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ABSTRACT: Heptakis(2,3-di-O-acetylated)-b-cyclodextrin was tested for its utilizability to check the enantiomeric
purity of the chiral protonated phenethylamines, such as selegiline, amphetamine and norephedrine, by means of
NMR spectroscopy. For all compounds, the method turned out to be a powerful and rapid tool, which should be
considered more frequently in drug analysis.
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INTRODUCTION

National authorities and the European Pharmacopoeia
Commission have recently aimed to introduce NMR
spectroscopic methods for the determination of the
isomeric composition and enantiomeric purity of drugs,
because these methods were found to be superior to the
method of speciÐc optical rotation used in all pharma-
copoeias.1 Since enantiomers of a chiral drug can
exhibit di†erent pharmacological and toxicological pro-
Ðles,2 the proof of enantiomeric purity of chiral drugs is
pivotal. Several NMR methods have been described as
appropriate for this purpose,3,4 e.g. methods utilizing
lanthanide shift reagents (LSR),5,6 chiral solvating
agents such as ([ )-(R)-2,2,2-triÑuoro-1-(9-anthryl-
ethanol)7h9 and derivatization procedures.10 The NMR
methods were found to have some advantages over
HPLC for chiral analysis, i.e. the time of method devel-
opment is shorter, the methods are more robust and the
time of analysis is shorter because the NMR instru-
ments are always ready for measurement, without any
preceding conditioning or calibration procedure being
necessary.1

The use of cyclodextrins (CDs) as chiral resolution
agents in NMR spectroscopy has been well established
in the last decade.11h15 Regarding the application of
CDs and corresponding derivatives as chiral shift
reagents, the formation of diastereomeric complexes
between the CD and a chiral substrate in leads toD2O
the possibility of observing the corresponding signals of
each enantiomer in its complex with the CD and, conse-
quently, it allows the quantiÐcation of the enantiomeric
excess (ee) in a sample.

Advantages of CDs in chiral NMR analysis are the
water solubility of the samples, no signal broadening

* Correspondence to : U. Holzgrabe, Pharmaceutical Institute, Uni-
versity of Bonn, Kreuzbergweg 26, D-53115 Bonn, Germany.

E-mail : holzgrabe=uni-bonn.de

e†ects, in contrast to LSR,6 and the narrow chemical
shift range of CDs.16 In previous studies we have estab-
lished heptakis(2,3-O-diacetyl)-b-CD (Diac-CD) as a
powerful tool to discriminate between the enantiomers
of chiral phenethylamines in clinical use by means of
NMR spectroscopy and capillary electrophoresis.17h19
Since good signal splitting of the phenethylamines
studied was observed in each case, the purpose of this
study was to establish whether it is possible to apply the
conditions of measurement to other structurally related
chiral drugs. Selegiline (formerly deprenyl), an anti-
parkinsonian drug, was chosen as a test compound.
Since only the R-isomer of selegiline inhibits the mono-
amine oxidase irreversibly,20 this isomer has to be used
in high enantiomeric purity. The transparency state-
ment of the selegiline monograph21 describes (R)-meth-
amphetamine, (R)-amphetamine, (R)-desmethylselegil-
ine, norephedrine and (S)-selegiline as impurities. In this
context, the European Pharmacopoeia Commission is
seeking a robust and cheap test which allows one to
Ðnd a content of (S)-selegiline of \2% in a batch. In
addition, methamphetamine and amphetamine are
metabolites of selegiline.20 From this selection of com-
pounds, selegiline, amphetamine and norephedrine were
chosen to check whether it is possible to determine the
ee by NMR spectroscopy upon Diac-CD complexation
(see Fig. 1).

EXPERIMENTAL

All spectra were recorded using a Bruker AMX 500
spectrometer operating at 500.137 MHz with a sample
temperature of 26 ¡C. The chemical shifts were refer-
enced to the HDO signal at 4.650 ppm; 128 scans over
a frequency width of 4132.2 MHz were collected into
32K data points, giving a digital resolution of 0.13 Hz
per point. Sufficient quantities of the phenethylamines
with and without Diac-CD were dissolved in toD2O
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Figure 1. Structures of the racemic phenethylamines
studied.

give 12 mmol concentrations of each racemate in a 5
mm tube. In order to obtain a Job plot, NMR spectra
of mixtures of selegiline and Diac-CD in various ratios
were recorded according to Branch et al.17

Diac-CD was synthesized according to the liter-
ature,17 selegiline was a gift from ASTA Medica
(Frankfurt, Germany), norephedrine was purchased
from Aldrich (Steinheim, Germany) and amphetamine
and dexamphetamine were generous gifts from Dr M.
Neugebauer (Pharmaceutical Institute, University of
Bonn, Bonn, Germany).

RESULTS AND DISCUSSION

In previous studies, acetylated CDs have been shown to
be appropriate for discriminating between the enantio-
mers of several chiral phenethylamines.17,18 The pre-
viously optimized conditions for NMR measurements
were used in this study. The 1H NMR spectral assign-
ments of all derivatives and the changes in the chemical

Table 1. Chemical shifts of the phenethylamines and *d values induced upon complexation with Diac-CD

Compound Arom. H Benzyl H CH-CH3 CH-CH3 N-CH3 N-CH2
(R,S)-Selegiline 7.296 2.802 3.094 3.870 1.174 2.847 4.000
(R,S)-Selegiline] Diac-CD 7.328 Èa 3.067 3.987 1.209/1.244 2.935 4.095

*d (ppm) 0.032 [0.027 0.117 0.035/0.070 0.088 0.095
Amphetamine 7.278 2.847 3.534 1.203 È È
Amphetamine] Diac-CD 7.304 2.914/2.950 3.608/3.654 1.235/1.245 È È

*d (ppm) 0.026 0.067/0.103 0.074/0.102 0.032/0.042
Norephedrine 7.359 4.865 3.593 1.095 È È
Norephedrine] Diac-CD 7.361 4.874/4.895 3.604 1.097 È È

*d (ppm) 0.002 0.009/0.030 0.011 0.002

a Hidden.

Figure 2. 1H NMR spectrum of amphetamine in the presence of Diac-CD. Asterisks indicate signals of Diac-CD.
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Figure 3. 1H NMR spectrum of norephedrine in the presence of Diac-CD.

shifts (*d values) induced by Diac-CD are given in
Table 1. In general, the signals of the CD and the
analytes were clearly separated. A signiÐcant shift of
almost all signals can be seen for all compounds, indi-
cating complexation between the CD and the phenethy-
lamines.

Almost all signals of the racemic amphetamine are
split in the presence of Diac-CD. Two sextets for the
N-methine hydrogen (at ca. 3.6 ppm) can be found (Fig.
2) ; one is very close to a CD signal, which makes an
integration of the signals very difficult. In addition, the
benzylic hydrogens (at ca. 2.9 ppm) show di†erent signal

Figure 4. 1H NMR spectrum of selegiline in the presence of Diac-CD (traces of ethyl acetate).
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patterns for each isomer, which supports the hypothesis
of a di†erent orientation of the enantiomers in the CD
cavity.19 Whereas the uncomplexed racemic amphet-
amine shows a simple doublet for the benzylic hydro-
gens and a sextet for the neighbouring methine
hydrogen, two doublets of doublets can be detected for
one isomer, indicating the inequivalence of the geminal
hydrogens in the case of CD complexation. The doublet
of high intensity for the other enantiomer gives evidence
of greater Ñexibility in the presence of the CD. The C-
methyl groups are split, but not well separated.

In the case of racemic norephedrine, the benzylic
hydrogen (at ca. 4.9 ppm) shows a splitting and com-
plete resolution upon complexation with Diac-CD (Fig.
3). Additionally, the CD signals are clearly separated
from the norephedrine signals. No other signal splitting
can be detected.

With the exception of the signals of the aromatic
hydrogens, all signals of the racemic selegiline are
strongly shifted and split in the presence of Diac-CD
(Fig. 4), indicating deep penetration of the molecule into
the torus of the CD. Whereas the benzylic hydrogens
and the hydrogens next to the nitrogen show unre-
solved signals upon complexation, the doublets of the

group at about 1.2 ppm are well separated. AC-CH3
Job plot utilizing the *d values of either the H-5 or
Diac-CD or of the chiral hydrogen of selegil-CH-CH3
ine (at ca. 3.9 ppm) revealed a deÐned 1 : 1 composition
of the selegilineÈCD complex (Fig. 5), which is in
accordance with the results obtained for the corre-
sponding phenethylamines.17 This Ðnding indicates the
reproducibility of the NMR method, which is impera-
tive for the analysis of the enantiomeric composition of
a drug upon complexation with a CD.

In order to check whether the integration of split
signals is suitable for determining the enantiomeric
composition of the drugs, deÐned mixtures of the enan-
tiomers (95 : 5, 97.5 : 2.5 and 98.75 : 1.25, corresponding

Figure 5. Job plot of selegiline in the presence of Diac-
CD. Abscissa: ratio of Diac-CD to selegiline (1 \ 1 : 4;
2 \ 1 : 2; 3 \ 1 : 1; 4 \ 2 : 1; 5 \ 4 : 1). Ordinate: *d values
of (a) hydrogens of Diac-CD and (b) hydrogens of selegil-
ine.

Table 2. Analysis of synthetic mixtures of (R)- and (S )-phenethylamines by 1H NMR
spectroscopy with Diac-CDa

Amount added Amount found
(ll) % of each enantiomer (% of each enantiomer)

Dexamphetamine rac.-Amphetamine S :R S :R
900 100 95 : 5 94.7 : 5.3
1900 100 97.5 : 2.5 97.2 : 2.8
1950 50 98.75 : 1.25 98.5 : 1.5

(S)-Norephedrine rac.-Norephedrine S :R S :R
900 100 95 : 5 94.4 : 5.6
1900 100 97.5 : 2.5 97.8 : 2.2
1950 50 98.75 : 1.25 98.86 : 1.14

(R)-Selegiline (S)-Selegiline R : S R : S
950 50 95 : 5 94.2 : 5.8
1950 50 97.5 : 2.5 97.5 : 2.5
1975 25 98.75 : 1.25 98.8 : 1.2

a All solutions were prepared with 12 mmol stock solutions of the single enantiomer or the racemate.
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to 90, 95 and 97.5% ee, respectively) of all compounds
and Diac-CD were prepared and 1H NMR spectra
recorded. In the case of amphetamine and nor-
ephedrine, the signals of the benzyl hydrogens, and in
the case of selegiline, the signal of the C-methyl groups
were used for integration and calculation of the enantio-
meric excess (Fig. 6). As can be seen from Table 2, the
results of the integration of the above-mentioned signals
are in fairly good accord with the weighed composition
of the enantiomers.

CONCLUSION

The conditions of NMR measurements that were pre-
viously optimized for other phenethylamines were

found to be appropriate for the discrimination of the
enantiomers of selegiline, amphetamine and nor-
ephedrine. In all these cases, signal groups could be
found for the determination of the enantiomeric purity.
Thus, CD derivatives and especially 2,3-diacetylated
CDs are powerful chiral solvating agents. Several gas
and high-performance liquid chromatographic and cap-
illary electrophoresis methods have recently been
reported for the determination of isomeric composition
of amphetamine and norephedrine22h27 and selegil-
ine.24,28 Since several parameters had to be optimized
when using such methods, e.g. temperature, eluent, deri-
vatization or modiÐer, method development takes a
long time. In addition, chiral columns, highly puriÐed
solvents and other chemicals can be costly. Taking these
disadvantages of the chromatographic and electro-
phoretic methods on the one hand and the robustness

Figure 6. 1H NMR spectra of the phenethylamine–Diac-CD (97.5 : 2.5) showing (a) the signals of benzyl hydrogens of
amphetamine, (b) the signals of benzyl hydrogens of norephedrine and (c) the signals of the methyl group of selegiline.

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 211È216 (1998)



216 M. THUNHORST AND U. HOLZGRABE

of NMR spectroscopy on the other into account, it can
be concluded that NMR spectroscopy should be con-
sidered more frequently in drug analysis.
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