is still fixed by the buffer in the liquid
stationary phase owing to the presence of water; TCGA is then mainly eluted in its
anionic form. For instance, the ratio [TCGA ~|/|TCGA| varies in the mobile phase
between 15.8 at pH 4.3 and more than 1000 at pH 5.8 {(from eqn. 1 and Fig. 9, methanol
content 70%). A similar evolution may occur in the liquid stationary phase; this will
explain the decrease in retention times at high pH.

(2) For higher methanol contents, the liquid stationary phase can be assimilated
to pure methanol. The solute (weak acid of pK., 4.1 in water and 8.9 in methanol) is
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Fig. 9. Influence of (a) methanol content and (b) pH on the difference pH — pK, representing the degree of
ionization of TCGA in the mobile phase. Symbols: (a) 0.1 M phosphate buffer, (®) pH 4.3, (A) pH Sand
(A) pH 5.8; (b) methanol content, (@) 70%, (A) 80%, (A) 90% and (®) 95% (0.1 M phosphate buffer).

eluted mainly in its molecular form!4!3. There is then a competition between
two opposing mechanisms: (a) the decrease in retention due to high alcohol content
and high solubility in the mobile phase, and (b) the increase in retention due to
enhancement of interactions between the acidic moiety of TCGA and secondary
hydroxyl groups of the cyclodextrin cavity; this mechanism seems to become
predominant at high contents.

Minimum retention is observed between cases (1) and (2). A similar explanation
can be proposed for methanol-water mixtures. All the chromatographic results are in
good agreement with these explanations. At high alcohol contents or in methanol-
water mixtures, strong acid—hydroxyl group interactions are responsible for the low
efficiencies and the low selectivities (the predominance of one interaction decreases the
selectivity as discrimination between the enantiomers occurs by means of weak
interactions).

Finally, the separation of TCGA enantiomers in methanol supports the
hypothesis of a chiral mechanism in two steps: (1) interactions with the secondary
hydroxyl groups of the rim of the CD cavity followed by (2) inclusion complex
formation. For a methanol mobile phase, the chiral cavity is totally masked for solutes
giving weak interactions such as TCGA methyt ester, which consequently remains
unretained and unresolved (Table 1, solute 2). In contrast, acids (such as TCGA) may
interact with the cavity and therefore may be included and resolved. This two-step
mechanism is also evidenced by replacing the Cyclobond-I CSP with its acetylated
form; with the mobile phase found to be optimum on Cyclobond-I, TCGA is
unretained (k' = 0.3) and unresolved (¢ = 1.00) as it does not “‘see” the chiral cavity.
With a mobile phase giving higher capacity factor values [phosphate buffer (pH 4.3,
0.1 M)-methanol (40:60, v/v)], a low selectivity is observed (& = 1.07, k; = 2.88);
inclusion by hydrophobic effects may then become the dominant interaction at this
higher water content.
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Influence of the nature of the solute

If interactions with the CD rim and inclusion complex formation are essential
conditions for optical resolution on Cyclobond-I CSP, structural requirements are
also necessary. Small structural changes in the solute or CSP induce drastic effects on
the selectivity. Various related compounds were evaluated and the results are given in
Tables I and II.

Both the acidic and the alcohol groups play a major role; a total loss of selectivity
is observed for the methyl ester of TCGA («¢ = 1.00, Table I, solute 2) and low values
are obtained for the thienylcyclohexylacetic acid (¢ = 1.17, solute 3) and for the diol
solute (¢ = 1.09, solute 4).

The results in Table II indicate that the cyclohexyl group appears to be
preferentially included, presumably as it is most hydrophobic moiety close to the chiral
centre. A smaller group (cyclopentenyl) gives lower selectivity and retention (Table II,
solute 5). When a methylene group is intercalated between the chiral centre and the
cyclohexyl moiety, both the retention and the selectivity decrease considerably (Table
11, solute 6); if the thieny! group had formed a strong inclusion complex with the cavity,
only the selectivity should have been affected by this structural change owing to
modifications of the steric hindrance. In fact, the addition of a methylene group
induces a “free rotation”* of the solute that results in a total loss of selectivity. The lack
of a cyclic aliphatic group prevents any chiral recognition; we cannot separate
enantiomers containing alkyl chains (no inclusion) or those with a second aromatic
substituent (the symmetry of the two substituents is probably responsible for the loss
of selectivity). Finally, cyclohexylphenylglycolic acid (Table II, solute 7) and the
p-chloro derivative (solute 8) show a lower selectivity and retention than TCGA,; this
can be attributed to an increase in steric hindrance in the vicinity of the chiral centre,
preventing the complete “tight fit”” between the solute and the cavity®.

TABLE 1

INFLUENCE OF THE NATURE OF THE SOLUTE ON SELECTIVITY, o, AND CAPACITY
FACTOR OF THE LAST-ELUTED ENANTIOMER, k,, ON CYCLOBOND-I CSP

Operating conditions as in Fig. 2b except for mobile phase, methanol—phosphate buffer (pH 5, 0.1 M) (95:5,

v/v).
N
iR
S X
Solute No. «a k,
R = CO,H 1 1.54 1.4
X = OH
R = CO,CH; 2 Unresolved  Unretained
X = 0H
R = CO;H 3 1.17 1.0
X =H
R = CH,0OH 4 1.09 04

X = OH
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TABLE 11

INFLUENCE OF THE NATURE OF THE HYDROPHOBIC MOIETY OF SOLUTES ON
SELECTIVITY, «, AND CAPACITY FACTOR OF THE LAST ELUTED ENANTIOMER, k;, ON
CYCLOBOND-I CSP

Operating conditions as in Table 1.

R,

R, ——'(::—coon
OH

R, R, No. « k,
3-Thienyl Cyclohexy! 1 1.54 14
3-Thienyl Cyclopentyl 5 1.32 0.6
3-Thienyl —CH ,-cyclohexyl 6 1.00 0.2
3-Thienyl -C,H; Unresolved  Unretained
3-Thienyl ~CH(CH3), Unresolved  Unretained
3-Thienyl —CH(CH,3)-C,H;s Unresoived  Unretained
3-Thienyl -CH,-(CsHjs) Unresolved  Unretained
3-Thienyl -n-C4Hg Unresolved  Unretained
3-Thienyl p-Chlorophenyl Unresolved  Unretained
3-Thienyl p-Methoxyphenyl Unresolved  Unretained
3-Thienyl ~CH ,-(p-methylphenyl) Unresolved ~ Unretained
Phenyl Cyclohehyl 7 1.34 1.2
p-Chlorophenyl Cyclohexyl 8 1.22 1.0

Chiral recognition model!

From the experimental data, a chiral recognition model can be advanced for the
resolution of 3-thienylglycolic acids on Cyclobond-I CSP. It involves two steps: (1)
interaction with the secondary hydroxyl groups of the CD cavity, followed by (2)
inclusion complex formation.

The chromatographic results are influenced by various parameters, such as (a)
the “tight fit” between the solute and the cavity (better inclusion of the cyclohexyl
moiety), (b) the possibility of giving two additional strong interactions with the
cyclodextrin rim and (c) the degree of ionization of the solute in the liquid stationary
phase.

This mechanism is not basically different from that proposed by Armstrong and
co-workers?11:12:16:17. it is an adaptation of the proposed model for mobile phases
containing high contents of organic solvent and for ionizable solutes. A similar
two-step model was proposed by Wainer et al.!® for the resolution of enantiomeric
alcohols on ChiralCel OB CSP.

Chiral resolution of the methyl ester of TCGA

The methyl ester of TCGA remained unresolved on Cyclobond-I CSP. Among
various other chiral stationary phases, ChiralCel OB, which is a benzoyl derivative of
cellulose coated on silica gel, was tested. This column was used under SubFC
conditions®>> with various carbon dioxide-2-propanol mixtures. The results are
shown in Fig. 10; in spite of the good selectivity, the resolution remained low owing to
the poor column efficiency.
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Fig. 10. Influence of 2-propanol content on the stereoselectivity, «, (@), the retention, k, (A), and the
resolution, R, (A), of MTCGA enantiomers on ChiralCel OB CSP in SubFC. Operating conditions: mobile
phase, carbon dioxide—2-propanol; flow-rate, S ml/min at 0°C; temperature, 25°C; average column pressure,
120 Bar; detection, 215 nm.

The selectivity shows a maximum when the modifier content in the mobile phase
is increased. An explanation can be proposed: (a) at high alcohol content there is no
interaction between the solute and the chiral moieties (cavities?), resulting in no
selectivity, and (b) at low alcohol content stronger CSP-solute interactions are
observed; however, both stereoselective and non-stereoselective interactions are
favoured, resulting in a decrease in selectivity.

Optimum selectivity is observed with a 2-propanol content of 0.5% (w/w).
However, owing to the low efficiency at low alcohol contents, maximum resolution is
obtained with a 2-propanol content of 1% (w/w).

TABLE HI

CHROMATOGRAPHIC SEPARATION OF TCGA ESTER DERIVATIVES ON CHIRALCEL OB
CSP IN SubFC

Operating conditions as in Fig. 11a.

.

E—j—, | (IZ—COOR
OH

s

R o k

2 Modifier (%, wiw)
—CH, 1.40 2.5 2-Propanol (0.50)
—-C,H; 1.12* 1.7 2-Propanol (0.40)
-CH(CH,;),, 1.00 1.3 2-Propanol (0.40)
—CH,-(3,5-dinitrophenyl) 1.17 16.9 2-Propanol (6.90)
—-CH,-~(9-anthryl) 1.62 14.7 Methanol (12.0)

* Calculated value obtained by successive injections of (+)- and (—)-forms.
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Fig. 11. Comparison of the separation of MTCGA on ChiralCel OB CSP using LC and SubFC modes.
Operating conditions: (a) SubFC, as in Fig. 10 except for mobile phase carbon dioxide-2-propanol (99.5:0.5,
w/w) and flow-rate [.2 ml/min at 0°C; (b) LC, mobile phase hexane—ethanol (85:15, v/v), flow-rate 0.5
ml/min, temperature 25°C, detection 215 nm.

A comparison of LC and SubFC chromatograms is presented in Fig. 11; the
superiority of SubFC over LC for the determination of the enantiomeric purity of
MTCGA is evident with this type of stationary phase, as reported previously’.

Other solutes were tested and the results are given in Table III. It is important to
note that no resolution is observed for the ethyl ester analysed as a racemic mixture.
However, if the (+)- and (—)-antipodes are injected separately, a selectivity of 1.12
can be calculated, in addition to a theoretical resolution of 0.8. This may be the
consequence of the formation of stable diastereomeric dimers [(+)/(—)] in the mobile
phase. No other explanation consistent with the fact that the methyl ester is correctly
separated can be advocated.
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CONCLUSION

The study of the separation of 3-thienylcyclohexylglycolic acid on Cyclobond-1
CSP allows a better understanding of retention and chiral recognition mechanisms
with this type of CSP. The influence of secondary hydroxyl groups of the cyclodextrin
rim was clearly established, in addition to the influence of solute functional moieties on
selectivity. A new approach to retention phenomena is proposed, based on the
methanol content in the mobile phase and on the degree of ionization of the solute in
the liquid stationary phase. This approach permits an explanation of why chiral
separations can be effective in pure methanol.

The superiority of SubFC over LC was demonstrated on ChiralCel OB for the
resolution of the methyl ester of TCGA; only SubFC provides a reliable means of
controlling the optical purity of the solute.
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SUMMARY

Two types of chiral stationary phase, polymer-bonded and non-bonded, con-
taining poly(L-leucine) and poly(L-phenylalanine) were prepared. These stationary
phases gave higher enantioselectivity for the optical resolution of various derivatives
of leucylphenylalanine methyl ester by liquid chromatography than did poly(L-ala-
nine) and poly(L-glutamate).

INTRODUCTION

Optical resolution by liquid chromatography has been achieved on various
chiral stationary phases having helical polymers. For example, on poly(triphenyl-
methyl methacrylate) prepared by asymmetric polymerization, which has an helical
structure, racemates of binaphthyl derivatives®, troger bases' and trans-disubstituted
cyclic compounds have been resolved®. Similarly, helical polymers from cellulose
triphenylcarbamate derivatives have been used to resolve chiral isomers of troger
bases and a cobalt complex®. Poly(x-amino acid) also produces helical forms. Recent-
ly, the resolution of chiral hydantoins from amino acids on poly(N>-benzyl-L-gluta-
mine) bound to polystyrene resin was reported®.

On the other hand, it is known that the enantioselectivity in micellar hydrolysis
of esters of amino acids is critically dependent on the chemical structure of the sub-
strate and catalyst. For example, we observed that esters from leucine and phenyl-
alanine gave higher selectivity than those of alanine and valine in the hydrolysis
catalyzed by histidine derivatives®. In addition, Okahata® reported that membranes
containing poly(L-glutamic acid) show enantioselective permeabilitty of a-amino
acids when in the o-helix state. Selectivity is not obtained in the random coil state.

On, the basis of these observations, we prepared chiral stationary phases, po-
lymer-bonded (I) and non-bonded (II), from poly(L-leucine) and poly(L-phenylala-
nine). These stationary phases-gave higher enantioselectivity than those of poly(L-
alanine) and poly(L-glutamate). The chiral stationary phases used in this study are
schematically represented below.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Polymer-bonded chiral stationary phase

Porous spherical beads with the average diameter of 15-25 um were prepared
by suspension polymerization of 70 mol% of methyl acrylate and 30 mol% divinyi-
benzene (containing 40 mol% of ethylvinylbenzene). The beads were packed in a
stainless-steel column and the gel permeation chromatographic (GPC) behaviours
were examined in tetrahydrofuran. The exclusion molecular weights, My, of the
beads were about 1.1 - 10° (polystyrene standard). The beads were partially amino-
lyzed by l,6-diaminohexane in decahydronaphthalene. The content of the amino
group introduced on the beads were adjusted to 0.5-1.0 mequiv./g according to the
reaction conditions. N-carboxyanhydrides (NCA) of i-leucine (Leu), L-phenylala-
nine (Phe), L-alanine (Ala) and y-benzyl-L-glutamate (BG) (prepared by Mitsui Toat-
su Chemicals) were polymerized by the aminated beads as an initiator. The content of
the poly(a-amino acid) grafted in the beads could be adjusted from 12 to 67% (w/w)
by the ratio of the beads to NCA in the polymerization process. The chiral beads
prepared are abbreviated P-Leull, P-Leu3l, P-Leu67, P-Phe35, P-Ala3! and P-
BG47, where the number in the abbreviations stands for the content (%, w/w) of
poly(x-amino acid).

Non-bonded chiral stationary phase

NCA of L-leucine and y-benzyl-L-glutamate was copolymerized by triethyl-
amine. The copolymer obtained was dissolved in dichloromethane and converted into
spheres by our previous technique (the suspension and evaporation method”). For
comparison, spherical beads from poly(y-methyl-L-glutamate) were prepared. These
chiral beads are abbreviated poly(Leu-BG) and poly(MQG), respectively.

Chiral dipeptides
As a model sample for optical resolution, enantiomers and diastereomers of
leucylphenylalanine derivatives were synthesized by a conventional coupling method
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by Mr. Matsuyama of our laboratory. The chemical structures of the dipeptides are
given below.

* *
R—O—CO—NH—?H—CO-NH—QH—COOCH3

tH, CHy
c\
CH CHy
R: <~ :}—CH - Cbz
2
CZHS_ Eoc

Chromatography

The spherical polyamino acids beads were packed in a stainless-steel column
(15cm x 0.4 cm L.D.). The chromatographic properties were examined at a flow-rate
of 0.5 ml/min and 40°C, employing a Waters Assoc. 6000-p.s.i. pump (Model 510)

controlled by a Type 680 automated gradient controller and a LC spectrophotometer
(Model 481).

RESULTS AND DISCUSSION

Table I shows the capacity factor, k', and the separation factor, o, for the
enantiomers of the methyl ester of N-protected leucylphenylalanine in liquid chroma-
tography using P-Leu31, P-Phe35, P-Ala31 and P-BG47 columns. The eluent was
hexane-chloroform (9:1). The capacity factor was calculated as (¢ — #5)/to, where ¢ is
the retention time and ¢, is the dead time determined with 1,3,5-tri-terz.-butylbenzene
as a non-retained sample. As expected, the chiral stationary phase containing poly(L-
leucine) and poly(L-phenylalanine) gave higher separation coefficients with values of

TABLE 1

CHROMATOGRAPHIC RESOLUTION OF N-PROTECTED DERIVATIVES OF LEUCYLPHENYLA
NINE METHYL ESTER BY VARIOUS TYPE I STATIONARY PHASE

The number of each stationary phase represents the content of poly(L-amino acid). Eluent: 1 hexane—chlorof
(90:10). Temperature: 40°C.

Dipeptide Stationary phase
R Chirality P-Leu3l P-Phe35 P-Ala35 P-BG47
k' o k' o k' o k' o

Cbz L-L 9.10 10.83 10.03 9.14

D st Y 4gs 0.4 10 933 1.02
Boc L-L 2.63 2.08 2.90 2.18

D-D 422 1.60 2.73 £.31 3.02 1.04 2.24 1.03
Eoc L-L 5.69 5.18 6.39 5.97

DD 990 174 733 142 632 L0 6.14 1.03
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R—O—g—NH-TH-COO-<::>—N02 CH3(CH2)10—8~NH-?H—COOH

O
CHy CHy
N
1: R = benzyl Ly
2
= ethyl
= tert-butyl

1.59-1.74 and 1.31-1.42, respectively. On the contrary, those of poly(L-alanine) and
poly(y-benzyl-L-glutamate) gave less selectivity (¢ < 1.04).

In general, it is known that the hydrogen bonding among peptides plays a
significant role in the appearance of enantioselectivity. For example, the structural
effect of the N-protecting groups (R) of chiral substrate 1 was examined in the hydro-
lysis reaction catalyzed by N-acylhistidine (2)°. When R is a bulky, zerz.-butyl group
which prevents the hydrogen bonding interaction between the substrate and catalyst
by steric hindrance, the degree of enantioselectivity is lowered remarkably. On the
contrary, no significant lowering of selectivity, «, in the Boc derivative was observed
in this study (Table I). The large k' value of the Cbz derivative compared with those
of the Boc and Eoc derivatives is attributable to =—n interactions between the sample
and the stationary phase based on the divinylbenzene in the polymer support. An
aprotic solvent is used as an eluent so as not to prevent the hydrogen bonding interac-
tion. Therefore, it is estimated that the recognition site is on the amide bond between
the leucine and phenylalanine rather than that of N-protected group.

Table IT shows the relationship between the leucine content of the polymer and
the values of k" and «. Although k' (related to the retention time) increased with
increasing content of leucine, the selectivity, «, did not necessarily increase. The selec-
tivity of P-Leu67 is remarkable low. Okamoto and Hatada® proposed that an in-

TABLE 11

CHROMATOGRAPHIC RESOLUTION OF N-PROTECTED DERIVATIVES OF LEUCYLPHEN-
YLALANINE METHYL ESTER BY CHIRAL POLYMER BEADS WITH VARIOUS CONTENTS
OF L-LEUCINE

Eluent: hexane-chloroform (90:10). Temperature: 40°C.

Dipeptide Stationary phase
R  Chirality P-Leul2 P-Leu3l P-Leu67
k' o k' o k' o

Cbz L-L 0.93 9.10 13.51

D-D 1.35 1.45 14.51 .59 17.56 1.30
Boc L-L 0.28 2.63 3.10

D-D 0.39 1.39 422 1.60 443 1.43
Eoc L-L 0.64 158 5.69 74 8.95 130

D-D 1.01 9.90 .68
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TABLE I

CHROMATOGRAPHIC RESOLUTION OF N-PROTECTED DERIVATIVES OF LEUCYLPHEN-
YLALANINE METHYL ESTERS BY TYPE II STATIONARY PHASE

Eluent: hexane—chloroform (90:10). Temperature: 40°C.

Dipeptide Stationary phase
R Chiradlity poly(Leu-BG) poly(MG)
k' o k' o
Cbz L-L 1.67 1.08 7.36 105
D-D 1.55 7.73
1.27 1.07
L-D 1.97 1.08 7.22 1.00
D-L 1.82 ' 7.22 ’
Boc L-L 0.58 2.36
D-D 0.54 1.07 2.31 1.02
Eoc L-L 1.05 4.34
D-D 0.95 110 4.25 102

crease in chiral sites on packings induces different orientations in chiral polymers and
lowering of selectivity in the case of packings from chiral poly(triphenylmethyl meth-
acrylate).

Table IIT shows the enantioselectivity of non-bonded stationary phases. The
stationary phase was prepared by the suspension and evaporation method’. Similarly
to the polymer-bonded chiral stationary phase, poly(Leu-BG) containing r-leucine
gave higher selectivity than poly(MG) from poly(y-methyl-L-glutamate) homopolym-
er.

In order to estimate the recognition site on the stationary phase, terminal
amino groups of a polyamino acid chain were benzyloxycarbonylated:

o] o] o]
| I I
P)-C-CH-NHC* " * ‘CllH—NHZ ——> P) —C-?H—NHC' . ‘CH—NHC—OCH2©
CH, CH, CH, CH,
CH(CH3)2 CH(CH3)2 CH(CH3)2 CH(CHy)

and the enantioselectivity was examined. As shown in Table TV, the enantioselectivity
shows a slight decrease on the P-Leul2 stationary phase, but was almost unchanged
on P-Leu67. This indicates that the recognition site is on the polyamino acid chain of
the stationary phase.

The secondary structure of the polyamino acid chain in the stationary phase
was estimated by Fourier transform (FT)-IR spectroscopy using diffuse reflectance.
The spectra show that both the poly(Leu-BG) and the poly(MG) spheres are formed
from the a-helix component in spite of their different selectivities (amide I, 1650 cm™;
amide V, 610 cm™"). This indicates that the stereospecificity of leucine residues on the
a-helical polymer chain is a significant factor for higher selectivity.
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TABLE IV

INFLUENCE ON THE SEPARATION COEFFICIENT OF THE PROTECTION OF N-TERMINAL AMINO
GROUPS BY BENZYLOXYCARBONYLATION

Dipeptide P-Leu67 P-Leul2
R Chirality Non-treated Protected Non-treated Protected
k' o k' o k' o k' o

Cbz L1 13.51 10.84 0.93 © 061

DD 1756 130 1443 13 1.35 145 0.84 1.38
Eoc L-L 8.95 7.05 0.64 0.38 .

DD es 130 947 134 1.01 18 o5 134

ACKNOWLEDGEMENT

We thank Dr. K. Tamaki and Mr. T. Kobayashi of Mitsui Toatsu Chemicals
for the preparation of NCA monomers.

REFERENCES

. Okamoto, 1. Okamoto and H. Yuki, Chem. Lett., (1981) 835.

. Okamoto, S. Honda, 1. Okamoto and H. Yuki, J. Am. Chem. Soc., 103 (1981) 6971.
. Okamoto, M. Kawashima and K. Hatada, J. Am. Chem. Soc., 106 (1984) 5357.

. Kiniwa and Y. Doi, Polym. Preprints Jpn., 35 (1986) 650, 651.

. Yamada, H. Shosenji, H. Ihara and Y. Otsubo, Tetrahedron Lett., 27 (1979) 2529.

. Okahata, Membranes, 12 (1987) 339.

. Thara, T. Yoshinaga and C. Hirayama, J. Chromatogr., 362 (1986) 197.

. Okamoto and K. Hatada, J. Lig. Chromatogr., 9 (1986) 369.

0L B W —
<~ D<A IL X<



Journal of Chromatography, 450 (1988) 277-280
Elsevier Science Publishers B.V., Amsterdam -— Printed in The Netherlands

CHROM. 20 738

Note

Preparative chiral separation in an aqueous two-phase system by a few
counter-current extractions

BORJE SELLERGREN* and BJORN EKBERG

Department of Pure and Applied Biochemistry, Lund Institute of Technology, University of Lund, P.O. Box
124, §-221 00 Lund (Sweden)

PER-AKE ALBERTSSON

Department of Biochemistry, University of Lund, P.O. Box 124, S-221 00 Lund ( Sweden)

and

KLAUS MOSBACH

Department of Pure and Applied Biochemistry, Lund Institute of Technology, University of Lund, P.O. Box
124, S-221 00 Lund (Sweden)

(Received June 16th, 1988)

The increasing need for optically pure substances in the pharmaceutical indus-
try has led to the development of several techniques for analytical and preparative
chiral separations' . In liquid chromatography, preparative separations have been
demonstrated using cyclodextrins, triacetylcellulose, polyamides, ligand exchange
and Pirkle type phases and recently also imprinted polymers®. Using proteins as
chiral stationary phases, a variety of racemic compounds have been resolved*. How-
ever, due to a low sample load capacity, only a few examples can be found where
proteins have been used for preparative chiral separations®.

By employing bovine serum albumin (BSA) in an aqueous two-phase system®
we have demonstrated the possibility of semipreparative chiral separations, using a
counter-current distribution apparatus’8. In this report we demonstrate that only a
few counter-current extractions (eight) are required for a preparative scale separation
of D- and L-Kynurenine. A complete procedure is presented where the enantiomers
are isolated by ultrafiltration, leaving the phase polymers and the BSA for possible
reuse. The separation is simply carried out in separation funnels and no other equip-
ment is required.

MATERIALS AND METHODS

Chemicals and phase system

Dextran 40 was obtained from Pharmacia (Uppsala, Sweden), poly(ethylene
glycol), PEG 8000 from Union Carbide (New York, NY, U.S.A.) and BSA (No.
A-7906) and D,L-Kynurenine from Sigma (Milwaukee, WI, U.S.A.). The phase sys-
tem was 8% (w/w) Dextran 40, 7% (w/w) PEG 8000 and 6% (w/w) BSA in 0.05 M
sodium phosphate buffer, pH 8.5, containing 0.1 M sodium chloride. A 1.5-1 volume
of this system was shaken and then allowed to settle. The resulting phase volume ratio
was 1.15 (volume upper phase/volume lower phase).

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Counter-current extractions

In eight separatory funnels (500 ml) were placed 80 ml of the upper phase
(PEG-containing). The first funnel contained in addition 70 ml of the lower phase. To
this were added 100 mg of p,L-Kynurenine. After shaking and settling, the lower
phase was transferred to the second funnel and an additional 70 ml of the lower phase
was added to the first funnel. This completed the first transfer. Next, the first and
second funnels were shaken and, after settling, the lower phase of the second funnel
was transferred to the third and the lower phase of the first funnel was transferred to
the second. Thereafter fresh lower phase was added to the first funnel. This completed
the second transfer. In this way eight transfers were completed.

Optical purity analysis

An high-performance liquid chromatographic (HPLC) method, based on the
one described by Allenmark et al.*, was developed using an analytical BSA column.
The column (200 mm x 5 mm [.D.) containing Si 500 (Mérck) (2045 um) was
prepared as described elsewhere®. The eluent was 0.05 M sodium phosphate, pH 8,
containing 2% n-propanol, the flow-rate was 1.5 ml/min and the elution was mon-
itored at 257 nm. In Fig. 1 are seen typical elution profiles of the pooled fractions
(after ultrafiltration) and of the racemate itself.

Removal of the phase polymers and salt

After checking the optical purity and the amount of substance in each fraction,
fractions 2—4 and 7 and 8 were pooled. One part of water was added and the pH was
lowered to about 4 with acetic acid. Part of the solution was then recycled through an
ultrafiltration unit, as described elsewhere® (Pelicon laboratory cassette system; Milli-
pore, Goteborg, Sweden) with a 10* molecular weight cut off. After freeze drying of
the filtrate, a small amount of methanol was added in order to extract the substance
from the salt-containing solid. The optical purity of the substance was then estimated
from Fig. 1 and the amount was estimated by comparing the peak area with that of a
known amount of substance. This showed that about 15 mg of racemate had been
separated from the phase polymers.

a D b C
D
L
L
-— o ,— -———
min 4 2 0 min 4 2 0 min 4 2 0

Fig. 1. HPLC elution profiles of fractions 2—4 (a), 7, 8 (b), and pure b,L-Kynurenine (c) on a BSA-silica
column. Eluent: 0.05 M sodium phosphate buffer, pH 8.0, containing 2% n-propanol. Flow-rate: 1.5
ml/min.
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Fig. 2. Enantiomeric distribution in the pooled fractions. Percentage based on the total amount of each
enantiomer applied.

RESULTS AND DISCUSSION

The enantiomeric distribution (Fig. 2) and the substrate recovery (Table I) of
the pooled fractions shows that about half (50 mg) of the p,L-Kynurenine applied can
be obtained in high enantiomeric purity (290%). To increase further the yield, either
additional extraction steps or recycling is necessary. The latter is possible since the
polymers of the phase system (including BSA) are recovered after the ultrafiltration
step. This is promising for a large scale continuous process.

The procedure described has several obvious advantages. No immobilization of
the protein to a stationary phase is needed, which allows easy testing for chiral selec-
tivity of proteins in general. Some racemic compounds which are not resolved by
columns with BSA adsorbed onto silica® can be resolved in our system, i.e., D,L-2-
methylsulphinylbenzoic acid (17 mg, separation coefficient 1.8 and resolved peak
maxima)®. Furthermore, the number of extraction steps can be chosen according to

TABLE 1

TOTAL AMOUNT AND OPTICAL PURITY OF p,L-KYNURENINE IN THE POOLED FRAC-
TIONS

Only a part of the total amount was separated from the phase polymers.

Fraction p,L-Kynurenine (mg) Optical purity (% )*
2-4 22 90 (D)
5 13 83 (p)
6 35 55 (D)
7,8 30 90 (L)

* Refers to the enantiomer in parentheses.
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the separation coefficient of the substance and in favourable cases only a few extrac-

tions are required to obtain high optical purity. Finally, these extractions can be
carried out with simple equipment.
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For the determination of the enantiomeric purity of amino acids, several chro-
matographic methods have been described, such as direct resolution of enantiomers
on an optically active stationary or mobile phase, or separations based on the deriv-
atization with a chiral reagent followed by chromatography of the diastereomers on a
conventional stationary phase!™.

The aim of the present work is the separation and the evaluation of the enantio-
meric composition of some amino acid esters on precoated thin-layer chromato-
graphic (TLC) plates using highly UV-absorbing optically active a-alkyl-a-aryl acetic
acids® %, here (S)-(+)-naproxen®’, as the derivatizating reagent.

EXPERIMENTAL

Solvents (analytical grade), thionyl chloride and TLC plates (20 cm X 20 cm)
(Art. 5554) were obtained from E. Merck (Darmstadt, F.R.G.). (S)-(+)-Naproxen
was obtained from Sigma (Miinchen, F.R.G.). Racemic and enantiomeric amino
acids and some methyl esters were from Aldrich (Steinheim, F.R.G.) or E. Merck.
Amino acid methyl esters not commercially available were prepared analogously to a
known method?®.

Apparatus

Melting points were obtained with a Biichi apparatus and are uncorrected. IR
spectra were obtained in potassium bromide discs with a Perkin-Elmer 1420 spec-
trometer. The chromatograms were scanned with a Camag II TLC scanner.

Preparation of (S)-( + )-naproxen chloride®

(S)-(+)-Naproxen (0.01 M) was dissolved in 20 ml of anhydrous toluene. A
5-ml volume of freshly distilled thionyl chloride was added and the solution was
refluxed for 30 min. After cooling, the mixture was evaporated in vacuo. The residue
was dissolved in dichloromethane and crystallized twice: m.p. 91-92°C; IR, 1785
cm! (C=0).

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. 1. Chromatogram of amino acid methyl esters after derivatization with (S)-(+)-naproxen chloride.
Amino acids as in Table I.

Preparation of amino acid derivatives and chromatography

(S)-(+)-Naproxen chloride (0.02 mM) was dissolved in 5 ml dichloromethane,
and 0.01 mM amino acid methyl ester and two drops of pyridine were added. The
solution was refluxed for 30 min. After evaporation of the solution in vacuo, the
residue was dissolved in 5 ml dichloromethane and was successively washed with 5 ml
0.1 N sodium bicarbonate, 5 ml 0.1 M hydrochloric acid and twice with 5 ml water,
dried over anhydrous sodium sulphate and made up to 5 ml. The preparative syn-
thesis and spectrometric data will be reported elsewhere.

A 5-ul volume of the dichloromethane solution was applied to the plates using a
25-ul Hamilton syringe. The plates were developed to a distance of 17 ¢cm with the
solvent systems toluene-dichloromethane-tetrahydrofuran [(5:1:1, v/v/v (I) or 5:1:2,
v/v/v (IT); ammonia atmosphere] in preequilibrated (15 min) glass chambers. After

TABLE 1
hR, OF RESOLVED DIASTEREOISOMERIC AMINO ACID METHYL ESTERS DERIVATIVES

Solvent: toluene—dichloromethane-tetrahydrofuran {5:1:2 (v/v), ammonia atmosphere]. Development
time: 50 min. Solvent front: 17 cm. Temperature: 25°C.

(S)-{ + )-Naproxen amide hR,
of amino acid
R S
1 Methionine 56 60
2 Asparagine 46 53
3 Leucine 79 85
4 Proline 57 64
S Norvaline 63 73
6 Valine 63 71
7 Phenylalanine 66 69
8 a-Aminobutyric acid 49 57
9 Tyrosine 12 17

10 Norleucine 69 75
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drying, the plates were evaluated by spectrodensitometry at 254 nm with a scanning
speed of | mm/min. The enantiomer ratios were calculated by comparing the corre-
sponding peak areas of integral values.

RESULTS AND DISCUSSION

In the present work ten enantiomeric amino acid esters were separated as (S)-
(+)-naproxen amides by TLC. A representative chromatogram is shown in Fig. 1.
The ARy values of the diastereomeric pairs are listed in Table I.

The results show (S)-(+)-naproxen chloride to be a useful derivatizating re-
agent for the separation and determination of amino acid esters enantiomers. Diaste-
reomers derived from R-amino acids were more strongly retained than derivatives of
S-amino acids. The configurational stability of the derivatives is a marked advantage.
In a comparative assay in dichloromethane, no measurable racemization was ob-
served within 24 h under laboratory conditions. The high UV absorptivity of the
reagent’ and of the derivatives makes the assay very convenient since the amino acids,
with the exception of aromatic ones, exhibit no appreciable UV absorption. No spe-
cific visualization agents are required. It is possible to detect an optical impurity of
1%. The accuracy and precision of the method was tested in the analysis of mixtures
of some pure diastereomers, the ratio of the areas or the integral values of the diaste-
reomeric peaks being used to give the experimental optical purities. With the excep-
tion of tyrosine (monoacyl derivative), multiple development did not improve the
separation. The best results were obtained with the solvent system II.

The chromatographic resolution described provides a cheap, rapid, simple and
sensitive method for the determination of amino acid esters. Optically active solvent
systems or expensive chemically bound stationary phases are not required, as well as
impregnating substances, which can influence negatively the separation and assay.
The same derivatives were also used in gas chromatograhy (GC), the results of which
will be reported elsewhere.
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The most thoroughly investigated multidentate ligands are EDTA* and its
analogues. Their cobalt(IIl) complexes are not only of interest for understanding their
stereochemistry, but also for their applications in the bioinorganic field because they
provide simple structural models of the active site of metalloproteins®.

The flexible EDTA ligand is hexadentate in the complex [Co(EDTA)] , giving
only one geometric isomer, the cis(N)-isomer (Fig. 1a). Structural parameters of this
chelate system show notable departures from those for regular octahedral co-
ordination and imply that the system is strained. The two glycinate (G) rings lying in
the plane of the diamine ring are considerably more strained than the out-of-plane
glycinate rings (R). The ethylenediamine “backbone” ring (E) of the [Co(EDTA)]~
complex is locked in one conformation (d for the structure having A configuration and
vice versa)?. Other hexadentate ligands, structurally similar to EDTA, such as EDDS
having two longer carboxylate chains, form isomers differing in the number of
six-membered rings in the girdle plane. The optically active SS-EDDS ligand could
theoretically form two isomers: trans(Os) and trans(Og) having opposite absolute
configurations (Fig. 1b). Molecular mechanics calculations here demonstated that
SS-EDDS is stereospecifically coordinated to form exclusively the trans(Qs) isomer3,

In many cases where the number of donor atoms bound to the metal ion is less
than six, the tetradentate ligands EBAA permit the possibility of further isomerism*
(Fig. 1c). The separation and isolation of these geometrical isomers have been carried
out either by column chromatography on an ion-exchange resin (Dowex; Amberlite)®
and cellulose derivatives (Sephadex, Cellex)®, or by fractional crystallization.

Although a number of metal complex cations have been resolved by chro-
matographic methods” 2, few studies of the optical resolution of complex anions have

* Compound abbreviations: EDTA = ethylenediamine-N,N,N’,N'-tetraacetate; IPDTA = iso-
pentanediamine-N,N,N’,N'-tetraacetate (3-methyl-1,2-diaminobutane-N,N,N’,N'-tetraacetate); PHEDTA
= l-phenylethylenediamine-N,N,N’,N'-tetraacetate;, DBTA = 2,3-diaminobutane-N,N,N’,N'-tetra-
acetate; EDDS = ethylenediamine-N,N'-disuccinate; EBV = ethylenebisvaline; EBAA = ethylenebis-
aminoacidate; en = ethylenediamine; ox = oxalate; asp = aspartate.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. 1. Geometrical isomerism of six-coordinate complexes including (a) EDTA-type ligands, (b) SS-EDDS
and (c) a flexible tetradentate EBAA-type ligand.

been reported, because of the lack of effective eluting agents. Tatehate et al.® have
recently reported that when A-(+ )sg9-[Co(en);]Cl; - H,0 in 30% ethanolic solution is
used as the eluting agent, some cobalt(III) aminopolycarboxylate anionic complexes
can be resolved by column chromatography on DEAE-Sephadex A-25. Continuing
our research in the field of metal ion complexes of amino acid deivatives, we recently
reported the partial optical resolution of cobalt(III) chelate cationic complexes by gel
permeation chromatography (GPC)'°. The object of the present study is the rapid
optical resolution of anionig metal complexes by GPC on a column of Sephadex G-10.

EXPERIMENTAL

All of the EDTA-type complexes and [Co(EDDS)] ™ were prepared by dissolving
equimolar amounts of the corresponding racemic ligand, cobalt(Il) hydroxide and
potassium carbonate in water, followed by oxidation of the resulting solution by
hydrogen peroxide in the presence of active charcoal. All the new compounds gave
satisfactory elemental analyses. Their stereochemistry was determined by means of
13C NMR, electronic absorption and infrared spectroscopy. The ligands were
generally prepared by reactions of the diamines with bromoacetic acid.

K[Co(rac-EBV)CO3] - 1/2 H,O was prepared by the following procedure
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A mixture of 1.3 g (5 mmol) of rac-EBV in 5 ml of water and freshly prepared
K;[Co(CO3)1] (“green solution”!!) was stirred for ca. 20 min at 50°C. The colour of
the solution changed from green to wine-red. After cooling, the reaction mixture was
filtered, and, after addition of 5 ml of water, the filtrate was placed on an
anion-exchange chromatographic column (25 ¢cm x 3 cm) containing DEAE-
Sephadex A-25-120 which had previously been equilibrated in distilled water. The
column was eluted with water at a flow-rate of 1 ml/min. Two fractions were collected.
The first (60 ml) was deep red, and evaporation of this fraction to dryness on a rotary
evaporator gave 1.3 g of the cis-a isomer. The second, more strongly adsobed, band
was collected in a 30-ml fraction, and evaporation of this purple fraction gave 0.2 g of
the cis-f isomer. The compounds may be recrystallized without change from water or
ethanol. Calc. for K(CoC;5H,6N,O4) - 1/2 H,0 (M, = 425.22): C, 36.68; H, 5.23; N,
6.58%. Found for the cis-o isomer: C, 37.10; H, 5.26; N, 6.4% found for the cis-f
isomer: C, 36.72; H, 5.39; N, 6.46%.

Optical resolution

The racemic anionic complex (20-40 mg) dissolved in an appropriate aqueous
solution {ca. S ml) was placed on the top of a column (60 cm x 2 cm 1.D.) of Sephadex
G-10 and was eluted with water. The elution rate was 0.3-0.4 ml/min. During elution
the anionic complex was partially separated into two enantiomers.

Circular dichroism (CD) spectra were recorded on a Jobin-Yvon Dichrograph
III. The concentrations of the solutions (10™*-1072 M) were determined from their
absorption spectra recorded on a Specord UV-VIS spectrophotometer or by atomic
absorption spectrometry (AAS).

RESULTS AND DISCUSSION

The resolution of [Co(EDTA)]™ by several methods has been reported: selective
adsorption on optically active quartz!2, spontaneous resolution of its ammonium or
rubidium salts? and use of the resolving agent to form diastercoisomers'®. The
chromatographic technique is very effective to achieve the optical resolution of such
anionic complexes”?. The resolution by the column chromatography described of
chiral complexes is based on the interactions between a chiral adsorbent and a chiral
eluent. Gillard and Spencer'* isolated anionic and neutral complexes of cobalt(IIT)
with gyleyl-L-histidine by a combination of anion-exchange resin chromatography and
GPC on Sephadex G-10. Later, Gillard et al.'> used chromatography on a column of
Sephadex G-10 to separate complexes of different charges and/or geometries. When
Jac-[Co(ox)(L-asp)(en)]~ separated from the corresponding mer isomer on a column of
Dowex 50W-X8 (H"*) was rechromatographed on a column of Sephadex G-15, its
diastereoisomers were separately eluted with water!®.

Continuing our study on the stereochemistry and reactivity of metal complexes
with amino acid derivatives, we have used GPC on a column of Sephadex G-10 to
resolve some cobalt(ITI) anionic complexes. The degree of resolution achievable on
one passage through the column is exemplified by the data in Table I. The 4¢ values
obtained for optical isomers of [Co(EDDS)]™ (Fig. 2) can be compared with Agg,,
= —2.31 (548 nm)* and for those of cis-a-[Co(EBV)CO;] ™ or cis-B-[Co(EBV)CO;]~
with dep,, = +2.39 (587 nm) respectively for the pure enantiomers!”.



NOTES

TABLE I
ABSORPTION (AB) AND CIRCULAR DICHROISM (CD) DATA FOR THE RESOLVED COM-
PLEXES
gin ] mol~! cm™!.
Complex AB CcD
A(nm) ¢ A (nm) de
4-[Co(PHEDTA)]™ 550 219 590 —0.26
525 +0.68
385 181 390 +0.12
A-Isomer the same values 590 +0.17
528 —0.23
420 +0.07
360 +0.06
A-trans-(0;)-[Co(EDDS)]~ 523 180 610 -0.07
540 +0.56
472 —0.12
384 69 420 —0.21
A-Isomer the same values 609 +0.09
540 —-0.42
490 +0.24
413 +0.20
A-cis-a-[Co(EBV)CO;]~ 549 65 595 —1.48
493 +041
394 92 418 -0.12
370 —0.06
A-Isomer the same values 595 +1.04
490 —-0.20
420 +0.07
373 +0.04
A-cis-a-[Co(EBV)CO3]~ 546 79 587 —1.23
485 +0.11
-390 110 420 —0.09
363 —0.04
A-Isomer the same values 587 +0.86
483 —0.06
420 +0.04
362 +0.03
A-[Co(IPDTA)]~ 546 279 578 —0.13
490 +0.31
385 203 390 -0.15
362 —0.08
A-Isomer the same values 580 +0.08
490 —0.21
390 +0.23
360 +0.24
A4-[Co(DBTA)}~ 546 310 620 —0.21
575 +0.14
465 —0.11
383 258 400 +0.09
A-Isomer the same values 620 +0.08
570 —0.10
463 +0.07
390 —0.07
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Fig. 2. CD and absorption spectra for [Co(EDDS)] .

Some observations can be made on the resolution of these complexes on the
molecular sieve Sephadex G-10. It is interesting that, with all the complexes studied,
the A-enantiomers have substantially greater optical purity (see Table I). The

TABLE 11

CORRELATION BETWEEN THE SIGN OF THE CD PEAK OF THE FIRST ELUTED
ENANTIOMERS AND THEIR ABSOLUTE CONFIGURATIONS

Isomer Sign of the longer Absolute
wavelength CD peak configuration

[Co(EDDS)]~ +
[Co(PHEDTA)]"

[Co(IPDTA)]" -
[Co(DBTA)]" +
cis-a-[Co(EBVYCO;]~ +
cis-B{Co(EBV)COS]~  +

NN N N
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relationship between absolute configurations and elution order may be seen from
Table IL. In spite of the results from optical resolution of the cationic [CoN,O,]* -type
complexes'®, where the enantiomers with the A-configuration are eluted first, it is
difficult to find a simple relationship between the elution order and the absolute
configuration of the anionic complexes [CoN,O4]".

The electronic absorption and CD data for the complexes studied are
summarized in Table I. Two adsorption bands were observed for each compound,
suggesting an effectively cubic ligand field, but their CD curves show three
components for each band in the case of the EDDS complex (Fig. 2) or two
components for the cobalt(II1) complexes with EDTA analogues (Fig. 3), respectively.
Contributions to the CD spectra observed for these octahedral [CoN,O4]™ complexes
arise from (i) the configurational effect due to the arrangement of chelate rings around
the cobalt(IIT) ion, (ii) the conformational effect (of the E chelate ring mainly), (iii) the
vicinal effect of asymmetric carbon atoms which has the opposite sign to that for the
asymmetric nitrogen.

From a comparison of the data in Table I and CD curves (see Figs. 2 and 3), the
degree of optical resolution is better for EDDS and EBV complexes than for
EDTA-type complexes. This is due to the fact that both EDDS and EBV ligands
possess optically active centres at the coordinated nitrogen donor atoms as well as at
the asymmetric carbon atoms, whereas alkyl and aryl substituted EDTA analogues

A {nm)
700 600 500 450 400 350
08 T T T T T
04k I A-[Co(PHEDTA)]
1) 1
/ P e~
’ g RS
0 , \ h . Y
/4 /’
Ae \ /, J
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-08) 1
300 -
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Fig. 3. CD and absorption spectra for [Co(PHEDTA)] .
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possess optically active centres only at the asymmetric carbon atoms. Since the
resolution by the mentioned column chromatography of chiral complexes is based on
the interaction between a chiral adsorbent and a chiral complex, the chiral
discriminations (chirodiastaltic interactions) between the chiral adsorbent and a chiral
complex are greater for EEDS and EBV complexes. In contrast with the structural
chirality of quartz surfaces, the chirality for the polydextrans seems to be intrinsic and
local due to the presence of the C—-O-H bond in the glucose ring'®. Consequently,
differential adsorption of the two enantiomers may be achieved.

This chromatographic method can be used to obtain partial resolution of
racemic amino acid and related compounds in the form of the cobalt(IIT) complexes.
The separation of optical isomers on the molecular sieve Sephadex G-10 is convenient
and appears to be generally applicable for the partial resolution of non-labile chelate
compounds. The method is rapid (several hours) and simple in operation (gravity flow
with water as an eluent), and the molecular sieve in the column appears to be stable for
several years.

The method should serve as a diagnostic tool for the identification of isomers
and should permit the study of the optical activity of complexes that resist resolution.
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