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ABSTRACT Whereas the determination of high enantiomeric fractions (EF) of chi-
ral compounds is very well established, the accurate determination of small deviations
from racemic compositions has not yet received much attention despite its relevance to
studies dealing with the origin of homochirality, where only small initial enantiomeric
bias is expected. Racemic samples of representative a-amino acids were derivatized as
N-(O,S)-trifluoroacetyl/ethylesters and analyzed by enantioselective gas chromatogra-
phy (GC) on fused silica capillaries coated with the chiral stationary phases (CSPs)
Chirasil-D-Val, Chirasil-L-Val, and Lipodex E with GC/FID and GC/MS detection. The
validation (accuracy and precision) of the determination of the enantiomeric fraction EF
of the D-enantiomer in racemic or near-racemic compositions for 10 DL-a-amino acids
obtained from commercial sources has been carried out. Emphasis is given to DL-tyro-
sine, the enantiomers of which have recently been claimed to show different crystalliza-
tion properties. Values of EF obtained from GC measurements using CSPs were com-
pared with those from CE using chiral mobile phase additives. While the precision of
the GC method is generally better than 0.08% for all DL-a-amino acids studied, accuracy
(trueness) of determination of amino acids with polar side chains is poorer than
expected from the precision as a result of systematic errors. The accuracy determined
relied on measurements on two oppositely configurated CSPs. Chirality 19:401–414,
2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Enantioselective gas chromatography (GC)1 has devel-
oped into an indispensable tool for the determination of
enantiomeric composition (expressed throughout this pub-
lication as percent enantiomeric fraction of the D-enan-
tiomer: EF ¼ 100 [D]/[D þ L], or percent enantiomeric
excess of the D-enantiomer: ee ¼ 100 [D � L]/[D þ L]). It
has previously been stated2 that enantiomeric analysis
should be capable of dealing with two important border-
line cases: (i) the determination of minute amounts of
enantiomeric impurities, e.g. in the evaluation of the enan-
tioselectivity of enzymes and highly enantioselective asym-
metric syntheses, kinetic resolutions and ‘chirality pool’
syntheses, or in the determination of the ee of a-amino
acids in synthetic and natural peptides (ee > 99.9%) and
(ii) the determination of small enantiomeric excesses, e.g.
in experiments devoted to the amplification of enantio-
meric bias under prebiotic conditions (ee � 0%). There
appear to be no validated studies available on the limit in

determining minute deviations from a truly racemic com-
position by currently available techniques such as chiropti-
cal methods, NMR spectroscopy employing chiral solvat-
ing agents (CSAs), chromatography using chiral mobile
phase additives (CMPAs) and chiral stationary phases
(CSPs), and capillary electrophoresis employing CMPAs.3

While ‘single-molecule chirality’ (ee ¼ 100%)4,5 and the
excess of one enantiomer present in an uneven number of
a few molecules of a racemate is not considered here,
even the statistical fluctuation at 68% confidence level
amounting to an excess of 2.5 3 1012 molecules of one
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enantiomer per mole of racemate (ee ¼ 7.5 3 10�10%)
appears to be well below any analytical detectability.
However, minute enantiomeric excesses can be identi-
fied indirectly by autocatalytic amplification reactions.6,7

Thus a slight enantiomeric imbalance of D- or L-leucine
(ee * 2%) obtained via photolysis with right or left circu-
larly polarized light and used as initiator led to a high
enantiomeric excess of the product in the autocatalytic
Soai reaction.8,9 Even few molecules of one enantiomer
in an excess of the racemate were found to control the
enantiomeric outcome in a random-chance stochastic
process, leading to high product enantiomeric excess in
the Soai transformation.10 Consequently, Mislow pro-
posed a new definition of absolute asymmetric synthesis
as \the formation of enantiomerically enriched products
from achiral precursors without the intervention of chiral
chemical reagents or catalysts."6 The Soai reaction has
recently been proposed as a general enantioenrichment
detection system.11

Quantitation of nearly racemic compositions is also im-
portant in the verification of enantiomeric enrichments
caused by physical forces, should they in fact occur. The
alignment of dipoles of prochiral molecules parallel or anti-
parallel to a magnetic field in conjunction with a chiral
autocatalytic process has been suggested to cause (a still
elusive) enantiomeric bias of a product in an absolute
asymmetric reaction.12 The parity violation energy differ-
ence (PVED) leads to a minute bias in the intrinsic energy
of the enantiomers of a chiral compound and to a slight
predominance in the abundance of one of the enantio-
mers.13 Calculations of PVED14 suggest that L-a-amino
acids possess a lower intrinsic energy than their D-counter-
parts (in the order of 10�13–10�14 J/mol) which can obvi-
ously not be detected by existing analytical methods.
Nonetheless there have been claims of differences in the
physicochemical properties of the D- and L-enantiomers of
a-amino acids and these measured differences were tenta-
tively ascribed to PVED, e.g. by Hodge et al.15. It has also
been suggested that, as a result of an amplification pro-
cess, PVED could manifest itself in differing crystallization
characteristics of enantiomers and several attempts have
been made to detect this postulated phenomenon.16,17 Shi-
nitzky et al.18 also claimed to have observed a PVED in
the crystallization of racemic tyrosine, whereby the D-enan-
tiomer precipitated preferentially thus leaving the L-enan-
tiomer enriched in the mother liquor, a finding which
could not be reproduced and was hence disputed
recently.19 Nemoto et al. found differences in the rate of
racemization of the enantiomers of a-amino acids in water
when subjected to steep thermal gradients, whereby L-ala-
nine was apparently less prone to racemization than D-ala-
nine.20 Recently Shinitzky et al. reported on differences in
the measured circular dichroism (CD) spectra and the iso-
thermal titration calorimetry traces of poly D- vs. poly-L-glu-
tamic acid, as well as poly-D- vs. poly-L-lysine (24-mers),
attributing the differences to the PVED between the enan-
tiomers.21 All these claims require reliable and precise an-
alytical methods to quantify small enantiomeric excesses
at near racemic composition, a fact which has been some-
what neglected in the pertinent publications.

The precise determination of measurable deviations
from racemic compositions is also of paramount interest in
the search for homochirality in extraterrestrial environ-
ments in ongoing space-related campaigns, i.e., the
Rosetta mission,22 or in forthcoming space explorations
such as Chirons of Titan23 and Exo-Mars.24,25 Because the
enantiomers of a-amino acids are prone to racemization
over the course of time, the ee of extraterrestrial amino
acids, had it in fact originally existed, could well be mi-
nute. When only trace amounts of proteinogenic a-amino
acids are available for analysis as in the case of extraterres-
trial materials brought to earth, the determination of mi-
nute deviations from true racemic composition is also ham-
pered by the omnipresence of biogenic material in the lab-
oratory environment. Armstrong et al.26 concluded that in
trace analysis contamination of a sample with even minute
amounts of microscopic aerosol/dust tends to produce
artificially elevated levels of L-a-amino acids. This problem
is presumably still present in extraterrestrial analysis since
the space laboratory can also be expected to be contami-
nated with terrestrial material containing predominantly L-
a-amino acids. Finally, there is mounting evidence that
commercial chiral compounds labeled as racemates are
measurably nonracemic when they are obtained by race-
mization of optically active material. This is often the case
for a-amino acids that are likely obtained by racemization
of natural L-a-amino acids. Since the course of this process
is asymptotic and truly racemic compositions are only
attained after infinite time of racemization, a small but
measurable ee of the L-a-amino acid originally present is
expected. Thus, in situations where the use of a racemate
instead of the oppositely configurated enantiomer as inter-
nal standard for quantitation by the method of enantiomer
labeling27 is required, the absence of a deviation from 1:1
enantiomeric composition of the internal racemic standard
must be rigorously established.

A methodological requirement common to all investiga-
tions aforementioned is the exact determination of the enan-
tiomeric fraction EF (or enantiomeric excess ee) of chiral
compounds at the near-racemic enantiomeric composition.
In previous work, the determination of a small deviations
from the true racemic composition has been performed by
inadequate means, leading to an unreliable conclusion.
Thus the claim of asymmetric synthesis in a rapidly spin-
ning reaction vessel utilizing chiral gravitational fields,28 dis-
puted on theoretical grounds,29,30 was solely based on few
milli degrees of optical rotation whereby inherent polarimet-
ric fluctuations were ignored. Polarimetry may only be con-
sidered for the screening of near-racemic mixtures when
the compound in question exhibits an exceedingly large op-
tical rotatory power. For example in the photochemical
asymmetric synthesis of hexahelicene from stilbene precur-
sors utilizing circularly polarized light,31–33 the huge specific
rotation of hexahelicene ð½a�24D 3640 ðCHCl3ÞÞ left no doubt
about the accomplishment of an enantiomeric bias even
though the observed optical yields were very low (P about
1%).34 However in the case of a-amino acids, which gener-
ally possess specific rotation values in water of <50 and
these also being pH-dependent, measurement of the specific
rotation is certainly insufficiently sensitive to detect small
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deviations from a truly racemic composition. Shinitzky et al.
used either polarimetry or a combination of UV absorption
and radioactivity using tritiated L-tyrosine to measure the
enantiomeric composition of tyrosine,18 while Nemoto et al.
separated diastereomers of alanine, formed by precolumn
derivatization with a chiral reagent, by HPLC 20. In both pub-
lications a relatively high standard deviation was reported
and in addition no attempt was undertaken to validate the
analytical methods used.

The earliest reported validation of the direct separation
of enantiomers of a-amino acids including a racemic sam-
ple is due to Bonner et al.35 These authors used both a
packed column and a steel capillary coated with the chiral
stationary phase N-lauroyl-L-valine-tert-butylamide to sepa-
rate the enantiomers of leucine as their N-trifluoroacetyl/
2-propylesters by GC. For a racemic sample of leucine an
EF for D-leucine of (50.12 6 0.17)% was determined. The
advantage of the use of oppositely configurated CSPs for
reliable determination of the enantiomeric composition
was first demonstrated by Bonner and Blair.36 However,
analyzing L-leucine (as N-trifluoroacetyl/2-propylester) of
high enantiomeric purity on D- and L-N-docosanoyl-L-valine-
tert-butylamide as chiral selectors, the authors observed a
discrepancy in the EF as measured on the enantiomeric
CSPs, which was considerably larger than the standard
deviation of the determination (EF 0.78% 6 0.04% D-leucine
on the L-phase vs. EF 0.95% 6 0.03% D-leucine on the D-
phase), indicating a small but significant systematic error,
i.e. a DEF of 0.17%. In investigations aimed at high accu-
racy determination of the enantiomeric fraction of valine
(N-trifluoroacetyl/methylester) in connection with ques-
tions of the influence of PVED in distillations, Trettin37

analyzed valine samples containing 10% D-valine on the op-
positely configurated CSPs Chirasil-D-Val38 and Chirasil-L-
Val27. Under optimum conditions of detection and integra-
tion, the measured values of the same sample on the enan-
tiomeric CSPs (EF 10.076% 6 0.038% D-valine on the L-
phase vs. EF 10.067% 6 0.021% D-valine on the D-phase),
i.e. a DEF of 0.009% lay well within the precision of mea-
surement (r ¼ 0.021%–0.038%). Although these samples
were not racemates, more or less similar accuracy and pre-
cision can be expected for racemic valine.

Here we investigate the accuracy and precision of the
determination of the enantiomeric fractions EF of repre-
sentative DL-a-amino acids with an enantiomeric excess
<1% by GC of their N(O)-trifluoroacetyl/ethylester deriva-
tives on various CSPs. Special emphasis is placed on tyro-
sine, the compound used by Shinitzky et al. in crystalliza-
tion experiments.18 Some inherent sources of errors in the
gas-chromatographic separation of enantiomers on CSPs
are also discussed.39

In further studies, the merit and limit of enantioselective
chromatography for determining small deviations from ra-
cemic compositions of other classes of chiral compounds
should be explored. This applies for example to chiral per-
sistent organic pollutants (POPs) that are released as syn-
thetic racemates in the environment but are prone to enan-
tioselective degradation in biota40 allowing the specific
fate of chiral pesticides in the environment to be traced.
Some initial data have already been published in the litera-

ture.41,42 Another study involves the unexpected accumula-
tion of S-(þ)-isoflurane (2-chloro-2-(difluoromethoxy)-1.1.1-
trifluoroethane) with EF ¼ 52% (mean) after anesthesia in
humans with the racemate,43 whereby the gas-chromato-
graphic enantioseparation of synthetic racemic isoflurane
on different cyclodextrin CSPs was carefully validated.44 A
similar validation for racemic desflurane (2-(difluorome-
thoxy)-1.1.1.2-tetrafluoroethane) was performed.45

MATERIALS AND METHODS
Materials

DL-a-amino acids were purchased from various sources:
DL-tyrosine samples were from Serva Feinbiochemica (Hei-
delberg, Germany) and Fluka (Buchs, Switzerland), DL-
ornithine and DL-lysine from Fluka, DL-leucine from Schu-
chardt (München, Germany), DL-alanine from Merck
(Darmstadt, Germany) and Serva, DL-serine and DL-phenyl-
alanine from Serva, and DL-aspartic acid, DL-proline, and DL-
cysteine from Sigma-Aldrich (Taufkirchen. Germany). D-
and L-tyrosine, (both puriss., �99.0%) were obtained from
Fluka (Buchs, Switzerland). The recrystallization of DL-ty-
rosine (Fluka) is described later. Ethanol (abs.) was from
Riedel-de-Haen (Seelze, Germany), acetyl chloride from
Fluka and trifluoroacetic anhydride (*99%) from Sigma-
Aldrich, and HPLC grade water from Fisher Scientific
(Schwerte, Germany).

Recrystallization of DL-Tyrosine

DL-tyrosine (Fluka recrystallized). A 5.6 mmol/l solu-
tion of DL-tyrosine (Fluka) in HPLC grade water was
heated at 1008C for 30 min, filtered through a membrane
filter and kept for 10 days at room temperature plus a fur-
ther 17 days at 48C. A single crystal was removed with
tweezers, washed with HPLC grade water, and dried at
1108C under a stream of dinitrogen. Approximately 5 mg
of the crystal was derivatized as N,O-TFA/ethylester as
described later.

DL-tyrosine (Fluka, 43 recrystallized). A 17.1 mmol/l
solution of DL-tyrosine (Fluka) in HPLC water was heated
at 1008C and kept at room temperature for 12 h and a fur-
ther 4 days at 48C. The crystals were filtered off and
washed with HPLC grade water. This procedure was
repeated three times. The finely divided crystals were lyo-
phylized and *5 mg were derivatized as N,O-TFA/ethyl-
ester as described later.

Derivatization

The DL-a-amino acids were sequentially esterified (200
ll of 15% acetyl chloride/ethanol (anhydr.)/1108C/30 min)
and trifluoroacetylated (100 ll dichloromethane and *50
ll trifluoroacetic anhydride/1108C/10 min). Excess rea-
gent was removed by a stream of dinitrogen (at 1108C af-
ter esterification and at room temperature after acylation).
Derivatized samples were taken up in toluene for analysis
by GC.
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Enantioselective Gas Chromatography

Gas-chromatographic measurements were carried out
using a Hewlett-Packard 5890 gas chromatograph (Agilent
Technologies, Waldbronn, Germany) with split injection
(2208C, split flow ¼ 50 ml/min) and flame ionization detec-
tion (2408C). Dihydrogen was used as carrier gas. Signals
were processed with a Clarity integration system (Data-
Apex, Prague, Czech Republic).

GCMS was performed with a Hewlett-Packard 6890/
5973 MSD (Agilent Technologies, Waldbronn, Germany)
operating in the selected ion mode (m/z 140 for alanine
and m/z 288 for tyrosine) with EI ionization. The separa-
tion capillary was interfaced to the MS via an open-split
coupling employing a 35 cm 3 0.1 lm deactivated fused
silica coupling capillary. Helium was used as carrier gas.
Data acquisition and integration were performed with the
Agilent Chemstation hard- and software.

All CSPs [Chirasil-L-Val,27 Chirasil-D-Val,38 and Lipodex
E46 (octakis (3-O-butanoyl-2,6-O-di-n-pentyl)-g-cyclodex-
trin)] and all capillary columns were prepared in-house.

Duran 50 glass capillaries were leached with 30% HNO3

overnight at 1808C, fused silica capillaries were leached
with 1 mol/l KOH at room temperature followed by 30%
HNO3 at 2108C for 18 h. After rinsing with one column vol-
ume of 0.1% HNO3, the leached glass or fused silica capil-
laries were dried at 2808C, dynamically coated with diphe-
nyltetramethyldisilazane, evacuated for at least an hour,
sealed under vacuum and heated to 2808C for 4 h. After
washing with toluene, methanol, and diethylether, the
capillaries were statically coated.47 The capillary columns
used are listed in Table 1.

Enantioselective Capillary Electrophoresis

Capillary-electrophoretic measurements were carried out
using a Lauerlabs Prince instrument (Kassel, Germany) and
UV var detector (200 nm) (Chrompack, Middelburg, Neth-
erlands). Signals were processed with an Agilent CE 3D-CE
Chem Station (Agilent Technologies, Waldbronn, Germany).
A 70.5 cm (effective length 50 cm) 3 50 lm (I.D.) uncoated
fused silica capillary was used. Underivatized DL-tyrosine
(Serva, 1 mg/ml in 0.1 mol/l HCl) was introduced by pres-
sure-injection (2 sec, 50 m bar). The voltage was þ25 kV
(48–52 lA). The buffer consisted of 50 mmol/l phosphate

(KH2PO4/H3PO4) at pH 2.5, plus either 1% (¼4.3 mmol/l)
of highly sulfated g-cyclodextrin (HS-g-CD, Michigan Diag-
nostics, LLC, Troy, MI) or 30% (¼254 mmol/l) 2-hydroxy-
propyl-a-cyclodextrin (2-HP-a-CD, Fluka Chemie, Buchs,
Switzerland). Between runs, the capillary was rinsed for 5
min with NaOH solution (0.1 mol/l) followed by backround
electrolyt at 1 bar48.

Abiotic Synthesis of Racemic Tyrosine

Acetylglycine49. One mol (75 g) glycine was dissolved
in 300 ml water and treated in portions with 2 mol (198
ml) acetanhydride. The warmed-up mixture was stirred for
30 min, concentrated to half of its volume with a rotary
evaporator and crystallized overnight by cooling. The pre-
cipitate was filtered-off and was dried using a rotary evapo-
rator. A white powdered product was formed.

Yield: 82 g (0.7 mol, 70% of theory).
NMR (ppm): 1H: 1.84 (s, CH3); 3.70 (d, CH2, J ¼ 5.96);

8.13 (s, NH); 12.48 (s, COOH).
13C: 22.56 (CH3); 40.92 (CH2); 170.09 (CO); 171.77

(COOH).
mp 207–2088C.

Azlactone [4-(4 0-methoxybenzylidene)-2-methyloxa-
zolin-5-one]50. 0.8 mol (110 g) 4-methoxybenzaldehyde
(anisaldehyde), 0.32 mol (32.7 g) sodium acetate, and 2.6
mol (246 ml) acetanhydride were mixed with 0.9 mol
(108.3 g) acetylglycine and melted for 1 h at 1008C fol-
lowed by stirring for 3 h at 708C. Afterwards the mixture
was poured into 1.5 l of �308C cold methanol. The precipi-
tated orange material was immediately collected on a frit
and two times washed with �108C cold methanol/water
(9:1 v/v) and dried with H2SO4 and then with KOH.

Yield: 123 g (0.57 mol, 70% of theory).
NMR (ppm): 1H: 2.14 (s, CH3); 3.79 (s, OMe); 7.01 (s,

CH); 6.88 (m, C6H4, J ¼ 8.93); 7.99 (m, C6H4, J ¼ 8.85).
13C: 15.12 (CH3); 54.96 (OMe); 113.94 (C6H4), 133.76

(C6H4); 129.81 (CH); 167.58 (COOH); 164.34 (C��OMe);
161.55 (C��CH3); 130.81 (C¼¼CH) 125.534 (C6H4��C).

mp 112–1148C.

N-acetyl-4 0-methoxyphenylalanine by ring-opening
and hydrogenation. Azlactone (30 mmol, 6.6 g) was
stirred overnight in an aqueous NaOH (1.2 g in 30 ml

TABLE 1. Enantioselective capillary columns used in this investigation (all capillaries were prepared in-house)

Symbol Stat. phase Length diameter, material Film thickness (lm)

A Chirasil-D-Val 20 m 3 0.25 mm, FS (deact.) 0.13
B Chirasil- D-Val 25 m 3 0.25 mm, FS (deact.) 0.13
C Chirasil-L-Val 20 m 3 0.30 mm, glass (deact.) 0.15
D Chirasil-L-Val 20 m 3 0.25 mm, FS (deact.) 0.13
E Lipodex E 20 m 3 0.25 mm, FS (deact.) 0.13
F Lipodex E 22 m 3 0.25 mm, FS (deact.) 0.13
G Lipodex E 20 m 3 0.25 mm, FS (deact.) 0.13

Chirasil-D-Val: dimethylpolysiloxane-linked n-propanoyl-D-valine tert-butyl amide; Chirasil-L-Val: dimethylpolysiloxane-linked n-propanoyl-L-valine tert-butyl
amide; Lipodex E: 30% Octakis-(3-O-butanoyl-2,6-di-O-n-pentyl)-g-cyclodextrin in PS255 (dimethylpolysiloxane).
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H2O) and the clear solution was extracted three times
with diethylether. The aqueous solution was hydrogenated
with Raney-nickel at 25 bar dihydrogen at 308C in an auto-
clave. Dihydrogen (22.5 mmol) were consumed. After fil-
tration of the catalyst, the mixture was three times
extracted with diethylether and acidified with 2 N-hydro-
chloric acid. The precipitate was filtered off and dried.

Yield: 4.8 g (20.2 mmol, 69% of theory).
NMR (ppm): 1H: 1.77 (s, CH3); 2.70–2.99 (m, CH2);

4.31–4.33 (m, CH); 3.70 (s, OMe); 6.82 (m, C6H4, J ¼
8.48); 7.12 (m, C6H4, J ¼ 8.48); 8.15 (d, NH, J ¼ 38.16).

13C: 22.63 (CH3); 37.39 (CH); 52.20 (CH2); 55.26 (OMe);
113.89 (C6H4); 130.37 (C6H4); 129.83 (C6H4��C); 158.18
(C��OMe); 169.54 (COCH3); 173.55 (COOH).

mp 118–1208C.

Cleavage of the methyl group to give tyrosine HCl
(4 0-hydroxyphenylalanine HCl). Hydrogenated product
(4.8 g; 20.2 mmol) was boiled in 50 ml concentrated hydro-
chloric acid and 5 g sodium iodide overnight. The nearly
colorless solution was extracted three times each with eth-
ylacetate and diethylether and concentrated to dryness.
The residue was extracted three times with methanol, con-
centrated to one third of its volume, and precipitated with
diethylether. The precipitate formed was collected and
dried. It contains 10% phenylalanine hydrochloride as an
impurity formed upon the previous hydrogenation with
Raney-nickel as determined by GC.

Yield: 3.0 g (13.8 mmol, 68% of theory).
NMR (ppm): 1H: 3.01 (d, CH3, J ¼ 5.15); 4.052 (m, CH);

8.353 (s, NH); 9.427 (s, OH); 6.72 (d, C6H4, J ¼ 7.64); 7.05
(d, C6H4, J ¼ 7.72).

13C: 34.84 (CH2); 53.36 (CH); 115.34 (C6H4); 130.47
(C6H4); 124.57 (C6H4��CH2); 156.57 (C��OH); 170.36
(COOH).

All NMR-spectra were taken in DMSO.

RESULTS AND DISCUSSION
Choice of the Enantioselective Gas-Chromatographic

Method

In principle, two approaches can be utilized for the anal-
ysis of the enantiomeric composition of DL-a-amino acids
by GC: (i) derivatization with a chiral auxiliary and separa-
tion of diastereomers on an achiral stationary phase or (ii)
derivatization with achiral reagents and separation of the
enantiomers on a chiral stationary phase. The indirect
method of separation of diastereomers has several short-
comings, which limit its use for the determination of small
enantiomeric excesses. These include the requirement of
quantitative enantiomeric purity of the derivatizing agent,
complete absence of racemization of both reaction part-
ners in the course of derivatization, identical reaction
kinetics of both enantiomers with the chiral auxiliary, and
an unbiased detector response to diastereomers. On the
other hand, with the direct chromatographic separation of
enantiomers on a CSP, the above factors are irrelevant
except for the possibility of racemization of the analyte
which, however, is less stringent since slight racemization
(known from derivatization of enantiopure a-amino acids

to be less than 0.1%51) does not measurably bias the
results of a nearly racemic sample. Thus achiral derivatiza-
tion of a-amino acids followed by separation on a CSP
would appear to be the only viable gas chromatographic
method.

The following characteristics are considered important
for the accurate determination of the enantiomeric fraction
EF of the D-enantiomer in a nearly racemic DL-a-amino
acid by GC: (i) sufficiently high resolution factors Rs per-
mitting overloading of the column to enhance the S/N ra-
tio without peak overlap, (ii) involatility of the chiral sta-
tionary phase at elevated temperatures, since bleeding
increases the baseline noise, which affects the scatter of
results and leads to higher standard deviations, (iii) com-
plete inertness of the CSP and (deactivated) capillary
inside surface toward the chosen derivatives, and (iv) the
availability of the oppositely configurated CSP to verify the
results by reversing the order of elution for enantiomers.

The enantioseparation of derivatized DL-a-amino acids
by GC on several CSPs has been described. Of these,
Chirasil-Val 27,38 and Lipodex E (octakis(3-O-butanoyl-2,6-
O-di-n-pentyl)-g-cyclodextrin)46 have found the widest ap-
plication.52 In terms of enantioselectivity, these stationary
phases are more or less equivalent, with Chirasil-Val in
the advantage for the aromatic a-amino acids phenylala-
nine, tyrosine and tryptophan, and Lipodex E superior for
proline. Lipodex E, especially when diluted in a dimethyl-
polysiloxane gum (e.g. SE 30 or PS 255), generally shows
a somewhat lower bleeding than Chirasil-Val and it is not
prone to configurational change during long-term usage.
On the other hand, in contrast to Chirasil-Val, Lipodex E is
unfortunately not available in the oppositely configurated
all-L-form. This aspect is a distinct disadvantage. In the
future, this shortcoming may be overcome by the use of
derivatized linear dextrins, which are capable of resolving
DL-a-amino acid derivatives and are more readily available
in both all-D and all-L-forms.53

Choice of Derivatives

The gas-chromatographic enantioseparation of a-amino
acids requires derivatization.54 In principle several differ-
ent types of derivatives of a-amino acids can be employed
on either Chirasil-Val or Lipodex E, or both 52. For the pur-
pose of precise measurement of the enantiomeric composi-
tion of single DL-a-amino acids, maximum resolution of
those a-amino acids with poor enantioselectivity values to-
gether with maximum stability of the derivatives under
GC conditions will determine the choice of derivatives. In
addition the volatility of the derivatives can play a role
since the higher the elution temperature, the higher is the
bleed of the CSP and correspondingly the detector noise,
making accurate integration of peaks more difficult.
According to our experience the N-perfluoroacyl/alkyles-
ter derivatives represent the optimal choice on account of
their comparatively high volatility and the enantioselectiv-
ity obtainable with the available CSPs.

When the enantiomeric composition of a-amino acids
must be determined in the presence of other a-amino
acids, the question of separation of individual amino acids
from each other must also be considered when choosing
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the derivatization strategy.52 Although N-pentafluoropro-
pionyl (PFP) derivatives possess a somewhat higher
hydrolytic stability, the N-trifluoroacetyl (TFA) derivatives
are preferred because the enantioselectivity towards TFA
derivatives is always higher and the purity of commercial
TFAA is superior to that of PFPA, which can contain
mixed TFA/PFP anhydride, thus leading to satellite peaks,
which can interfere by coelution with the principal deriva-
tives.52 With regard to the ester component, on Chirasil-
Val, the best separation of all a-amino acid enantiomers
were obtained in the form of their n-propyl esters, while
the ethyl esters are preferable on 30% Lipodex E/70% PS
255.52 The choice of derivatives is thus closely related to
the choice of the CSP. In the present investigation involv-
ing only single DL-a-amino acids, the N(O,S)-TFA/ethyl-
ester derivatives were used throughout on all CSPs.

Accuracy of Measurement

In this work, accuracy, i.e. the degree of coincidence of
a measured mean value with that considered to be the
true value, was evaluated by employing different enantio-
selective methods and different chiral selectors for the
analysis of DL-tyrosine (Serva) in the following hierarchical
sequence: (i) comparison of enantioselective CE (using
underivatized tyrosine) vs. enantioselective GC (using
derivatized tyrosine), (ii) comparison of enantioselective
CE employing the CMPAs 2-HP-a-CD and HS-g-CD, (iii)
comparison of enantioselective GC employing the CSPs
Lipodex E vs. Chirasil-Val, and (iv) comparison of enantio-
selective GC employing the oppositely configurated CSPs
Chirasil-L-Val vs. Chirasil-D-Val. The results are listed in
Table 2.

Typical chromatograms and electropherograms featur-
ing the enantioseparation of DL-tyrosine (Fluka) are shown
in Figure 1. In enantioselective CE, on-column detection is
performed in the presence of the chiral selector employed
as CMPA during the separation. Therefore, the peak areas
have to be correlated with the retention times.55 Although,
the extinction coefficient of enantiomers can be different
in the presence of a chiral selector,56 it is assumed that
this effect is negligible for tyrosine and cyclodextrin selec-
tors upon UV-detection. Indeed, the comparison of the

data for CE vs. GC shows a very good agreement except
for Lipodex E. The large standard deviation and the dis-
crepancy in the absolute value of EF measured on Lipodex
E is most likely caused by the low resolution factor of the
enantiomers of the N,O-TFA ethylester of tyrosine on the
cyclodextrin selector by GC (cf. Table 2). The slightly
higher standard deviation in CE as compared with GC
may be the result of UV-detection and/or the lower S/N
ratio (cf. Fig. 1). The small standard deviation of the mean
enantiomeric fraction (49.70 6 0.11)% obtained by mea-
surement with these four different methods (excluding
Lipodex E) is an indication that accuracy is high. The devi-
ation from the expected EF ¼ 50.0% margin suggests that
the commercial DL-tyrosine sample (Serva) is not truly ra-
cemic but in fact contains a slight excess of the L-enan-
tiomer (vide infra). Therefore, additional specimens of
‘racemic’ DL-tyrosine were screened. Thus, a DL-tyrosine
sample obtained from Fluka was measured (i) as received
(ii) after one recrystallization (Fluka, 13 recryst.), and (iii)
after four recrystallization steps in HPLC grade water
(Fluka, 43 recryst.). Here, measurement was restricted to
the oppositely configurated CSPs Chirasil-L-Val and Chira-
sil-D-Val since these proved to yield results of acceptable
accuracy (vide infra).

DL-tyrosine (Fluka) was measured on Chirasil-D-Val (EF
¼ 49.50% 6 0.05%, n ¼ 6) and on Chirasil-L-Val (EF ¼
49.56% 6 0.05%, n ¼ 12) (Table 3). The agreement of the
values obtained on the oppositely configurated CSPs is
high (DEF ¼ 0.06%). Here also a preponderance of the L-
enantiomer is found. Therefore, the sample was recrystal-
lized slowly over a period of several weeks from a dilute
(5.6 mmol/l) solution (Fluka, 13 recryst.) and a single
crystal was investigated. The EF of the D-enantiomer
increased to 49.86% when measured on Chirasil-L-Val and
49.74% when measured on Chirasil-D-Val. Finally, the sam-
ple was recrystallized four times from a solution contain-
ing 17.1 mmol/l (Fluka, 43 recryst.) and the EF of the D-
enantiomer in these crystals was not further increased,
i.e., EF ¼ 49.83% 6 0.05%, n ¼ 6 on Chirasil-D-Val and EF
¼ 49.91% 6 0.05%, n ¼ 12 on Chirasil-L-Val. The difference
in the measured DEF on the oppositely configurated CSPs
was generally *0.08%. According to these measurements,
DL-tyrosine recrystallized four times still does not display
the expected EF ¼ 50.0%. At this point it cannot be
decided whether this is indicative of an inherent nonrace-
mic commercial sample or to a systematic error of the
measurement.

Incidentally, the results obtained with recrystallized
samples of DL-tyrosine confirm our earlier finding19 that
crystallization of DL-tyrosine yields more truly racemic
crystals and does not lead to an enantiomeric bias, in con-
trast to a report of Shinitzky et al.18. These authors claim
that in water the solubility of D-tyrosine is lower than L-ty-
rosine, with the consequence that from aqueous solutions
of DL-tyrosine, the D-enantiomorph precipitates preferen-
tially, leaving the solution enriched with the L-enantiomer.
This phenomenon they attributed to a parity violating
energetic difference (PVED) between enantiomorphous D-
and L-crystals of tyrosine. No such effect is observed by
the present carefully validated gas-chromatographic meas-

TABLE 2. Comparison of the EF of the D-enantiomer
of DL-tyrosine (Serva) as determined by GC (FID) of the

N,O-TFA/ethylester derivative using three CSPs and by CE
(UV detection) of underivatized tyrosine using two CMPAs

DL-tyrosine (Serva)

EF r n Rs

GC
Chirasil-D-Val (A) 49.72 0.10 10 6.39
Chirasil-L-Val (C) 49.84 0.07 10 4.34
Lipodex E (F) 50.90 1.08 6 2.35

CE
2-HP-a-CD 49.67 0.36 4 3.39
HS-g-CD 49.57 0.15 10 7.21

Mean: (49.94 6 0.55)%.
Mean (excluding Lipodex E): (49.70 6 0.11)%.
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urements of DL-tyrosine (Fluka, 13 recryst. and 43 re-
cryst.).

In validation studies, accuracy should be determined
with certified standards. To our knowledge, DL-a-amino
acids with a certified exact enantiomeric composition are
not available. As proteinaceous DL-a-amino acids are usu-
ally produced by racemization of the L-enantiomers
obtained from natural sources, an excess of the L-enan-
tiomer is indeed to be expected if the racemization has not
gone to completion. Considering the asymptotic course of
the reaction, a truly racemic mixture is attained only after
an infinite reaction time. For this reason it cannot be
assumed that commercial samples of DL-a-amino acids
are indeed truly racemic [above the statistical bias (vide

supra)]. Unfortunately, no differentiation can be made at
this point between an enantiomeric bias of a DL-a-amino
acid produced by racemization of single enantiomers and
a systematic error of the gas-chromatographically deter-
mined EF values. However, a truly racemic mixture can be
expected to result from an abiotic synthesis in an achiral
environment employing strictly achiral educts. To avoid
enantiomeric bias via traces of chiral contamination from
the laboratory environment,26 a large-scale synthesis of DL-
tyrosine hydrochloride according to Figure 2 was carried
out.

Although not chemically pure as the yellow-orange sam-
ple contained *5% DL-phenylalanine (Fig. 3), the DL-tyro-
sine thus obtained is expected to be truly racemic within

Fig. 1. Chromatograms and electropherograms of DL-tyrosine (Fluka). Left: GC of the N,O-TFA/ethylester derivatives on three different CSPs. Right:
CE of underivatized tyrosine on two different CMPAs.
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the boundaries of statistic stochastic distribution (vide su-
pra). For example, six separately derivatized (N,O-TFA/
ethylester) samples (b)–(g) of this material were meas-
ured in triplicate on Chirasil-L-Val (column C). The mean
of all measurements was (50.00 6 0.06)% (Table 4) as
expected for a truly racemic composition.

However, the data also show that due to fluctuations of
unknown origin, a multitude of measurements is neces-
sary to arrive at this result. This is illustrated by measure-
ments repeated later by a different analyst. Thus, a singly
derivatized sample of synthetic DL-tyrosine (a) was meas-
ured on Chirasil-L-Val yielding EF ¼ 50.03% 6 0.06%, n ¼
10 and on Chirasil-D-Val affording EF ¼ 50.10% 6 0.07%,
n ¼ 10. Surprisingly, the same sample (a) gave a large
EF ¼ 54.09% 6 0.42%, n ¼ 10 on Lipodex E (Table 4). This
low accuracy may be caused by the lower resolution factor
(Rs ¼ 2.35 according to Table 2) or by an unknown sys-
tematic error. It serves as a stern warning not to rely on
just one measurement, which in the present case would
imply an enantiomeric bias in a sample which is in fact ra-
cemic!

In regard to a recent claim by Nemoto et al.20 of differ-
ences in the rate of racemization of D- and L- alanine in a
hydrothermal environment, which they attributed to the
PVED, it seemed appropriate to validate the determination
of the EF of the aliphatic a-amino acid DL-alanine by GC-
FID and by GC-MS. Samples of DL-alanine (from Merck
and Serva, respectively) were investigated as N-TFA/ethyl-
esters on both Chirasil-D-Val and Chirasil-L-Val and on Lip-

odex E. Two samples (a) and (b) from each of the two sup-
pliers were measured four times by GC-FID and five times
by GC-MS (only Chirasil-L-Val) in the SIM mode. The
results are listed in Table 5.

Despite the absence of labile groups of derivatized DL-al-
anine, the values of EF determined on Chirasil-D- and L-Val
and Lipodex E differ by up to 0.16%. This deviation must
be ascribed to an unexplained systematic error. In contrast
to DL-tyrosine (Table 4), the EF of DL-alanine determined
on Lipodex E is compatible with that measured on Chira-
sil-Val (Table 5).

Precision of Measurements

Precision is used here as a term for repeatability or
reproducibility estimated by the standard deviation around
the mean as result of random (not systematic) errors
when measuring replicate samples. Precision is affected
by numerous parameters, among others the injector type,
injector design and injection technique employed, elec-
tronics of detection, purity and regulation of the burning
gases for the FID, quality of the integrator, in particular
the resolution of the A/D converter, integration parame-
ters used, and in cases of low enantioselectivity, the reso-
lution of the two enantiomeric peaks. As far as possible for
a routine GC laboratory, the earlier factors were addressed
and optimized in the present investigation. In Tables 2–4
the high precision as judged from the low standard devia-
tions observed in the present enantioselective GC system
is already evident for DL-tyrosine (except for Lipodex E)

TABLE 3. Measurement of the EF of the D-enantiomer of four DL-tyrosine samples (Fluka, Fluka 133 and 433 recrystallized
and synthetic), determined as the N,O-TFA/ethylester derivatives by GC (FID) on Chirasil-D- and L-Val

DL-tyrosine (Fluka)
DL-tyrosine

(Fluka, 13 recryst.)
DL-tyrosine

(Fluka, 43 recryst.)
DL-tyrosine
(synthetic)

EF r n EF r n EF r n EF r n

Chirasil-D-Val
49.50 0.05 1 3 6 49.74 0.03 3 3 5 49.83 0.05 1 3 6 49.90 0.03 3 3 4(A)

(B) 49.77 0.08 1 3 10 50.10 0.07 1 3 10
Chirasil-L-Val

49.56 0.05 1 3 12 49.86 0.07 3 3 5 49.91 0.05 1 3 12(D)
49.92 0.06 1 3 10 50.03 0.06 1 3 10(D)

(C) 49.76 0.05 1 3 10 50.00 0.06 6 3 3

Fig. 2. Abiotic synthetic pathway to racemic DL-tyrosine hydrochloride.
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and in Table 5 for DL-alanine. To widen the scope of this
investigation, a number of other commercially available DL-
a-amino acids (as N(O)-TFA/ethylesters) were scrutinized

by enantioselective GC with FID detection on both Chira-
sil-D-Val and Chirasil-L-Val.

Alanine and leucine and proline represent aliphatic or al-
icyclic amino acids, ornithine and lysine represent basic
amino acids, aspartic acid an acidic amino acid and phenyl-
alanine and tyrosine aromatic amino acids. Serine, tyro-
sine, and cysteine represent amino acids, the TFA esters
of, which are hydrolytically labile. The precision (n ¼ 10)
is in general �0.08% (Table 6). The results indicate that
apart from cysteine all samples are close to racemic. In
terms of accuracy, the agreement of the data obtained on
the oppositely configurated CSPs is very good in most
instances, but not for all amino acids. The exceptional pre-
cision for ornithine is shown in Table 7, which depicts the
individual data of 10 measurements. Here again there is
slight bias of the true value for EF between Chirasil-Val
and Lipodex E whereas precision is comparable.

Influence of the Amount Injected upon Precision

The precision of a gas-chromatographic measurement is
dependent upon the amount of sample reaching the detec-
tor. With ample sample available (>30 ng at the detector),
a standard deviation (with n ¼ 10) of *0.05% was gener-
ally attained. This value was typical for the majority of DL-
a-amino acids (cf. Table 6). An exception was proline

Fig. 3. Gas chromatogram of synthetic (abiotic) DL-tyrosine as N,O-
TFA/ethylester on Chirasil-D-Val (column B).

}
}

}

}
}

TABLE 4. Individual values of the enantiomeric fraction of the D-enantiomer EFi, means of EF and standard deviation r of
synthetic DL-tyrosine (as N,O-TFA/ethylester) obtained by up to seven separate derivatizations (a)–(g) and employing the

CSPs Chirasil-D-Val (column A and B), Chirasil-L-Val (column C and D), and Lipodex E (column E)

Chirasil-D-Val (B/A) Chirasil-L-Val (D/C) Lipodex E (E)

Sample Run EFi EF r Sample Run EFi EF r Sample Run EFi EF r

a 1 49.95 a 1 50.02 a 1 53.43
2 50.20 2 49.94 2 54.07
3 50.08 3 50.03 3 54.11
4 50.16 4 50.11 4 54.35
5 50.11 5 50.06 5 53.90
6 50.14 50.10 0.07 6 50.06 50.03 0.06 6 54.08 54.09 0.42
7 50.06 7 49.99 7 54.04
8 50.07 8 50.02 8 54.31
9 50.11 9 50.07 9 54.98

10 50.13 10 49.95 10 53.66
b 1 49.90 b 1 49.85

2 49.97 2 50.00
3 49.86 3 49.96
4 49.88 c 1 50.03

c 1 49.89 2 50.02
2 49.88 3 50.02
3 49.92 49.90 0.03 d 1 50.03
4 49.89 2 50.03

d 1 49.89 3 50.01 50.00 0.06
2 49.94 e 1 50.02
3 49.90 2 50.01
4 49.92 3 50.05

f 1 50.03
2 50.04
3 50.03

g 1 49.94
2 50.00
3 49.92
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measured on Chirasil-Val. Here, because of the relatively
low resolution of the enantiomers, an increase in the amount
injected induced overlap of the peaks, while a decrease in
the amount injected increased the effects of baseline noise,
both effects contributing to the poorer standard deviation.
As expected, the standard deviation increases with decreas-
ing amounts of sample reaching the detector. For a more
detailed study of the influence of the amount injected on
precision, nearly racemic DL-tyrosine (Fluka, 43 recryst.)
was selected. Thus, a series of dilutions of a derivatized sam-
ple was measured on Chirasil-L-Val with both flame-ioniza-
tion and MS-SIM detection (Table 8). Experimental details
are given in the legend of Table 8.

Both accuracy and precision deteriorate considerably
with decreasing amounts of sample injected. In the GC-
FID mode, the standard deviation of EF for DL-tyrosine
increases from *<0.06 with >30 ng entering the column
to 2.5% with 160 pg. In the GC-MS in the SIM mode with
its higher sensitivity and selectivity, r of *0.6% is still
achieved with 20 pg DL-tyrosine entering the column. At
the latter level, however, a highly significant deviation
(6%) of the measured value from the true value (reduced
accuracy) is observed, probably because of the increasing

effect of decomposition of derivatized tyrosine on the capil-
lary column.

Effect of Handedness of the CSP on the Enantiomeric
Composition Values Determined

For all racemic DL-a-amino acids obtained from commer-
cial sources, the samples were analyzed on both Chirasil-
D-Val and Chirasil-L-Val (Tables 2 and 6). Unfortunately, it
is not possible to differentiate between systematic errors
of the enantioselective gas-chromatographic system and
the presence of enantiomeric bias in the samples labeled
as racemates. Theoretically the enantiomeric composition
determined should be independent of the handedness of
the CSP. However, the value determined could be falsified
by (i) an impurity, coeluting with either of the enantiomers
and thus spuriously increasing its peak area, (ii) decompo-
sition of the a-amino acid derivative in the column,
whereby the second eluted enantiomer, which spends a
longer time in the column will be depleted preferentially,
or (iii) by enantioselective degradation (¼ kinetic resolu-
tion) of the a-amino acid derivative on the CSP 3,39. A spe-
cial case (iv) of decomposition of derivatives may arise
with substances bearing an O-TFA ester (e.g. serine or ty-
rosine), S-TFA thioester (e.g. cysteine), or the N-TFA-gua-
nidino group (arginine). These TFA derivatives are hydro-
lytically instable, particularly in the presence of basic
groups. Cleavage of trifluoroacetic acid from the first
eluted fraction; however, deactivates the basic groups
(which can be both on the capillary surface or within the
stationary phase) for the subsequently eluted fraction,
thus leading to a bias in favor of the second eluted peak.
On the other hand if the derivative were prone to decom-
position on the column under the influence of temperature
[case (ii)], the second eluted enantiomer can be expected
to be depleted since it is subjected to the temperature for
a longer period. Reversing the handedness of the CSP can
shed light on whether these scenarios are in fact operative
for a particular separation. In the case of (iii), however, no
change of the peak elution pattern will be observed since

TABLE 6. Enantiomeric fraction EF of the D-enantiomer, standard deviation r, and resolution factor Rs of
representative racemic DL-a-amino acids measured as N(O, S)-TFA/ethylester derivatives determined by GC (FID) on three

CSPs (mean and r of 10 injections)

Chirasil-D-Val
(1st peak: L-, 2nd peak: D-)

Chirasil-L-Val
(1st peak: D-, 2nd peak: L-)

Lipodex E (1st peak: D-, 2nd
peak: L-; proline vice versa)

Column EF r Rs Column EF r Rs Column EF r Rs

DL-alanine A 49.91 0.04 13.56 D 49.99 0.04 7.43 E 49.89 0.01 2.75
DL-leucine B 50.01 0.09 20.35 D 50.02 0.09 12.56 F 49.93 0.04 7.51
DL-ornithine A 49.99 0.06 8.53 D 49.98 0.03 2.84 G 49.90 0.04 3.48
DL-lysine A 49.90 0.08 4.45 D 49.90 0.02 3.51 G 49.66 0.08 6.43
DL-aspartic acid B 50.03 0.03 2.87 D 49.95 0.05 2.41 G 49.98 0.04 3.15
DL-phenylalanine A 50.01 0.04 7.43 D 49.98 0.02 3.48 F 49.82 0.11 1.74
DL-tyrosine (Fluka,
43 recryst.)

B 49.77 0.08 5.52 D 49.92 0.06 4.13 E 53.27 0.63 2.32

DL-tyrosine (synthetic) B 50.10 0.07 5.65 D 50.03 0.06 3.92 E 54.09 0.42 2.77
DL-serine B 50.10 0.04 4.08 D 49.97 0.04 4.01 G 49.54 0.32 2.93
DL-cysteine A 48.58 0.17 6.65 D 47.77 0.10 3.28 – – –
DL-proline B 50.50 0.08 1.31 D 49.67 0.44 1.11 G 49.99 0.09 11.02

TABLE 5. Enantiomeric fraction EF of the D-enantiomer of
two samples of DL-alanine (as N-TFA/ethylester) as

determined by GC (FID) on Chirasil-D-Val (A),
Chirasil-L-Val (D), and Lipodex E (E) and by GC/MS

(SIM: m/z 140) on Chirasil-L-Val (D)

DL-alanine (Merck) DL-alanine (Serva)

EF r n EF r n

GC
Chirasil-D-Val (A) 49.93 0.04 2 3 4 49.91 0.03 2 3 4
Chirasil-L-Val (D) 50.00 0.03 2 3 4 49.99 0.04 2 3 4
Lipodex E (E) 49.88 0.02 2 3 4 49.89 0.01 1 3 10

GC/MS
Chirasil-L-Val (D) 50.03 0.05 2 3 5 50.04 0.08 2 3 5
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two mutually dependent enantioselective processes are
involved when the handedness of the CSP is inverted, i.e.,
both the chromatographic elution order and the sense of
the kinetic resolution will be changed.3,39

According to Table 6, for the DL-a-amino acids alanine,
leucine, ornithine, lysine, and phenylalanine, no significant
difference (95% confidence limits) between the EF of the
D-enantiomers on the oppositely configurated CSPs was
detectable. For these amino acids, the matching probabil-
ities of a t-test performed on the two EF data populations
obtained from determination on Chirasil-D- and Chirasil-L-
Val were in excess of 0.05. With all other DL-a-amino acids
measured, the t-test indicated that the mean EF-values
determined on oppositely configurated CSPs were signifi-
cantly different. The magnitude of DEF, (i.e. the difference
of the mean values for EF measured on Chirasil-D-Val and
Chirasil-L-Val) is dependent upon the amino acid and was
greatest in the case of cysteine (DEF ¼ 0.19%). If it is
assumed that the degree of deactivation of both columns

is identical and that the discrepancy is not caused by co-
eluting components, one would expect that the correct
value for % D correspond to the mean of the results from
the two oppositely configurated CSPs. A test of this hy-
pothesis is given in Table 9 (the values of which are
derived from Table 6).

Inspection of the means of the values obtained on oppo-
sitely configurated CSPs indicates that this could be a viable
way of improving the accuracy of determination the EF of ra-
cemic DL-amino acids. Unfortunately, in our hands, it was
not possible to produce Chirasil-D-Val and Chirasil-L-Val col-
umns with strictly identical properties. The Grob test,57 as a
measure of the inertness of the capillary surface of the two
Chirasil-Val columns, indicated that the Chirasil-D-Val col-
umn used was in fact less inert than the Chirasil-L-Val col-
umn. This is expected to affect the values obtained for cyste-
ine, serine, and tyrosine. The true value of EF of the D-enan-
tiomer of these amino acids should thus lie closer to that
obtained on the Chirasil-L-Val column. On the other hand,
the enantioselectivity of the Chirasil-D-Val column was some-
what superior to that of the mirror-image CSP. Thus the
true value for % D-proline can be expected to lie closer to
that determined on Chirasil D-Val.

Integration

At the level of precision aimed at here, the quality of
integration also plays an important role. In this investiga-
tion the computer-based Clarity integration system with a
24 Bit A/D converter (DataApex, Prague, Czech Republic)
was employed. The optimum values for the parameters
peak width and threshold were determined experimen-
tally. For each individual measurement, the peak start and
end points were also checked visually and, where consid-
ered necessary, were corrected manually.

Linearity/Recovery of the Enantiomeric Fraction of
Tyrosine at Near Racemic Composition

The response to enantiomers is strictly linear for an
achiral detection system. In this work, linearity and recov-
ery for tyrosine at near racemic composition was assessed

} } }

TABLE 7. Individual values of the enantiomeric
fraction of the D-enantiomer EFi, means of EF and standard
deviation r of DL-ornithine (as N,O-TFA/ethylester) obtained

by 10 separate derivatizations and employing the CSPs
Chirasil-D-Val (column A), Chirasil-L-Val (column D),

and Lipodex E (column G)

Run

Chirasil-D-Val (A) Chirasil-L-Val (D) Lipodex E (G)

EFi EF r EFi EF r EFi EF r

1 49.99 49.95 49.92
2 50.03 49.98 49.94
3 50.02 50.05 49.90
4 50.09 49.99 49.86
5 49.97 49.99 0.06 49.98 49.98 0.03 49.85 49.90 0.04
6 49.89 49.93 49.87
7 49.89 49.98 49.91
8 49.99 49.98 49.89
9 50.02 49.99 49.90
10 49.98 50.02 49.99

TABLE 8. Dependency of the measured EF of the D-enantiomer upon the amount of DL-tyrosine (Fluka, 433 recryst
derivatized as N,O-TFA/ethylester and diluted after derivatization) entering the column (Chirasil-L-Val, column D)

Sample concentration GC/FID GC/MS

mmol/l ng/ll
ng entering

column (split, f ¼ 55) EF r
ng entering

column (splitless) EF r

10 1812 32.95 49.88 0.06 49.09 0.18
1 181 3.29 50.04 0.56 181 49.95 0.15

0.5 91 1.65 50.80 1.41 91 49.57 0.04
0.1 18.1 0.33 49.98 1.89 18.1 48.96 0.22

0.05 9.1 0.16 51.81 2.37 9.1 49.36 0.07
0.01 1.81 1.81 49.30 0.12

0.005 0.91 0.91 48.83 0.68
0.001 0.18 0.18 49.38 1.14
0.0005 0.09 0.09 48.40 0.68
0.0001 0.02 0.02 44.00 0.61

GC(FID): 1 ll, split injection (split ratio 1:55), n ¼ 5; GCMS: (EI, SIM, m/z 288) 1 ll, splitless injection, n ¼ 4.
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over the range of EF ¼ 49.5%–50.5%. Thus, DL-tyrosine
(Fluka, 43 recryst.) was fortified with known amounts (up
to 1%) of both D- and L-tyrosine. The results are shown in
Figure 4 and in Table 10.

Linearity of the determination is confirmed by the cali-
bration line, the correlation coefficient of which is 0.9997.
Assuming an EF of the racemic tyrosine (Fluka, 43
recryst.) of 50.00%, the rate of recovery lay between 99.94%
and 99.98%.

According to the calibration equation, the EF of this ty-
rosine sample (unspiked) was 49.99%. In separate meas-
urements of the EF of this unspiked tyrosine sample on
the same column (D), however, values of 49.88 6 0.06%
(Table 8) and 49.92 6 0.06% (Table 3) were determined.
This discrepancy of up to 0.11% in the EF, which is outside
the precision limits, appears to be a result of day to day
fluctuation in the GC conditions (measurements were not
made in one session). This must be considered as an in-
herent problem in the accurate determination of EF of sen-
sitive amino acid derivatives by GC.

CONCLUSIONS

It is implied that the limit in determining minute devia-
tions from the true racemic composition of target com-
pounds, specifically DL-a-amino acids, e.g., in scenarios
mentioned in the introduction, employing enantioselective
GC is generally only in the range of EF ¼ 50.0% 6 0.1%,

corresponding to an ee ¼ 0.2% (or 1.2 3 1021 molecules in
one mole of racemate). To attain such accuracy and preci-
sion, a number of requirements must be met, among them
enantiomeric separation with a resolution factor Rs > 1.5,
absence of coeluting impurities and decomposition of the
sample or its derivative during the chromatographic pro-
cess, an elution-time independent detector response and a
correct peak area integration. Measurement with a preci-
sion (reproducibility) equal or in excess of 60.05% is feasi-
ble but the accuracy (trueness) of the value determined
must be carefully validated by employing oppositely con-
figurated CSPs, leading to the reversal of the elution order
of the separated enantiomers. The EF of aliphatic, alicy-
clic, and aromatic a-amino acids without further polar
groups of near-racemic composition may be determined
by GC on Chirasil-Val and/or Lipodex E (whereby Lipo-
dex E is recommended for proline while Chirasil-Val is
recommended for phenylalanine, tyrosine, and trypto-
phan) with a standard deviation of *0.05% and a high
degree of confidence that the true value lies within the
range defined by the standard deviation. For amino acids
with polar side chains, the precision of measurement need
not necessarily decrease but the true value of the EF can
easily lie outside the precision limits as a result of system-
atic errors. Such errors can be counteracted by the use of
oppositely configurated CSPs. The mean of the values
obtained from these CSPs can generally be considered as
a better estimate of the correct value than measurement
on one CSP only, provided the degree of deactivation of
both columns is comparable. Column deactivation is best
assessed by the standard Grob Test57 for capillaries. The
difference DEF is an indication of the confidence limits
associated with the determination.

It must be stressed that in this study sample amounts in
the milligram range were derivatized. In situations where
only trace amounts of DL-a-amino acids are available, the
precision of the measurement can be expected to deterio-
rate as shown in this work. More importantly, however,
the probability of contamination with a-amino acids from
the laboratory environment (airborne contaminants, conta-
minated reagents, and glassware) leading to spurious
enrichment of the biogenic L-amino acid 23 must always be
anticipated in trace analysis of EF.

TABLE 9. Difference in the EF of the D-enantiomers of DL-a-amino acids measured on Chirasil-D- and L-Val (= DEF),
mean of EF values, and t-test

Chirasil-D-Val Chirasil-L-Val DEF (%) Mean of EF (%) t-Test

DL-alanine 49.91 49.99 �0.08 49.95 0.001
DL-leucine 50.01 50.02 �0.01 50.02 0.81
DL-ornithine 49.99 49.98 0.01 49.99 0.88
DL-lysine 49.90 49.90 0.00 49.90 0.92
DL-aspartic acid 50.03 49.95 0.08 49.99 7.0 3 10�4

DL-phenylalanine 50.01 49.98 0.03 50.00 0.058
DL-tyrosine 49.77 49.92 �0.15 49.85 1.9 3 10�4

DL-tyrosine (synth.) 50.10 50.03 0.07 50.07 0.012
DL-serine 50.10 49.97 0.13 50.04 1.3 3 10�6

DL-cysteine 48.58 47.77 0.81 48.18 2.3 3 10�10

DL-proline 50.50 49.67 0.83 50.09 1.8 3 10�4

Fig. 4. Calibration diagram of DL-tyrosine (Fluka, 43 recryst.) fortified
with up to 1% D-tyrosine (positive ee) or L-tyrosine (negative ee).
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