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Abstract

The practice and theory of enantioselective complexation GC is comprehensively reviewed for the first time. A multitude
of racemic oxygen-, nitrogen- and sulfur-containing selectands can be separated without prior derivatization into enantiomers
by complexation GC on optically active metal(II)bis[3-(perfluoroacyl)-(1R)-camphorate] selectors. Peak inversion is
obtained when the selectors with opposite configuration are employed. Applications pertain to chiral analysis in asymmetric
synthesis, enzymatic reactions, pheromone and flavour chemistry. Although the use of enantioselective complexation GC has
diminished recently with the advent of modified cyclodextrins in enantioselective GC, the inherent principles of
enantiorecognition together with other enantioselective phenomena can be elucidated easily by complexation GC. Using the
concept of the retention-incrementR9 which allows the distinction between non-enantioselective and enantioselective
contributions to retention, concise thermodynamic parameters of enantioselectivity2D (DG) are accessible. TheD,L

enantiomerization of configurationally labile enantiomers can be investigated and quantified by complexation GC. Four
distinct enantioselective processes and four different coalescence phenomena have been discerned in complexation GC.
 2002 Published by Elsevier Science B.V.
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1. Practice of complexation GC 1960s [4–7] and was consequently extended by Gil-
Av and Schurig to the quantitative gas-chromato-
graphic study of olefin–rhodium(I) coordination1.1. Introduction
equilibria [8–11] (the state of the art was reviewed
recently [12]). The use of chiral transition metalThe resolution of racemicN-trifluoroacetyl amino
complexes as selectors containing optically activeacid alkyl esters on glass capillary columns coated
phosphines and phosphites appeared obvious butwith chiral L-N-trifluoroacetyl isoleucine lauryl ester
proved unsuccessful despite their subsequent ver-by Gil-Av, Feibush and Charles-Sigler in 1966 [1]
satility in transition-metal-mediated asymmetricrepresented the first instance of the direct separation
catalysis. Subsequently, Feibush suggested the use ofof enantiomers by GC. The propensity for hydrogen-
a chiral b-diketonate anion obtained from naturalbonding and the remote resemblance of the solute–
(1)-camphor by trifluoroacetylation, i.e. 3-(trifluoro-solvent pair to a peptide–enzyme complex intuitively
acetyl)-(1R)-camphorate, as chiral ligand for transi-guided the choice of the enantioselective system.
tion metal ions – previously utilized for lanthanideSubsequently, Gil-Av and Schurig realized that

1 metal ions [13]. A key step consisted of the synthesisessentially abioticselector–selectand systems, e.g.
of dicarbonyl–rhodium(I) 3-(trifluoroacetyl)-(1R)-those displaying metal–organic coordination, should
camphorate1 (cf. Scheme 1) [14].be prone to enantiorecognition incomplexation gas

2chromatography . Thus in 1970 research was
initiated aimed at the gas-chromatographic separation

1.2. The separation of a racemic olefin intoof the enantiomers of a racemic olefin on a chiral
enantiomers by complexation GCmetal complex – a profound academic challenge but

with little practical interest at that time. Thep-
After many unsuccessful trials, the separation of acomplexation ability of silver(I) ions toward olefins

racemic olefin into enantiomers by complexation GCwas utilized for selective alkene separations by
on (1R)-1 was reported in 1977 [15,16]. Thus whenargentation chromatography at the beginning of the
racemic 3-methylcyclopentene was gas-chromato-

1 graphed on a 200 m30.5 mm I.D. stainless steelˇThis term was coined by Mikes in 1975 [2] in analogy to
capillary column coated with pure squalane itsAshby’s terms operator–operand.

2This term was later introduced by Schurig in 1976 [3]. retention relative to the reference compound
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Fig. 1. Separation of the enantiomers of 3-methylcyclopentene by
complexation GC on 0.04m (1R)-1 in squalane at 228C, a51.025
(column: 200 m30.5 mm I.D. stainless steel; carrier gas: di-
nitrogen). Inert reference compound: methylcyclohexane. Arrow:
elution position of the olefin on pure squalane [14].

ration of the enantiomers by complexation GC and
excluding any artifact: (i) the racemic selector (1R /
1S)-1 was synthesized and employed asoptically

Scheme 1. Structures of metal 3-perfluoroacyl-camphorates. inactive stationary phase; as expected, only one peak
was observed for the enantiomers (peak coalescence
of the second kind, cf. Section 2.11) [15] and (ii) the
selector (1S)-1 was synthesized from unnatural (2)-

methylcyclohexane wasr850.26 at 228C (cf. arrow camphor and was used aschiral stationary phase
in Fig. 1). When the same olefin was injected on a with opposite configuration; as expected, reversal of
column coated with a solution of 0.04m (molality) the order of elution was observed for a sample of the
of 1 in squalane the enantiomers were strongly olefin enriched in the (R)-enantiomer (peak inver-
retarded and eluted after the reference compound sion of the first kind) [16]. The observation of peak
methylcyclohexane with different retentions (r 5 coalescence and peak inversion represented a un-S

1.069 andr 5 1.097) at 228C [15] (cf. Fig. 1). equivocal evidence for the separation of a racemicR

The difference of the Gibbs energy (free enthalpy) selectand on a chiral selector used in both enantio-
of the enantioselective complexation of 3-methyl- meric forms and as a racemic mixture in three
cyclopentene with1 was as small as2D (DG)5 different trials. During the course of these controlR,S

RT ln(K /K )50.02 kcal /mol (295 K) calculated experiments an unexpected discovery was madeR S

from K /K 5 1.035 (cf. Section 2.2.). It is noted that which was unprecedented in chiral solid stateR S

this small Gibbs energy difference corresponded to a chemistry and which was of interest in its own right.
separation factora51.026, sufficient for a quantita- Whereas both enantiomers of (1R)- and (1S)-1 form
tive separation of the enantiomers on the high-res- yellow crystals, racemic (1R /1S)-1 crystallizes as a
olution capillary column used. Two decisive control deeply red–green dichroic solid (cf. Fig. 2) [17].
experiments were performed to verify the first sepa- This phenomenon was calledchirodichroism. It
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Fig. 2. Chirodichroism in the solid state of dicarbonyl–rhodium(I) 3-(trifluoroacetyl)-(1R)-camphorate. Top: crystals of the pure enantiomer
(1R)-1. Bottom: crystals of the racemate (1R /1S)-1 [17].
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underlines vividly the inherent differences between amenable to separation by hydrogen-bonding chiral
pure enantiomers and the racemic mixture in the stationary phases (CSPs) [26].

3solid state [17]. Golding et al. reported the first separation of
Although the scope of the separation of racemic enantiomers of methyl- and ethyloxirane by packed

olefins by complexation GC on1 was limited [18], complexation GC using a 2 m32.2 mm I.D. column
the important applications in the area of chiral containing a support which was coated with
analysis [19] were immediately apparent. Thus the europium(III)tris [3-(trifluoroacetyl)-(1R)-campho-
specific rotation of enantiomerically impure (by GC rate]2 in squalane [30]. Such a separation was
evidence) 3-methylcyclopentene was extrapolated to predicted [13,31] in view of the versatility of2 as a
a and corrected to more than double that reported chiral NMR shift reagent. In principle, any volatilemax

in literature [16]. Based on the new value, chiroopti- chiral selectand containing a complexing function
cal calculations and the enantiomeric excessee closely juxtaposed to the chiral center should be
obtained via asymmetric borane chemistry had to be prone to enantiorecognition by complexation GC on
revised for this chiral olefin [16]. Furthermore, a a suitable chiral metal containing selector. The
small degree of kinetic resolution of 3-methylcyclo- application of high-resolution glass or fused-silica
pentene during enantioselective rhodium(I)–phos- capillary column technology in complexation GC
phane-catalyzed hydrogenation was detected (cf. Fig. greatly improved the state of the art and squalane
5 in Ref. [19]). was later replaced by dimethylpolysiloxane as unique

solvent for the selectors3–4 [21,32,33]. A very
simple procedure consists of the impregnation (dop-

1.3. Extension of the scope of enantioselective ing) of chemically bonded dimethylpolysiloxane
complexation gas chromatography to oxygen-, fused-silica columns with ann-pentane solution of
nitrogen- and sulfur-containing racemic compounds freshly sublimed4a by the dynamic coating pro-
– separation of enantiomers on metal(II) bis[a- cedure.
(perfluoroacyl)-terpeneketonates] Significantly, the metal selectors are capable of

separating one of the smallest classes of chiral
Whereas the scope of enantiomer separation of compounds namely alkyl-substituted oxiranes,

olefins on dicarbonyl–rhodium(I) 3-(trifluoroacetyl)- aziridines and thiiranes [20]. The possibility of
(1R)-camphorate1 was limited (cf. Section 1.2), the determining the enantiomeric excessee of chiral
use of metal(II)bis[3-(trifluoroacetyl)-(1R)-campho- oxiranes permitted the study of metal-catalyzed
rates] 3 and metal(II) bis[3-(heptafluorobutanoyl)- asymmetric oxidations. Thus the first enantioselec-
(1R)-camphorates]4 (metal5nickel, cobalt and man- tive epoxidation of aliphatic olefins by a chiral
ganese) as chiral selectors for the separation of the molybdenum–peroxo complex with enantiomeric
enantiomers of nitrogen-, oxygen- and sulfur-con- excessesee up to 40% was described [34] followed
taining selectands soon emerged as a routine method by investigations on the kinetic resolution of the
for the gas chromatographic analysis of enantiomers oxiranes by the same molybdenum complex in the
[20–22]. Typical enantiomeric separations are shown presence of a chiral diol [35]. These advances are
in Figs. 3–6. The classes of compounds separated early examples for the well-known systems titanium/
encompass inter alia small cyclic ethers [20], un- tartrate (Katsuki–Sharpless epoxidation) and man-
derivatized alcohols and ketones (cyclic [22] and ganese(II)–salen (Jacobson kinetic resolution) [36].
acyclic [23]), alkyl 2-halocarboxylates [24] and The refined analytical tool of complexation GC
acetals [22,25]. Most of these compounds are not permitted also the investigation of the Cytochrom-P

450-mediated epoxidation of xenobiotic prochiral
simple olefins (propene, 1-butene,trans-2-butene
etc.) [37,38] and kinetic resolution of the oxiranes3A columnar structure with close metal–metal contacts leading
formed (methyloxirane, ethyloxirane,trans-2,3-di-to dichroism is built-up in the red–green racemate whereas only a
methyloxirane etc.) by epoxide–hydrolase andzig-zag arrangement rather than a metal chain is formed in the

single yellow enantiomers. glutathion-S-transferase [39]. For cis-2-ethyl-3-
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Fig. 3. Separation of the enantiomers of 2-alkyl- and 2,3-dialkyloxiranes by complexation GC. 25 m30.25 mm I.D. glass capillary column
coated with 0.125m nickel(II) bis[3-(heptafluorobutanoyl)-10-(ethylidene)-(1S)-camphorate]5c in OV-101 at 70–908C [27,28]. Peak
assignment of 2-sec-butyl-3-methyloxiranes (by independent synthesis):trans: 1: 2S,3S,19S; 2: 2R,3R,19R; 3: 2S,3S,19R; 4: 2R,3R,19S. cis: 5:
2S,3R,19R; 6: 2R,3S,19S; 7: 2S,3R,19S; 8: 2R,3S,19R.
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Fig. 4. Separation of the enantiomers of underivatized aliphatic alcohols with concomitant peak assignment. Column: 40 m30.25 mm I.D.
glass capillary coated with 0.1m manganese(II)bis[3-(heptafluorobutanoyl)-(1R)-camphorate]4c in OV 101. Top left: 2-methylhexane-3-
ol, 548C, 0.5 bar dinitrogen. Top middle: 5-methylhexane-3-ol, 708C, 1.0 bar dinitrogen. Top right: 3-methylpentane-2-ol, 558C, 0.5 bar
dinitrogen. Bottom left: 3-methylbutane-2-ol, 548C, 0.6 bar dinitrogen. Bottom right: 2-methylpentane-3-ol, 608C, 0.4 bar dinitrogen
[23,29].
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Fig. 5. Separation of the enantiomers of underivatized aliphatic ketones with concomitant peak assignment. Column: 37 m30.25 mm I.D.
coated with 0.125m nickel(II) bis[3-(heptafluorobutanoyl)-(1R)-camphorate]4a in OV 101. Left: 4-methylhexane-3-one, 708C and 0.4 bar
dinitrogen. Center: 3-methylpentane-2-one, 808C and 1.0 bar dinitrogen. Right: 5-methylheptane-3-one, 808C and 1.0 bar dinitrogen
[23,29].

methyloxirane a complete regio- and enantioselective enantiomeric ratio ofendo-brevicomin isolated from
kinetic resolution with microsomal epoxide-hydro- the Mountain pine bark beetle is shown [48]. Sur-
lase was found [40]. Also the evidence of high prisingly, the pheromone was neither racemic nor
enantiomeric excesses (ee) in the chirality pool enantiomerically pure.
synthesis of aliphatic oxiranes from natural amino
acids was accomplished by complexation GC [41]. 1.4. Chirasil-Metal stationary phases for

Before the advent of modified cyclodextrins, enan- complexation GC
tioselective complexation GC represented also a very
useful tool for chiral analysis of volatile compounds In a pioneering advance, Frank, Nicholson and
such as flavours [22,32,33,42,43] and insect phero- Bayer linked the valine diamide selector of Gil-Av
mones [25,44–47]. In Fig. 7 the determination of the and Feibush to a polysiloxane-copolymer [50] by

total synthesis. The resulting chiral polysiloxane
]] ]

containing valine abbreviatedChirasil-Val, commer-
]

cially available in both enantiomeric forms, com-
bined the enantioselectivity of the amino acid selec-
tor with the universal gas-chromatographic properties
of polysiloxanes. Other groups used polymer-analo-
gous reactions to obtain related chiral polymeric
CSPs [51,52].

The strategy to link the chiral metal-containing
selector to a polymeric backbone was also followed
in complexation GC. A limiting factor of coor-
dination-type CSPs was the hitherto low temperature
range of operation (25–1208C). The thermostability
was therefore increased by the preparation of im-

Fig. 6. Diastereomeric and enantiomeric separation of underiva- mobilized polymeric CSPs. Chiral polysiloxanes
]] ]tized p-3-menthanols. 28 m30.25 mm I.D. glass capillary column

with metal-containing stationary phases, i.e. Chirasil-coated with 0.08m nickel(II) bis[3-(heptafluorobutanoyl)-(1R)- ]]
Metal, 6 and7, were obtained by total synthesis (cf.camphorate]4a in OV-101 at 1168C and 1 bar dinitrogen. Only

neoiso-menthol is not separated into enantiomers [32,33]. Scheme 2) [53] or, preferentially, by polymer-analo-
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Fig. 7. Complexation GC–MS of the enantiomers ofendo-brevicomin,m /e598 (configurations inserted in blue) isolated from the mountain
bark beetleDendroctonus ponderosae from Oregon, USA. (1):(2)587.5:12.5% (ee575%) [49].

gous reaction (cf. Scheme 3) [54]. By thermal Europium7d can be employed in four different
treatment, Chirasil-Metal stationary phases can be areas: (i) in enantioselective complexation GC, (ii)
immobilized on the glass or fused-silica surface due as enantioselective polymeric NMR shift reagent,
to the presence of residual hydro-silane entities in the (iii) as enantioselective catalyst for a hetero-Diels–
polymer as the 10-methylene-camphor moiety was Alder reaction [55] and (iv) as coating of quartz
linked via hydrosilylation to the polysiloxane back- microbalances for the determination of VOCs [56].
bone. Incidentally, by introducing unsaturation into Chirasil-Metal stationary phases have also been
the camphor moiety, new ligands were obtained for prepared in which the metal centers represent the
nickel(II). Despite the small changes in structure, the terminating groups of the polymer [56].
new selectors5 (cf. Scheme 1) exhibited profound
differences in enantioselectivity (cf. Section 2.6). 1.5. Separation of enantiomers by complexation

The fast separation of the enantiomers of 2- supercritical fluid chromatography
methyl-substituted cyclic ethers on thermally im-
mobilized Chirasil-Nickel7a is shown in Fig. 8. Enantioselective complexation GC has never been

Immobilized Chirasil-Nickel7a is compatible with extended to LC or CE because it was believed that
highly solvating mobile phases such as supercritical the mobile phase consisting of water or polar modi-
carbon dioxide. Hence, fused-silica capillary col- fiers would compete with the selectand for free
umns coated with Chirasil-Nickel7a can be utilized coordination sites of the metalb-diketonate selec-
in complexation supercritical fluid chromatography tors, thereby blocking the complexation with oxy-
(complexation SFC) (cf. Section 1.6.). Chirasil- gen-, nitrogen- and sulfur-containing compounds.
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Scheme 2. Total synthesis of the chiral polysiloxane Chirasil-Nickel6. The random ratio of methylvinylsiloxane to nickel-containing
methylsiloxane monomers in the polymer is|7:1. The nickel content (by atomic absorption) is 11 mg/g polymer or|0.2 m [53].
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Fig. 8. Fast separation of enantiomers by complexation GC on
Chirasil-Nickel 7a (miniaturized column: 1.5 m30.05 mm I.D.
fused-silica coated with Chirasil-Nickel7a). Left: 2-methyl-tetra-
hydrofuran, 1158C, 2 bar dinitrogen. Right: 2-methyl-oxetane,
1408C, 2 bar dinitrogen [54].

Intuitively, this reasoning may also apply to super-
critical fluid chromatography (SFC). Quite unexpec-
tedly, the dicarbonyl compound carbon dioxide, used
at high pressure and high density, does not interfere
with the complexation equilibria of nickel(II), man-
ganese(II) and zinc(II) ands-donor selectands such
as ethers, ketones and alcohols. Thus enantioselec-
tive complexation SFC was established employing
Chirasil-Metal stationary phases7 and sub/super-
critical carbon dioxide [54,57–59].

Compared to the GC mode, the enhanced solva-
tion strength of supercritical carbon dioxide can
reduce the temperature of analysis significantly (cf.
Figs. 9 and 10). Thus ambient temperature-labile
selectands can be separated into enantiomers.
Methylthiohydantoin-proline, prone to enantiomeri-
zation (cf. Section 2.7), was separated into enantio-
mers by supercritical fluid chromatography at 608C
and by subcritical fluid chromatography at 278C (cf.
Fig. 10). In the GC mode, the temperature of 1308C

Scheme 3. Polymer-analogous synthesis of the chiral polysiloxane was required for separation causing plateau forma-
Chirasil-Nickel 7a. The random ratio of dimethylsiloxane to tion due to interconversion of the enantiomers [59].
nickel-containing methylsiloxane monomers in the polymer is

The influence of temperature, pressure and density of|9:1. The nickel content (by atomic absorption) is|10 mg/g
carbon dioxide on the separation of enantiomers bypolymer or|0.2 m [54].
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Fig. 10. Separation of the enantiomers of MTH-proline on
Chirasil-Nickel 7a. Left: GC, 19 m30.25 mm I.D. fused-silica
column coated with7a, 1308C, 1 bar helium (plateau formation
due to enantiomerization). Center: SFC, 5 m30.05 mm I.D.
fused-silica column coated with7a, 608C, r50.55 g/ml. Right:
subFC, 5 m30.05 mm I.D. fused-silica column coated with7a
278C, P 535 MPa [59].i

1.6. Semipreparative separation of enantiomers by
complexation GC

Packed columns containing2 and 3 in squalane
had thoroughly been investigated before the advent
of chiral separations [13,31]. Following the report of
Golding et al. on the separation of the enantiomers of
methyloxirane by complexation GC using a packed
column [30] it was obvious that semipreparative
separations of enantiomers by complexation GC
would be feasible for volatile racemates with large
separation factorsa. This was confirmed by the
semipreparative separation of the enantiomers of 1-

Fig. 9. Separation of enantiomers by complexation SFC on chloro-2,2-dimethylaziridine (cf. Fig. 12, top, A)
Chirasil-Nickel7a. Top: underivatized secondary alcohols. 2 m3 [29,60]. Chiroptical data, the nitrogen inversion
0.05 mm I.D. fused-silica column coated with Chirasil-Nickel7a barrier and the absolute configuration, leading to the
(0.25 mm). CO at 1208C. Density program as indicated, FID.2 correction of the assignment in the literature, wereCenter: 2,29-(dihydroxymethylene)-1,19-binaphthyl. 4 m30.05

determined from the isolated invertomers [29,60].mm I.D. fused-silica column coated with Chirasil-Manganese7b
(0.25 mm). CO at 1208C. Density program as indicated, FID. The racemization kinetics of the isolated pure en-2

Bottom: benzoin. 2.5 m30.05 mm I.D. fused-silica column coated antiomer of (S)-1-chloro-2,2-dimethylaziridine was
with Chirasil-Zinc 7c (0.25mm). CO at 708C. Density program2 checked by complexation GC with an analytical
as indicated, FID [58].

column (cf. Fig. 12, top, B).
The semipreparative separation of all four stereo-

SFC has been investigated (cf. Fig. 11) [58,59]. isomers of 2-ethyl-1,6-dioxaspiro[4.4]nonane, chal-
Unusual peak broadening phenomena observed in cogran (A–D, configurations, cf. Scheme 4) on
enantioselective complexation SFC are discussed in nickel(II)bis [5-(heptafluorobutanoyl)-(S)-carvo-
Section 2.9. nate]14 is shown in Fig. 12, bottom [22,61].
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ondary isotope effectK /K .1. As expected, theD H

inverse isotopic effect rapidly decreases with the
distance from the complexing oxygen atom. Thus
d -tetrahydrofuran anda-d -tetrahydrofuran were8 4

18not separated and attempts to separate O–tetrahy-
16drofuran from O–tetrahydrofuran by complexation

GC have failed thus far.
One of the challenges in separation science is to

resolve stereoisomers owing their chirality to isotopi-
cally substituted compounds. Thusaa9-d -tetrahy-2

drofuran contains two stereogenic centers
–OC*(H,D)CH – giving rise to the occurrence of2

three stereoisomers. As seen in Fig. 13 separation of
the meso /rac-diastereomeric pair as well as therac-
enantiomeric pair of (2) on the chiral selector (1R)-
4b is not observed. The enantiomers of ‘‘crypto’’-
chiral a-d -tetrahydrofuran (1) andaaa9-d -tetrahy-1 3

drofuran (3) are also not separated. Further attempts
to separate chiral isotopically labeled compound by
complexation GC such asd -2,2-dimethyl-1-pro-1

panol, cis-(d -methyl)-(h -methyl)-oxirane and (d -3 3 9

tert-butyl)-(h -tert-butyl)-methylcarbinol and deriva-9

tives thereof have failed thus far. Interestingly, the
enantiomers ofd -2,2-dimethyl-1-propanol [63] and1

of (d -tert-butyl)-(h -tert-butyl)-methylcarbinol [64]9 9

can be distinguished by proton or deuterium NMR in
the presence of chiral lanthanide shift reagents such

Fig. 11. GC–SFC comparison of separation factorsa and res- as europium(III)–tris[3-(heptafluorobutanoyl)-(1R)-
olution R as function of temperature for 1-phenylethanol ins camphorate] (a homologue of2). This result providescomplexation chromatography at different mobile phase pressures;

evidence that isotopic enantiomer discrimination by2 m30.05 mm I.D. fused-silica column coated with Chirasil-
NMR in chiral solvating agents is the result of aNickel 7a [58].

chemical shift anisochrony of diastereotopic nuclei
rather than due to a difference of diastereomeric

Unfortunately, the retention times were exceedingly complexation constantsK /K [64].D L

long.
1.8. Assignment of absolute configurations by

1.7. Isotopic separation of a-deuterated complexation GC
tetrahydrofurans and the elusive separation of
protio /deutero-substituted enantiomers The determination ofabsolute configurations of

chiral analytes is an important task in enantiomer
Following an early report on the separation of analysis. Absolute configurations of minute amounts

deuterated ethenes on1 [3], the quantitative discrimi- of chiral samples may be determineddirectly, and
nation of isotopomers with a mass difference of one free of chiroptical evidence, by GC via coinjection of
dalton by complexation GC was also found for the reference compounds with known stereochemistry.
separation of a-deuteriated tetrahydrofurans Absolute configurations of alkyloxiranes can also be

a a bC H D H O, on cobalt(II)–bis[3-(heptafluoro- predictedindirectly. Thus an empiricquadrant rule4 42n n 4

butanoyl)-(1R)-camphorate]3b in less than 30 min has been formulated that correlates the absolute
at 70 8C [62] (cf. Fig. 13). configuration with the order of elution of an oxirane

The separation is due to a marked inverse sec- on nickel(II)bis[3-(trifluoroacetyl)-(1R)-campho-
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Fig. 12. Semi-preparative separation of enantiomers by complexation GC. Top A: 1-chloro-2,2-dimethylaziridine. 7.5 m33 mm I.D.
stainless steel column filled with 250 mg3a and 6.25 g OV 101 impregnated on 43 g Chromosorb (W-AW-DMCS, 60/80 mesh) at ambient
temperature and 1.5 bar dinitrogen. Top B: Racemization kinetics of (S)-1-chloro-2,2-dimethylaziridine in the gas phase at 828C. Analytical
GC conditions: 25 m30.25 mm I.D. glass capillary column coated with 0.125m 12 in OV 101 at 228C (the low temperature is used to
prevent enantiomerization) and 1 bar dinitrogen. The change of the elution order on the two different selectors3a and12 should be noted
[29,60]. Bottom: 2-ethyl-1,6-dioxaspiro[4.4]nonane, chalcogran (cf. Scheme 4); 3.5 m34 mm I.D. stainless steel column filled with 120 mg
14 and 2 g squalane impregnated on 12 g Chromosorb (W-AW-DMCS, 60–80 mesh) at 708C and 1.8 bar dinitrogen. I: 0.2ml injected, II:
2.0 ml injected without temperature-programming, III:ibid. with temperature programming [22,61].
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Scheme 4. Configurations of the four stereoisomers of 2-ethyl-
1,6-dioxaspiro[4.4]nonane, chalcogran, the aggregation phero-
mone of the bark beetlePityogenes chalcographus (L.).

rate] [65]. Although a consistent relationship be-
tween the order of elution and absolute configuration
of oxiranes have been observed with 11 nickel(II)
selectors (4a, 8–17 of Scheme 5) [66], remarkable
inconsistencies to the rule have also been detected
[20,21]. Assignments by analogy, if made at all,
should be confined to measurements at the same
temperature, since peak inversions may arise at
different temperatures as the result of enthalpy vs.

Scheme 5. Structures of 11 nickel(II)bis(heptafluorobutanoyl-
terpeneketonates) obtained from camphor4a, campholylmethane
8, pinan-3-one9, pinan-4-one10, thujan-3-one11, 4-methylthu-
jan-3-one12, nopinone13, carvone14, menthone15, pulegone16
and isomenthone17 [66].

entropy compensation in enantiorecognition. Thus
changes of the elution order of the enantiomers of,
e.g. isopropyloxirane below/above the isoenan-
tioselective temperatureT ( peak inversion ofisoenant

the second kind, cf. Section 2.6) can falsify predic-
tions of absolute configuration by complexation GC.Fig. 13. Isotopic separation ofa-deuterated tetrahydrofurans

a a bC H D H O by complexation GC. 60 m30.25 mm I.D. glass4 42n n 4

capillary column coated with 0.1m cobalt(II)–bis[3-(heptafluoro- 1.9. Precision and sources of error of
butanoyl)-(1R)-camphorate] 4b in dimethylpolysiloxane (OV complexation GC in the analysis of enantiomers
101), 0.2 mm). Oven temperature 708C; inlet pressure 1.9 bar
dinitrogen. Order of elutiond -THF, a-d -THF, aa9-d -THF (two+ 1 2

In the course of the longstanding experience withdiastereomers),aaa9-d -THF,aaa9a9-d -THF, peak assignment3 4

by GC–MS [62]. complexation GC, some observations and recom-
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mendations pertinent to precision and sources of both enantiomeric forms obtained from (1)- and
error in the chromatographic analysis of enantiomers (2)-camphor (cf. Section 1.2). Despite the success of
have emerged [64,21]. The precision of determi- enantioselective complexation GC for determining
nation of enantiomeric ratios (er) (or re-calculated enantiomeric ratioser, potential sources of error
enantiomeric excessesee [67]) by complexation GC should be mentioned [21,64]:
is high [19]. This statement holds not only for small
enantiomeric compositions (differentiation of a true (i) decomposition of the sample on achiral parts of
racemate from slightly enantiomerically enriched the column (the enantiomer which spends a
mixtures, e.g. in reactions devoted to the amplifica- longer time in the column will be lost pref-
tion of optical activity under prebiotic conditions) erentially causing an error iner)
but also for very high enantiomeric ratios with 0.1– (ii) decomposition of the sample on the chiral
1% (and less) of enantiomeric impurities present. In stationary phase (this chemical change may
Fig. 14 (left) the experimentally observeder of proceedenantioselectively causing the prefer-
1.000 (area 49.487/49.487) for racemictrans-2,3- ential loss ofone enantiomer)
dimethyloxirane is beyond expectation. In Fig. 14 (iii) co-elution of impurities spuriously increasing
(right) an ee .99 for the enantiomerically pure peak-areas
oxirane can be clearly discerned [21]. (iv) fractionation of enantiomers by the EE-effect

It is always advantageous when the minor enantio- [68] during sample manipulation (the scalar
mer is eluted as thefirst peak. This is achieved by physical properties of enantiomers may vary
the proper selection of the CSP which is available in with the enantiomeric composition)

Fig. 14. Determination of the enantiomeric compositions oftrans-2,3-dimethyloxirane separated by complexation GC on3a. Left: racemic
trans-2,3-dimethyloxirane, right: (2R,3R)-trans-2,3-dimethyloxirane [21].
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(v) enantiomerization of configurationally labile pressure drops, elevated temperatures and chiral
molecules producing peak distortions due to stationary phases exhibiting only small separation
inversion of configuration during enantiomer factorsa are employed. A rather trivial cause for the
separation (cf. Section 2.7) deviation from the expected 1:1 ratio of a racemic

(vi) peak distortions caused by an inadequate instru- mixture consists of the co-elution of impurities
mentation and non-linear detector response (which may be identified by the use of a mass

(vii) adsorption of both enantiomers on the column spectrometric detector) spuriously increasing peak
wall, leading generally to diminished peak area areas.
of the first-eluted enantiomer as a result of Errors due to (i), (ii) and (iii) can be recognized
preferential deactivation of the adsorptive sites by conducting the determination ofer with stationary
with the first eluted enantiomer. phases of opposite configuration. Errors due to (iii)

A serious error in the determination of enantio- can also be recognized, and eliminated, by changing
meric compositions can be caused by preferential the chromatographic parameters such as temperature
decomposition of one enantiomer during its resi- or carrier gas flow. When the racemate is available,
dence time in the column. Decomposition of the verification of the expected 1:1 ratio upon gas
sample on achiral parts of the column will have the chromatographic enantiomer separation is strongly
effect that the enantiomer which spends a longer recommended in the analysis of enantiomers.
time in the column will be lost preferentially and, as Deviations from the originaler of a mixture of
a consequence, theer will be biased in favour of the enantiomers may in principle arise during sample
first eluted enantiomer. This effect can be recognized manipulation via self-association of the enantiomers
by a deviation from the expected 1:1 ratio for a under non-ideal conditions (‘‘EE-effect’’ [68]). This
racemic mixture, whereby the peak area of the effect,whereby the relative amounts of two enantio-
second peak will be diminished. Decomposition of mers induce an observable difference between them
the sample on the chiral stationary phase will also [68], may well lead to accidental fractionation of
have the effect that the enantiomer which spends a enantiomers during work-up, isolation or chromato-
longer time in the column will be lost preferentially graphic separation. Clearly, on-column injection will
and er will be biased in favour of the first eluted avoid this source of error.
enantiomer. If the decomposition is catalyzed by the Enantiomerization of chiral samples possessing
chiral stationary phase in an enantioselective way, labile elements of chirality (centers, axes or planes)
not only the second but also the first peak can be may undergo a change of configuration during
diminished. enantiomer separation as described in Section 2.7.

Examples for (i) and (ii) have been detected under The resulting characteristic chromatographic peak
certain experimental conditions for reactive and/or profiles of interconversion will bias theer.
strained chiral oxiranes separated by complexation The detector response to aracemic mixture of
gas chromatography (Ref. [21] and examples shown enantiomers is strictly 1:1, since enantiomers cannot
therein). In one case the second peak, and in another be distinguished in an achiral environment and a
case the first peak was diminished for theracemic racemic composition (obtained by synthesis in an
sample. In the latter case (cf. Section 2.8, Fig. 31), achiral environment) represents an ideal equimolar
two enantioselective processes are mediated by the mixture hardly to be substituted by manually mixing
chiral metal complex, i.e. chromatographic resolution any of two components. Thus the racemate can be
and kinetic resolution in favour of the first eluted used to test the precision of integration devices (cf.
enantiomer. Since two enantioselective processes are Fig. 14). In enantiomer analysis alinear detector
involved the elution profile will be the same when response is indispensible. Thus for the correct de-
the configuration of the metal chelate is inverted. termination of, e.g. 0.1% of an enantiomerically
The error iner due to decomposition of the sample impurity, linearity within a concentration range of at
can be reduced if the difference of the residence time least three orders of magnitude is required. The
in the column is minimized for both enantiomers. flame ionization detector (FID) fulfils this require-
This goal may be realized when short columns, high ment whereas the linear response range of the
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electron capture detector (ECD) is low. Values frequently correlated with the chiral separation factor
5obtained for er should therefore be verified via a .

dilution experiments.
9 92D (DG) h5 j RT ln a 5RT ln(k /k ) (1)D,L D L

1.10. Accuracy of enantiomer analysis by NMR vs. In complexation GC, the chiral selector is either
complexation GC diluted in, or chemically bonded to, an achiral

stationary matrix (squalane, dimethylpolysiloxane).
The accuracy of the two methods of enantiomer Since the solvent itself does not participate in

analysis, i.e. by NMR-spectroscopy, employing chi- enantiorecognition but invokes the same retention to
ral lanthanide(III) shift reagents, and by complex- the enantiomers it is mandatory to separate achiral
ation GC, employing chiral transition metal(II) and chiral contributions to retention in chromato-
stationary phases, have been checked for methyl graphic selector-selectand systems displaying enan-
2-chloropropanoate [64], an important chiral inter- tioselectivity [26,69]. Specifically it was statedthat
mediate for pesticide synthesis. Thus the most effi- Eq. (1) does not appear to have a chemical meaning
cient chiral auxiliary compounds for NMR and in the present case, since k9 is the sum of two
complexation GC, differing only in the substituent contributions to retention, i.e. firstly, the (indentical)
on the C1-position of camphor, were selected. Ac- physical partition of the two enantiomers between
cording to Fig. 15 the (externally) enantiotopic the gaseous and liquid phases and, secondly, the
carboxymethyl (singlet) and methyl groups (doublet) (different) chemical diastereomeric equilibration be-
are well distinguished in the presence of tween the enantiomers and the optically active metal
europium(III) tris[(3-heptafluorobutanoyl)-10- chelate in the liquid phase [69].

1methyl-camphorate], a derivative of2, by H-NMR Thus caution should be exercised whena is used
and the enantiomers are well separated in the pres-as a criterion for enantioselectivity according to Eq.
ence of nickel(II) bis[3-(heptafluorobutanoyl-(1R)- (1). Nonetheless, Eq. (1) is almost exclusively used
10-methylene-camphorate],5a, by complexation GC. in chiral chromatography despite a note of Pirkle et
The auxiliaries were used in both enantiomeric forms al. who reasoned for chiral bonded phases in LC that
causing peak reversals. Thus a total of four in- additional retention mechanisms other than those
dependent measurements were carried out at arbit-responsible of chiral recognition attenuate the a

rary enantiomeric compositions of methyl-2-chloro- value and hence stability differences between dia-
propanoate [64] (cf. Fig. 15). Noteworthy is the stereomeric solvates calculated from observed a

excellent agreement observed for a nearly enantio- values will represent minimum values [70]. A related
merically pure sample (enriched by recrystallization argument of distinguishing non-selective from selec-
steps) consisting of 0.2% enantiomeric impurity tive interactions in chiral LC utilizing protein station-

4only, both by GC and NMR . This experiment ary phases has also been advanced by Allenmark
demonstrates the high degree of accuracy of these[71]. The topic has been reiterated recently by the
two complementary methods of the modern analysis urgent need to differentiate between apparent and
of enantiomers. true enantioselectivity in enantioseparations [72].

In enantioselective complexation GC, the concept
of the retention-increment R9 can be used to quan-

2. Theory titatively differentiate betweenphysical contributions
to retention arising from achiral gas–liquid partition-

2.1. Introduction

Enantioselectivity is defined as2D (DG) and isD,L 5The subscriptsD, dextro, right, and L, levo, left, denote
enantiomers, irrespective of their absolute configuration.D is

4In the 0.2% enantiomeric impurity range the GC experiment is arbitrarily eluted afterL from the column belowT (cf.isoenant

much easier to perform and, therefore, in the NMR experiment Section 2.6).R5gas constant andT5absolute temperature,k95
only one measurement has been performed, cf. Fig. 15, bottom. retention factor.



965 (2002) 315–356 333V. Schurig / J. Chromatogr. A

Fig. 15. Comparison of enantiomeric compositions of methyl 2-chloropropanoate (in% of theS-enantiomer) by(a) complexation GC in the
presence of nickel(II)bis[3-(heptafluorobutanoyl)-1-methylene-camphorate],5a (auxiliary used as both enantiomers), shown for the ratio of

193:7 and by(b) H-NMR spectroscopy in the presence of europium(III)tris[3-(heptafluorobutanoyl)-1-methyl-camphorate], a derivative of2
(auxiliary used as both enantiomers), shown for the ratio of 80:20) [64].
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ing and chemical contributions to retention arising cB(l )
]]from chiral molecular complexation whereby only BáB or K 85 (3)( g) (l ) L cB( g)the latter contribution leads to the separation of

enantiomers [69]: and

aAB9 92D (DG)5RT ln(R /R ) (2) ]]D,L D L A 1B áAB or K 5(l ) a aA B(l )

It is even possible to extrapolate the achiral contribu- c gAB AB
]]]]5 (4)tion to retention when a given pair of enantiomers is c c g gA B(l ) A B(l )

separated on two columns with different concen-
where the subscriptsg and l refer to the gas and thetrations of the chiral selector.
liquid phase, respectively.K 8 is the distributionL

constant (partition coefficient) of B between the gas
2.2. The concept of the retention-increment R9 and the pure liquid phase S neglecting the presence

of A diluted in S (note thatK 8 quantifies theLConsider a volatile selectand B migrating through physical contribution to retention). K is the thermo-
a complexation column containing a dilute solution dynamic complexation constant of A and B in S
of the non-volatile selector A as an additive in the (note thatK quantifies thechemical contribution to
non-volatile solvent S (cf. Fig. 16, right). retention) anda is the activity of the speciesi, with6 iWhen a 1:1 complex is formed rapidly and the convention thata → c at high dilution in thei ireversibly between A and B, two equilibria can be solvent S, i.e.c → 0. As the amount of B injected( l)distinguished (and therefore AB formed) is very low in the gas-

chromatographic experiment, Eq. (4) can be rewrit-
ten

cAB
]]K a 5 (5)A cB(l )

The total concentration of selectand B present in the
liquid phase S isc 1 c . Hence, theapparentB(l ) AB

distribution constantK , assuming no volume changeL

on dissolution of B, is [5]

c 1 cB(l ) AB
]]]K 5 (6)L cB( g)

With Eqs. (3) and (5) the expression (6) can be
rewritten

c c cc cB(l ) B(l ) B(l )AB AB
]] ]] ]] ]]]]K 5 1 5 1L c c c c cB( g) B( g) B( g) B( g) B(l )

5K 81K 8K a (7)L L A

or

KFig. 16. The principle of complexation GC. Left: Reference L
]K a 5 2 1 (8)Acolumn containing the pure solvent S. Right: Complexation K 8L

column containing the selector A in the solvent S. Retention
parameters refer to the selectand B. Thus the thermodynamic complexation constantK

can be obtained from the plot ofK vs. a (Eq. (7))L A

6 [5–7].Since the selectand B is employed in high dilution vis-a-vis the
From Eq. (8) a very useful relationship betweenKselector A, the occurrence of an exclusive 1:1 complexation

equilibrium is plausible. and chromatographic retention data can be developed
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when a reference column is employed containing the a relationship reminiscent of Eq. (8) but referring
7pure solvent S (cf. Fig. 16, left) and an inert now torelative retention datar8 and r is obtained

non-complexing reference compound B* (e.g. a r r 2 r8
saturated hydrocarbon) is co-injected with B ] ]]K a 5 2 15 5R9 (16)A r8 r88[9,10,31] .

The distribution constant of the selectand B be- wherer is the relative retention of the selectand B
tween the gas and the pure liquid phase S in the with respect to the inert reference compound B* in a
reference column,K 8, is defined by complexation column containing the selector A withL

the activity a in the inert solvent S (cf. Fig. 16,AK 85 k98b8 (9)L right), andr8 is the relative retention of the selectand
B with respect to the same reference compound inand theapparent distribution constant of the selec-
the reference column containing the pure solvent S,tand B between the gas and the liquid phase S
devoid of the selector A (cf. Fig. 16, left).containing the selector A in the complexation col-

The quantityR9 is called theretention-incrementumn, K , is defined byL
(previously named retention-increase [31]) of B.R9

K 5 k9b (10) is a quantitative measure of complexation between AL

and B in S. Thus 1/(11R9) represents the fraction
where k98 is the retention factor of B in the pure of the selectand B dissolved in the solvent S whereas
solvent S in the reference column,k9 is the retention R9 /(11R9) defines the fraction of the selectand B
factor of B in the solution of A in S in the complexed with the selector A. HenceR9 is propor-
complexation column,b8 is the phase ratio of the tional to the thermodynamic complexation constant
reference column andb is the phase ratio of the K.
complexation column. Eq. (8) can now be rewritten Whereas it is experimentally difficult to determine

the phase ratiosb andb8 according to Eq. (11) ofk9 b
]]K a 5 2 1 (11)A two separate columns, the relative retention datar8k98 b8

and r in Eq. (16) are independent of all operating
For the non-complexing reference compound B* conditions (column dimensions, flow-rate and film
(e.g. an inert saturated hydrocarbon) it is required thickness) except the temperature. Only the gas-
that K* 50. From Eq. (11), it follows for B* that phase hold-up timet of the two columns has to beM

known precisely to calculate adjusted retention timesk9* b
]] ]5 1 (12) 9t according to Eqs. (14) and (15) (either taken ask98* b8 R

the time of the air peak, if present, or, as an
The ratiob /b8 is equal for B and for co-injected B* approximation, determined from the peak of co-
and Eqs. (11) and (12) are combined to injected methane).

According to Eq. (16), the retention-incrementR9k9 k98*
]]] is linearly related toa at a given temperature whenK a 5 21 (13) AA k98 k9*

a 1:1 molecular complex is formed between A and
With B. A similar approach has been advanced in argenta-

tion GC [73,74]. As the high concentration of silver9t 8k98 R nitrate in ethylene glycol was critical due to a]] ]]5 5 r8 (14)
9k98* t 8*R salting-out effect [6], lithium nitrate dissolved in

ethylene glycol has been used as the referenceand
column. Again, the use of an inert reference com-

9tk9 R pound greatly facilitated the approach.] ]5 5 r (15)
9k9* t * The formal similarity between the basic equationR

of chromatography, Eq. (9), describing the chro-
7 matographic process in the reference column (cf. Fig.Symbols referring to the reference column are marked with a

16, left), and the derived equation of complexationcircle, e.g.K 8, k98.L
8Symbols referring to B* are marked with an asterisk, e.g.k9*. chromatography, Eqs. (11) and (16), describing the
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be related by the ratio of the retention-incrementsR9chromatographic process in the complexation column
of the selectands B and B competing for the(cf. Fig. 16, right), should be noted. Consequently, X Y

selector A. The selectivityS9 and it is thus in-the retention-incrementR9 may also be called the
dependent of the activity of A in S,a .chemical retention factor and r8 may be related to a A

physical hold-up time (cf. Fig. 17, vide infra).
9K R r 2 r 8 r 8X X X X YThe validity of Eq. (16) has been scrutinized by ] ] ]]] ]9S 5 5 5 ? (17)X,Y 9K R r 2 r 8 r 8Y Y Y Y Xcareful and extensive experiments [31]. Whereas the

retention-incrementR9 can accurately be measured, Thus as derived above, only relative retention data
an error in theabsolute value of the thermodynamic r 8, r 8, r and r have to be measured for theX Y X Y
complexation constantK according to Eq. (16) may determination of thermodynamic data of competing
arise due to the incertitude of the activitya of the selectands B and B using a reference columnA X Y
selector A in the solvent S. The unknown activitya containing the pure solvent S, devoid of the selectorA

can be substituted by the molarityM or, preferably, A, and a complexation column containing A in S (cf.A

by the molality m , in very diluted solutions. The Fig. 16).A

unit molality is independent of the temperature, and,
for practical reasons, it is advantageous to add A to 2.3. The determination of the enantioselectivity
the weighed amount of S [31]. Fortunately, the 2D (DG) from the retention-increment R9D,L
unknown activitya of the selector A in the solventA

S cancels when theratio of stability constants of two An interesting situation arises in complexation GC
selectands B and B (isomers, isotopomers, en-X Y when enantiomers B and B are considered. B andD L D
antiomers), competing for the selector A, are com- B are distinguished in a chiral environment and mayL
pared. be separated when the selector A is chiral and

The term selectivityS9 is defined here as the ratio non-racemic. Significantly, as enantiomers can not be
of thermodynamic complexation constantsK /K .X Y discriminated on the achiral reference column,r8 is
According to Eq. (17) the selectivityS9 can directly identical for B and B . Hence, Eq. (17) can beD L

simplified to

9K R r 2 r8D D D
] ] ]]9S 5 5 5 (18)D,L 9K R r 2 r8L L L

Since the enantiomers B and B compete for theD L

same selector A in S, the ratioK /K is directlyD L

9related to the ratio of their retention-incrementsR /D

9R accessible from relative retention-datar , r andL D L

r8. As outlined above, this ratio is independent of the
activity of A in S, a , and thus of the concentrationA

of the selector. Sincer8 is identical for the enantio-
mers B and B , its value can even be extrapolatedD L

from two sets of data for the relative retention,r, of
the enantiomers B and B at two arbitrary con-D LFig. 17. Schematic representation of the distinction between (i)
centrations (1 and 2) of A in S as a consequence ofnon-enantioselective contributions to adjusted retention times of

9+B, t , and (ii) enantioselective contributions to adjusted retention the Eq. (16).R

9 9times of B , t 2 t 8 (i5L and D denoting enantiomers of B),i Ri R
(1) (2) (1) (2)9 9leading to the constancy of the ratio ofR /R as required by Eq. r r 2 r rD L D L L D

]]]]]]]r 5 (19)(18) (for simplification relative retentionsr are replaced by 0 (1) (2) (1) (2)r 1 r 2 r 1 rs d s dD L L D9 9 9adjusted retention timest . t , t andt 8 were arbitrarily set unity,R M R R

9 9 9the ratioR /R was set 2.t represents arbitrary numbers. RealD L Ri Significantly, Eq. (19) can be used to calculate non-measured figures forE-chalcogran are quoted in the text. The
9enantioselective contributions to retention whent 8arbitrary concentrationsc (or activitiesa) of A were set 1 and 2, R

respectively) [79]. (or r8, respectively) is not readily accessible due to
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the inavailability of the solvent S to prepare a are performed at different temperaturesT according
reference column, e.g. with polysiloxane-anchored to
chiral selectors such as Chirasil-Metal6 and 7 (cf.

2D (DG)9R D,LDSection 1.4) or with various chiral stationary phases ] ]]]]R ln 5
9R TLused in LC in which the enantioselective center of

D (DH )the selector is diluted by non-enantioselective inter- D,L
]]]5 2 1D (DS) (21)D,Laction sites including those of the support. T

The validity of Eq. (19) has been verified with
As a thermodynamic quantity,2D (DG) isgreat care [53]. Thus the enantiomers ofE-2-ethyl- D,L

strictly independent of the activitya of A in S and,1,6-dioxaspiro[4.4]nonane,E-chalcogran (configura- A

hence, also of its concentration (molality). It hastion, cf. Scheme 4), exhibited the following relative
previously been verified in complexation GC thatretentions (in respect ton-dodecane at 938C) on a 25
isothermal measurements at different concentrationsm30.25 mm I.D. fused-silica column coated with
of the selector A yielded the same value fortwo (arbitrary) concentrations (1) and (2) of nic-
2D (DG) at a very high level of confidencekel(II) bis[3-(heptafluorobutanoyl)-(1R)-campho- D,L

(1) (1) [53,66] (an example is provided in Section 2.6.).rate] in SE 54 polysiloxane:r 50.95 andr 5L D 9(2) (2) Even concentration gradients of A in S do not affect1.13 as well asr 51.90 and r 52.44. r8 isL D
2D (DG).D,Lcalculated to 0.475 according to Eq. (19). Measure-

9 9The ratioR /R of a chiral selectand B dependsD Lments ofr8 at a reference column coated with pure
on the enantiomeric purity of the selector A. TheSE 54 between 80 and 1208C at intervals of 58C
maximum2D (DG) refers to an enantiomericallyD,Lyielded an extrapolated value forr8 of 0.47660.001
pure chiral selector A (ee5100%). When A is notat 93 8C which is in excellent agreement with the
enantiomerically pure (ee,100%) the relative re-calculated figure. The essence of Eq. (19) is graphi-
tention r (measured with A of givenee) can beeecally depicted in Fig. 17 which highlights also the
extrapolated tor (corresponding toee5100%) via9 100role of t 8 (or r8, respectively) asphysical hold-upR
Eqs. (22) and (23) [66,75]:time. In fact, the complexation chromatogram has its

9origin in the adjusted retention timet 8 (or r8,R 1 50
] ]respectively). Starting from this point, thechemical r 5 r 1 r 1 r 2 r (22)s d s dD D L D L100 ee ee ee ee2 ee

retention of the enantiomersL andD of the selectand
andB increase linearily with the increase of the activity

(concentration)a of the selector A.A 1 50
] ]r 5 r 1 r 2 r 2 r (23)Enantioselectivity is defined as the Gibbs energy s d s dL D L D L100 ee ee ee ee2 ee

(free enthalpy) difference2D (DG) of the tran-D,L
withsient diastereomeric complexes AB and AB . ByD L

combining Eq. (18) and the Gibbs–Helmholtz-equa- D 2 L
]]ee(%)5 ?100 (24)tion, the modified Eq. (2) is derived in its correct D 1 L

form, Eq. (20), which separates non-enantioselective
Note that the second part in Eqs. (22) and (23)and enantioselective contributions to retention

requires foree → 0 (racemic selector),r 2 r → 0D L2D (DG)5 2D (DH )1TD (DS)D,L D,L D,L (no separation of the enantiomers,peak coalescence
9K R of the second kind, cf. Section 2.11). This derivationD D

] ]95RT ln S 5RT ln 5RT lnD.L 9K R is based on the reasonable assumption thatee of A isL L

linearly related to2D (DG). Non-linear relation-D,Lr 2 r8D
]]5RT ln (20)S Dr 2 r8L

9Concentration gradients may be formed when columns con-
Thus the thermodynamic parameters2D (DG),D,L taining the polysiloxane solvent S being chemically bonded to the
2D (DH ) and D (DS) of enantioselectivity can surface, e.g. CB-fused-silica columns, are impregnated (doped)D,L D,L

with A by dynamic coating.be obtained by van’t Hoff plots when measurements
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ships as observed in enantioselective catalysis 9K a 11 R 1 1D A D
]]] ]][76,77] are in principle also possible in enantio- a 5 5 (26)dil 9K a 11 R 1 1L A Lselective chromatography but have never been

10described . According to Eq. (26),a depends on the activity
(concentration)a . The optimum ofa is reachedA

already at low concentrations if chemical complex-2.4. The erroneous use of the separation factor a
ation is strong (i.e. largeK or R94 1). A simulated

as measure of enantioselectivity 2D (DG) in theD,L plot of a vs. a for the arbitrary valuesK 5 5.26A Dpresence of non-enantioselective contributions to
and K 5 210.5 according to Eq. (26) is shown inDretention
Fig. 18 [78].

Thus the separation factora is an inappropriateSelectivity S9 in GC is customarily described by
quantity to describe enantioselectivity2D (DG) inD,Lthe separation factora. For practical reasons, this
diluted systems according to Eq. (1). Its numericalapplies also for enantiomers according to
valueunderestimates the chiral discrimination ability
of A since the retention factork9 from which it is9 9k t rD D D calculated is the sum of the non-enantioselective] ] ]a 5 5 5 (25)

9 9k t rL L L (physical) contribution to retention,r8, and the
enantioselective (chemical) contribution to retention

In enantioselective complexation GC and related r 2 r8. It is only the ratio of the latter which leads toitechniques, the separation factora is rendereddil the separation of enantiomers according to Eq. (20),
concentration-dependent when A is diluted in S [78]. i.e. r 2 r8 / r 2 r8 . This notion is confirmed bys d s dD LBy substitutingr and r in Eq. (25) by Eq. (16)D L the experiment. The enantioselectivity ofE-2-ethyl-
with r8 being equal for enantiomers it follows that 1,6-dioxaspiro[4.4]nonane, chalcogran (cf. Scheme
[78] 4) at 938C calculated by Eq. (20) using the relative

retentions quoted in Section 2.3 [53] is
2D (DG)50.234 kcal /mol at the low selectorD,L

concentration (1) and2D (DG)50.234 kcal /molD,L

at the high selector concentration (2), respectively.
Using the inappropriate Eq. (1),2D (DG) isD,L

underestimated and is rendered concentration-depen-
dent, i.e. 2D (DG)50.126 kcal /mol at the lowD,L

selector concentration (1) but2D (DG)50.182D,L

kcal /mol at the high selector concentration (2),
respectively.2D (DG) can be approximated fromD,L

Eq. (27) valid for undiluted selectors A (cf. Eq. (1)
[75] only in the rare case whenr8 is very low and
complexation is very strong, i.e.r 4 r8,

9tRD
]2D (DG)5RT ln a |RT lnD,L undilFig. 18. Simulated plot ofa vs. a . Curve 1:K 55.26; curve 2: 9tA D RL9K 5210.5 (fora 5 0.057 the samea 51.10 results whenR 5D A D

r90.3 andR 5 12, respectively) [78]. DD ]|RT ln for r 4 r8 (27)rL
10This phenomenon is expected to arise when the selector A is

prone to dimerization as for3a and 4a. In the hypothetical case The validity of Eq. (20) has also been corrobo-
that only heterochiral dimers are formed quantitatively being

rated by the gas-chromatographic separation of en-inactive toward complexation, the remaining major enantiomer of
antiomers using diluted cyclodextrin selectors [79–the monomer would solely be responsible in determining

2D (DG) even at enantiomeric mixtures of lowee. 81].D,L
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2.5. Mechanistic aspects of the separation of of the enantiomers of spiroketals such as chalcogran
enantiomers by complexation GC – the elusive (cf. Section 1.6.) [22,61]. Some selectors were not
concept of an enantiorecognition factor x readily available in an enantiomerically pure form.

Therefore, the maximum2D (DG) was extrapo-D,L

From a chromatogram displaying the separation of lated according to Eqs. (22) and (23).
enantiomers by complexation GC useful information When enantioselective complexation GC was de-
can be obtained from the peak parameters displayed vised it was though that the prerequisite to efficient
in Scheme 6 [20,36]. enantioselectivity2D (DG) was a strong com-D,L

Thermodynamic data describing chemical selec- plexation strengthDG 5 1/2(DG 1DG ) be-mean L D

tivity and enantioselectivity (cf. (1) and (2) in tween the selectand and the selector. In fact, this
Scheme 6) are obtained from relative retention datar misconception delayed the advent of enantioselective
and r8 by complexation gas chromatography accord- complexation GC. For example, the first target of
ing to Eqs. (16) and (20) [20,28,36]. In a com- extensive investigations was concerned with the
prehensive effort, the complexation equilibria be- chiral olefin 3-methyl-1-pentene that exhibited a
tween 15 chiral mono-, di-, and trialkylsubstituted much strongerp-complexation ability with 1 as
cyclic ethers (mainly oxiranes) and 11 chiral compared to 3-methylcyclopentene [9,11]. But only
and non-racemic nickel(II)–bis-[a-(heptafluoro- the cyclic olefin can be separated into enantiomers
butanoyl)-terpeneketonates]4a, 8–17 with different (cf. Section 1.2). Also for chiral aliphatic oxiranes,
molecular architectures (cf. Scheme 5) have been no relationship between the strength of molecular
measured in squalane at 608C in an effort to gain complexation of the two enantiomers,2DG , andmean

mechanistic insights into enantioselective complex- the magnitude of enantiorecognition,D (DG), de-D,L

ation GC [66]. Some noteworthy trends have been fined as thechiral recognition factor x (or enan-
observed. The selectors4a and 8 showed similar tiorecognition factor) was found with the 11 nic-
enantioselectivities2D (DG) implying that struc- kel(II) selectors4a, 8–17 (cf. Scheme 6) [66]D,L

tural rigidity was not a prerequisite for efficient
x 5 2D (DG) / 2DG (28)enantiorecognition. The highest enantiomeric bias D,L mean

was obtained with the selector12. Not only selectors
containing bicyclic molecular structures but also

This trend can be demonstrated in Fig. 19 for
those with monocyclic structures, e.g. differing in the

chiral 2-methyl-substituted cyclic ethers separated on
geometric relation of the 1,4-dialkyl substituents15–

manganese(II)–bis[3 - (heptafluorobutanoyl) - (1R)-
17, were efficient for the discrimination of enantio-

camphorate]4c [69].
mers [66] although no obvious relationships between

A very high complexation selectivity,K , differ-relstructure and enantioselectivity was found. Although
ing by a factor of 65, was observed as the result of

14 represents a planar structure with the exception of
changing the ring size of the cyclic ethers, i.e.

the chiral center carrying the isopropenyl group, this
selector was highly enantioselective and could even

oxetane4 oxolane$ oxirane.oxane
be used for the efficient semipreparative separation

The extraordinarily strong complexation of the
oxetane and metal(II) selectors, not yet understood,
gives rise to extreme retention times notably for the
strong acceptor nickel(II) [66]. As has been outlined
in Section 2.4., the separation factora does not
represent a reliable criterion for enantioselectivity
according to Eq. (1) because it ignores the different
volatilities as expressed by the different values ofr8
for the cyclic ethers. Thus it is not readily obviousScheme 6. Four peak parameters in enantioselective complexation

GC [20]. from the chromatogram depicted in Fig. 19 that the
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Fig. 19. Influence of ring size of 2-methyl-substituted cyclic ethers ona, K (first eluted enantiomer) and2D (DG) at 608C (160 m30.4rel D,L

mm I.D. stainless steel column coated with 0.05m 3a in squalane; carrier gas: dinitrogen) [69].

true enantioselectivity, correctly expressed by selectors despite the low retention-incrementsR9 of
2D (DG), decreases in the order the selectands [69]. Thus the chiral recognition factorD,L

x, cf. Eq. (28), decreases in the orderoxirane. oxetane. oxolane.oxane

manganese(II). cobalt(II). nickel(II)
Thus neither a strong complexation (for the ox-

etane) nor a very weak complexation (for the oxane)
For chiral alkylsubstituted oxiranes, a consistentis essential for an efficient enantioselectivity. The

relationship between the absolute configuration ofhighest degree of enantiorecognition is in fact ob-
the enantiomers and the order of elution (cf. (5) inserved when the complexation strength2DG ismean Scheme 5) was observed for all oxiranes on4a, 8–17intermediate, i.e. for oxiranes. Therefore, the intui-
[66] in accordance with a proposedquadrant ruletive assumption that strong molecular complexation
[65]. However the magnitude and the sign of enan-is a prerequisite for a high enantioselectivity is not
tioselectivity 6D (DG) between alkylsubstitutedD,Lverified by the experiment. This finding appears to
oxiranes and4a, 8–17 could neither be predicted norbe of general validity in enantioselective chromatog-
rationalized by simple molecular models [66]. Thisraphy. It applies also when the different complex-
situation is further complicated by the temperatureation properties of the metal(II) selectors are consid-
dependence of the enantioselective complexationered. The complexation strength of the metal(II) ions
equilibria (cf. Section 2.6). Thus it had been notedfor oxygen-, nitrogen- and sulfur-containing selec-
[69] that the enantiomers of isopropyloxirane are nottands increases markedly in the order [31,69]
separated on the nickel(II) selector4a but are well

manganese(II), cobalt(II)< nickel(II) separated on the manganese(II) selector4c at 608C.
Indeed a temperature-dependent reversal of the enan-

Yet although manganese(II) (and notably zinc(II)) tioselectivity for isopropyloxirane is described in
are very weak acceptors compared to nickel(II), high Section 2.6. A real conundrum is the observation of a
enantioselectivities are often observed with these reversal of the elution order between the enantiomers
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Fig. 20. Coordination geometry of aquo–pyridino–nickel(II)
bis[3-(heptafluorobutanoyl)-(1R)-camphorate]4a [56].

of (2S,3S)-trans-2,3-dimethyloxirane and (2S,3S)-
trans-2,3-dimethylthiirane on4a [20].

No attempts have been made thus far to model
enantioselectivity in complexation GC since the
structure of the dissolved selectors in the gas-chro-

Scheme 8. Different coordination geometries of a selector (e.g.matographic experiment (coordination geometry,
Chirasil-Nickel 7a) and their impact to the approach of theoligomerization status) is not known with certainty.
enantiomers of a selectand (A and B symbolize coordination sites)The nickel(II) selectors3a and 4a are dimeric with
[100].

two nickel atoms sharing two oxygens in a bridged
structure [82]. An unusual coordination geometry
was found for a complex of4a with water and by an enthalpy term,2D (DH ), and an entropyD,L

pyridine (cf. Fig. 20) [56]. The complex was formed term,D (DS). For a 1:1 complexation process, bothD,L

when a coating solution of4a in dimethylpolysilox- terms oppose each other in determining2D (DG).D,L

ane was accidentally set aside for about a year. The resulting enthalpy/entropy compensation is due
Pyridine must have been taken up from the air of the to the fact that the more tightly bonded complex
laboratory. A tentative coordination geometry with (2DH . 2DH ) is also more ordered, i.e.DS ,D L D

an oxirane will be discussed in Section 2.9. (cf. DS (and vice versa for the other enantiomer). SinceL

Scheme 8). the entropy term increases with temperatureT ac-
cording to Eq. (20), the enantioselectivity
2D (DG) is rendered temperature-dependent. AsD,L

2.6. The temperature-dependence of predicted by Schurig and Koppenhoefer [26,83],
enantioselectivity, enthalpy /entropy compensation D (DG) becomes nil at a certain coalescenceD,L

and the isoenantioselective temperature temperature called theisoenantioselective tempera-
ture T (K 5K , no enantioselectivity)isoenant D L

According to Eq. (20), the separation of enantio-
T 5D (DH ) /D (DS) (29)mers by complexation GC is entirely governed by isoenant D,L D,L

thermodynamics at the fast kinetics of complexation.
The enantioselectivity2D (DG) is thus determined AtT , peak coalescence of the third kind (cf.D,L isoenant
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Section 2.11) is observed and the enantiomers cannot E-chalcogran on4a:
be separated because of enthalpy/entropy compensa- 2D (DG)50.20 kcal /mol (353.16 K)D,L

tion. Below T , the sign of enantioselectivity 2D (DH )50.81 kcal /molisoenant D,L

D (DG) is preferentially governed by2D (DH ) D (DS)521.75 cal /K molD,L D,L D,L

and aboveT , it is preferentially governed by T 5463 K (|1908C)isoenant isoenant

D (DS). At T the sign of enantioselectivityD,L isoenant

changes when going from low to high temperatures In subsequent studies it was found that subtle
( peak inversion of the first kind). A reversal of the differences at the C(10)-position of the camphor
enantioselectivity in complexation GC above 2008C moiety (cf. Scheme 1, bottom, R5methyl (4a),1

has been postulated forZ- and E-2-ethyl-1,6-dioxa- vinyl (5a) and ethyl (5b)) of the chiral selector led to
spiro[4.4]nonane, chalcogran (configurations cf. pronounced differences in the enantioselectivity for
Scheme 4) on4a based on an extrapolation of Z- and E-chalcogran, respectively. The results are
thermodynamic parameters determined below depicted in Fig. 23.
T from the data given in Table 1. The corre- Noteworthy is the high diastereoselectivity A,Bisoenant

sponding linear van’t Hoff plots (Eq. (21)) are (Z) vs. C,D (E) and low enantioselectivity A(2S,5S)
depicted in Fig. 21 and a representative gas chro- vs. B(2R,2R) and C(2R,5S) vs. D(2S,5R) of the
matogram taken to obtain relative retention data is chalcogran stereoisomers (cf. Scheme 4) on the
depicted in Fig. 22 [53]. The following data were selector 5a (cf. Fig. 22, bottom). Moreover the
calculated: elution order of A,B and C,D is reversed between5a

and 4a or 5b. At first sight, one may be inclined to
Z-chalcogran on4a: interpret these findings in terms of an inferior
2D (DG)50.25 kcal /mol (353.16 K) resolving power of5a. Detailed investigations, how-D,L

2D (DH )50.92 kcal /mol ever, showed that the failure to separate the enantio-D,L

D (DS)521.90 cal /K mol mers was due to enthalpy/entropy compensationD,L

T 5484 K (|2108C) near the isoenantioselective temperatureTisoenant isoenant

Table 1
Relative retention data (reference standardn-dodecane) of the stereoisomers ofZ- and E-chalcogran (A–D) on a 25 m30.25 mm I.D.
fused-silica column (i) coated with pure polysiloxane SE-54 to determiner 8 (5reference column) and (ii) re-coated with 0.1 m4a in SE-54i

(5complexation column) to determiner between 80 and 1208C [53]i

80 8C 858C 908C 958C 1008C 1058C 1108C 1158C 1208C

Z 0.428 0.442 0.456 0.469 0.483 0.496 0.510 0.523 0.537
(r )0

E 0.443 0.456 0.469 0.482 0.495 0.508 0.521 0.534 0.547
(r )0

Z(A) 0.831 0.840 0.846 0.849 0.850 0.852 0.854 0.856 0.858
(r)

Z(B) 0.964 0.961 0.956 0.949 0.940 0.933 0.925 0.919 0.911
(r)

E(C) 1.648 1.631 1.615 1.595 1.565 1.535 1.510 1.479 1.450
(r)

E(D) 2.153 2.069 2.037 1.976 1.914 1.850 1.790 1.730 1.670
(r)

9 9R ln R /R 0.5597 0.5271 0.4929 0.4641 0.4357 0.4073 0.3724 0.3442 0.3035s dB A

9 9R ln R /R 0.7007 0.6621 0.6226 0.5865 0.5606 0.5313 0.4951 0.4677 0.4329s dD C
310 /T 2.8316 2.7920 2.7536 2.7162 2.6798 2.6444 2.6099 2.5763 2.5435
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3Fig. 21. Van’t Hoff plot obtained from data of Table 1 ofR ln R /R vs. 10 /T for Z- and E-chalcogran (cf. Scheme 4) [53].s dR S

9[84]. By concise measurements ofR of the stereo- The low extrapolated coalescence temperaturei

isomers of chalcogran (i5A–D) on 5a, the follow- T 580 8C was later confirmed and the inver-isoenant
ing thermodynamic data were obtained and indeed a sion of the elution order aboveT was verifiedisoenant

11low value for T for E-chalcogran was pre- experimentally (cf. Fig. 24) [84]. . Thus in Fig. 24isoenant

dicted: the predicted temperature-dependent inversion of the
elution order of the enantiomers ofE-chalcogran

E-chalcogran on5a: (C,D vs. D,C) on the same chiral selector is shown.
2D (DH )50.62 kcal /mol Whereas the selectand–selector complexation isD,L

D (DS)52 1.75 cal /K mol steadily reduced between 60 and 1408C as expected,D,L

T 5354 K (|808C) C is eluted before D at 60 8C (the separation isisoenant

preferentially enthalpy-controlled), peak coalescence
commences around 758C and above this temperature
C is elutedafter D (the separation is preferentially
entropy-controlled) implying that the stronger com-
plexing enantiomerD is eluted first (!) because of a
higher freedom or disorder in the complexed state.

In order to confirm this result, the selector5d
possessing a bulky substituent at the C(10)-position
of camphor was tested. The following thermody-
namic data were measured [27]:

Fig. 22. Determination of thermodynamic data from relative
retention data (reference standardn-dodecane) of the stereoiso-

11mers of Z- and E-chalcogran (A–D) (cf. Scheme 4) on a 25 Entropy–enthalpy compensation has also been discussed and
m30.25 mm I.D. fused-silica column coated with with 0.1m 4a was discovered at the same time for enantioselective hydrogen-
in SE-54 (5complexation column) to determiner at 1058C [53]. bonding systems by Gil-Av et al. [85].i
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Fig. 24. Temperature-dependent reversal of the elution order of
the enantiomers ofE-chalcogran C,D (cf. Scheme 4) by com-
plexation GC on nickel(II)bis[3-(heptafluorobutanoyl)-(1S)-10-
methylene-camphorate]5a (for the sake of this evidence the
racemic C,D mixture was enriched with the D-enantiomer [45]).
25 m30.25 mm I.D. fused-silica column coated with 0.15m 5a in
OV-101 (0.2 mm film thickness) at 1408C (top) and 608C
(bottom), 1 bar dinitrogen. C5n-hexane (solvent), C5n-unde-6 11

Fig. 23. Influence of structural changes at the C(10)-position of cane and C 5n-dodecane [84].12
camphor in the gas-chromatographic separation of the enantiomers
of Z- and E-chalcogran (A–D) (cf. Scheme 4) on4a, 5b and 5a.

E-chalcogran on5d:Top: 37 m30.25 I.D. glass capillary column coated with 0.12m
4a in SE-54 (0.2mm film thickness) at 808C, 1 bar dinitrogen. 2D (DH )50.857 kcal /molD,L
Center: 25 m30.25 mm I.D. glass capillary column coated with D (DS)52 2.41 cal /K molD,L
0.13 m 5b in SE-54 (0.2mm film thickness) at 808C, 1 bar T 5356 K (|828C)isoenantdinitrogen. Bottom: 24 m30.25 mm I.D. glass capillary column
coated with 0.125m 5a in SE-54 (0.2mm film thickness) at 808C,

Despite different values of2D (DH ) and1 bar dinitrogen. Peak assignment: A5(2S,5S), B5(2R,5R), C5 D,L

(2R,5S) and D5(2S,5R) [53]. D (DS) between5d and5a the plot2D (DH ) vs.D,L D,L
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D (DS) is constant with the slopeT |355 KD,L isoenant

suggesting the same mechanism of enantiorecog-
niton. In line with the different thermodynamic data
the predicted temperature-dependent inversion of the
elution order of the enantiomers ofE-chalcogran
(C,D vs. D,C) was established on5a in the rather
broad temperature interval of 60–1408C [84] where-
as the interval between 70 and 1108C was already
sufficient on 5d as depicted in Fig. 25 (top). Al-
though the selectand–selector complexation is steadi-
ly reduced between 70 and 1108C (decrease ofR9),
C is first elutedbefore D at 70 8C (the separation is
preferentially enthalpy-controlled), then peak
coalescence commences at 808C and above this
temperature C is elutedafter D (the separation is
preferentially entropy-controlled) implying that the
stronger complexing enantiomerD is eluted first (!)
because of a higher freedom of disorder in the
complexed state. The van’t Hoff plot depicted in Fig.
24 (bottom) is strictly linear and intersects the line
for 2D (DG)50 perfectly at the measured valueD,L

for T [27]. It is interesting to note that no peakisoenant

inversion was observed for the enantiomers of the
Z-diastereomer A and B on5a [84] and on5d [27].

The inherent principle of enthalpy/entropy com-
pensation in complexation GC was later confirmed
with a different selectand, i.e. racemic iso-
propyloxirane on5e (cf. Fig. 26, top) [28,36].

Thus coordination between the (R)- and (S)-en-
antiomers of isopropyloxirane and nickel(II)–bis[3-
(heptafluorobutanoyl)-8-methylene-(1R,7R)-campho-
rate] 5e steadily decreases between 55 and 1108C as
seen from the drop of the retention time from 50 to
2.5 min, respectively (cf. Fig. 26, top). While no
separation of the enantiomers is observed between 70
and 908C, the (R)-enantiomer is eluted after the
(S)-enantiomer at 558C. Above the coalescence
region atT , 2D (DG) increases again with aisoenant D,L

reversal of its sign and enantiomer separation re-
sumes at 1108C whereby theS-enantiomer is now
eluted after theR-enantiomer (peak inversion of the
second kind). As expected from the thermodynamic
origin of the phenomenon and the validity of Eq.Fig. 25. Top: Temperature-dependent reversal of the elution order

of the enantiomers ofE-chalcogran C,D (cf. Scheme 4) by (20), the van’t Hoff plot of2D (DG) /T5R ln(K /D,L D
complexation GC on nickel(II)bis[3-(heptafluorobutanoyl)-1S)- K ) vs. 1 /T at five temperatures between 55 and 110L10-isobutylidene-camphorate]5d. 20.5 m30.25 mm I.D. glass

8C is strictly linear as evident from Fig. 26, bottom,capillary column coated with 0.129m 5d in OV-101 between 70
intersecting the line for 2D (DG)50 at theand 1108C at 1 bar dinitrogen. Bottom: Linear van’t Hoff-plot and D,L

coalescence temperatureT | 89 8C observeddetermination of the isoenantioselective temperatureT [27].isoenant isoenant
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experimentally according to Fig. 26, top (cf. arrow).
The van’t Hoff plot yields the following thermo-
dynamic data (the subscriptsD and L merely denote
enantiomers, irrespective of the absolute configura-
tion of isopropyloxirane):

Isopropyloxirane on5a:
2D (DH )50.297 kcal /molD,L

D (DS)520.82 cal /K molD,L

T 5362 K (|898C)isoenant

Quite unexpectedly, minor structural modifications
of the selector in a position opposite to the coordina-
tion site (at C(8) of camphor) influenced markedly
T for isopropyloxirane (cf. Table 2, left). Alsoisoenant

minor changes of the oxirane structure drastically
influencedT (cf. Table 2, right). Thus for theisoenant

diastereomericsec-butyl-oxiranes only one of the
two enantiomeric pairs (R,S /S,R) showed a low
T similar to that observed for isopropyloxiraneisoenant

whereas for the other pair (R,R /S,S) T wasisoenant

more than 500 K (!) higher (cf. Table 2, right) [36].
It should be noted that a low value forT hasisoenant

only been observed for isopropyloxirane on4a, 5a
and 5b and for one of the diastereomers ofsec-
butyloxirane, but not for other alkylsubstituted ox-
iranes. Surprisingly, the enantiomers of iso-
propyloxirane are separated with a separation factor
of a51.5 on 5b and 5c at 70 8C (cf. Fig. 3), the
temperature where peak coalescence is observed with
4a, 5a, 5b, 5e and 5f. The reasons for these
unexpected observations are unknown at present.
Enantioselective complexation GC involves only a
one-point bonding interaction of the solute and the
metal center. Enantiorecognition is therefore mainly
governed by non-covalent interactions. Although the
selector–selectand system in complexation GC is
rather simple, involving small chiral molecules such
as alkyloxiranes, no mechanistic conclusions have
emerged yet, rendering more complicated systems
even more difficult to rationalize despite many
ambitious efforts reported in the contemporary litera-
ture (mainly concerned with LC). Enthalpy/entropy
compensation complicates the rationalization of the
mechanisms of enantioselectivity. AboveTisoenant

Fig. 26. Top: Temperature-dependent reversal of the elution order preferential recognition of one enantiomer is essen-
of the enantiomers of isopropyloxirane by complexation GC on

tially caused by an entropy effect due to a highernickel(II)–bis - [3-(heptafluorobutanoyl)-(1R)-8-methylene-cam-
degree of disorder of complexation, whereas belowphorate]5e. Bottom: Linear van’t Hoff-plot and determination of

the isoenantioselective temperatureT [27,36]. T enantiorecognition is essentially caused byisoenant isoenant
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Table 2
Left: Thermodynamic data of enantioselectivity for isopropyloxirane and structurally modified nickel(II) selectors4a, 5e and 5f; left:
dependence of the structure of the selector; right: dependence of the configuration of the selectands isopropyl- andsec-butyloxirane (two
enantiomeric pairs) [28,36]

the enthalpy effect of chemical bonding. Thus en- carbon to pyramidal trivalent nitrogen, however,
tropic contributions to enantiorecognition represent classical attempts to resolve racemic tertiary amines
an important parameter not to be neglected in NXYZ failed (cf. references in [86]). A strategy

]
mechanistic considerations of enantioselectivity (e.g. toward stable stereogenic nitrogen relies on the
by molecular modeling studies). Decreasing the design of molecular architectures containing nitrogen
temperature belowT as much as possible is as a bridge head. Indeed, Prelog and Wielandisoenant

¨always beneficial for chromatographic separation of separated the enantiomers of Troger’s base by liquid
enantiomers. The separation of enantiomers as de- chromatography on lactose in 1944 [87]. Another

9 9termined byR ln(R /R ) becomes independent of strategy toward an increase of the inversion barrierD L

the temperature when2D (DH ) is zero. In this of pyramidal nitrogen consists of the incorporation ofD,L

case enantiorecognition is only entropy-controlled. nitrogen in a three-membered ring concomitant with
No such an effect has been reported thus far. the introduction of lone-pair containing atoms on

An unusual increase of the separation factora nitrogen. In 1955 Zlatkis attempted to resolve a
with an increase of the temperature has been ob- chiral aziridine by GC using a chiral stationary phase
served for the racemic drug mecoprop on Chirasil- [88]. This challenge was solved only in 1979 by the
Nickel 7a in complexation SFC that has tentatively separation of 1-chloro-2,2-dimethylaziridine with the
been discussed to arise from enthalpy/entropy com- large separation factor ofa51.43 using a 100 m3
pensation [59]. 0.5 mm nickel capillary column coated with optically

active nickel(II)bis[3-(trifluoroacetyl)-(1R)-campho-
2.7. Peak profiles due to enantiomerization – rate] [89]. The separation of the enantiomers could
access to kinetic activation parameters of even be performed using a preparative packed col-
interconversion by peak form analysis umn [60] (cf. Section 1.6.). In Ref. [89] it was stated

with foresight: Furthermore, complexation chroma-
In 1890, Alfred Werner extended the concept of tography may develop into a simple method for the

van’t Hoff and Le Bel on the tetrahedral tetravalent investigation of slow inversion processes. If inver-
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sion takes place during the separation process the The observed peak profile of interconversion was
resulting phenomena of peak coalescence should the first such a case reported in chiral chromatog-
lend themselves to kinetic analysis. raphy. It represented not only a diagnostic tool for

Indeed a typical peak profile, characterized by the the recognition of inversion of chirality but it was
appearance of an overlapping zone called plateau and amenable to the acquisition of kinetic data by
caused by inverted molecules, was subsequently computerized peak form analysis [90]. Thus by
observed for 1-chloro-2,2-dimethylaziridine by com- iterative comparison of simulated and experimental
plexation GC on the chiral selector3a [20] (cf. Fig. chromatograms kinetic data of activation, i.e. the
27, top, left). inversion barrier, were obtained [90]. In the follow-

Fig. 27. Plateau-formation due to enantiomerization. Top: peak profiles of interconverting enantiomers during complexation GC of
1-chloro-2,2-dimethylaziridine (left) at 608C on 3a and of 1,6-dioxaspiro[4.4]nonane (right) at 708C on 4a [20]. Left and right:
experimental chromatograms. Center: simulated chromatogram [90]. Bottom: peak profile of the enantiomerization of phenyloxirane (styrene
oxide) at 808C at 4c [28,36].
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Fig. 28. Kinetic enantiomerization profiles. Left: in the absence of a chiral selector. Center: in the presence of a chiral selector. Right: in the
presence of a chiral selector displaying an inhibitive or catalytic effect.

ing years the simulation programs pertinent to com-
plexation GC have steadily been improved using the
theoretical plate model and/or the stochastic model,
i.e. by the programs SIMUL [91] and CHROMWIN
[92,93]. An approximation function for the direct
calculation of rate constants and Gibbs activation
energies of enantiomerization of racemic mixtures
from chromatographic parameters in dynamic chro-
matography was developed recently [94].

In the References [20,90] the terms
12enantiomerization anddynamic were introduced in

connection with the chromatography of interconvert-
ing molecules. The term enantiomerization implies a
process in which the individual stereoisomers of a
racemic or enriched mixture of enantiomers undergo
inversion of chirality during their chromatographic
separation. The equilibrium of enantiomerization, i.e.
LáD, occurs independently in the mobile and
stationary phase and is governed only by an entropic Scheme 7. Top: cyclic process involving enantiomerization in the
change. It represents a simple reversible unimolecu- mobile and the chiral stationary phase [90]. Bottom: cyclic process

involving enantiomerization in the mobile and the diluted chirallar reaction. If enantiomerization is rapid at the
stationary phase (A in S) [96].chromatographic time scale only one peak will be

observed (peak coalescence of the forth kind, cf.
Section 2.11). are rendered enantioselective in the environment of

Peak profiles caused by interconversion can be the chiral stationary phase (cf. Fig. 28, middle) and
s scalculated based on the cyclic process, obeying the k andk are becomedifferent (cf. Scheme 7)L→D D→L

principle of microscopic reversibility, shown in [90].
Scheme 7, top.

sK kThe interconverting enantiomers possess a differ- L(D ) L→D
]] ]]5 (30)sent energy in the chiral stationary phase due to K kL(L ) D→L

different apparent distribution constantsK .KL(D ) L(L )

(cf. Eq. (7) and Scheme 7, top) that lead to enantio- Although the first-eluted enantiomerL is inverted
meric separation. Hence, the interconversion rates at a higher rate into the second eluted enantiomerD

s s(k . k ), the former is not depleted but isL→D D→L
12 re-formed due to the longer residence time of theEnantiomerization should be distinguished from racemization.

The rate laws differ by a factor of 2:k 5 2 k [95]. second eluted enantiomerD in the column (K .rac enant L(D )
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K ). As a consequence, depletion and enrichmentL(L ) 9R1 Ls d c]] ]]k 5 k 1 k (31)of L (and, mutatis mutandis, enrichment and deple- L→D 19 911R 11RL Ltion of D) cancel each other and no overall de-
racemization is observed. However, de-racemization 9R1 Ds d c]] ]]k 5 k 1 k (32)in favour of the second eluted enantiomer may be D→L 219 911R 11RD D
predicted when the temperature is raised or the

Further examples featuring enantiomerization incarrier gas flow is enhanced after the first enantiomer
complexation GC have been described for 1,6-dioxa-is eluted from the column.
spiro[4.4]nonane (cf. Fig. 27, top right) [20],A more complicated situation arises when the
phenyloxirane (cf. Fig. 27, bottom) [36], iso-chiral selector is present in a dissolved state, i.e., A
propenyloxirane [36], homofuran (cf. Fig. 29) [97]in S. In this case three independent equilibria may be
and the allene dimethyl-2,3-pentadienedioate (cf. Fig.distinguished (cf. Scheme 7, bottom) which are
30) [98]. For homofuran, a perfect agreement be-interrelated by the apparent distribution constantKL

tween experimental and calculated chromatogramsaccording to Eq. (7) and the retention-incrementR9
was obtained. Moreover, the enantiomerization bar-according to Eq. (16) [96]. The overall rate constants

s rier calculated by complexation GC corresponded tok of interconversion in the stationary phase can be
d that measured by polarimetry for an optically en-calculated from the rate constantsk (related to the

c riched sample. Enantiomerization was rapid at thedissolved state in S) andk (related to the complexed
chromatographic time scale at elevated temperaturestate with A in S) by [96]

Fig. 29. Comparison of experimental (left) and calculated (right) chromatograms displaying enantiomerization of homofuran by dynamic
complexation GC on Chirasil-Nickel7a; 10 m30.1 mm I.D. fused-silica column coated with 0.25mm 7a [97].
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Fig. 31. Peak profile with enhanced peak distortion due to
epimerization of 2-ethyl-1,6-dioxaspiro[4.4]nonane, chalcogran
(cf. Scheme 4) at 938C (25 m30.25 mm I.D. fused-silica column
coated with 0.1m 4a in OV-101, 0.2mm), inlet pressure 0.4 bar
dinitrogen [21].

and only one peak was observed (peak coalescence
of the forth kind, cf. Section 2.11).

Unlike homofuran, examples are known in which
the presence of the metal-containing selector A
considerably changed the barrier of enantiomeriza-
tion in the stationary phase (cf. Fig. 28, right). Thus

‡for 1-chloro-2,2-dimethylaziridineDG |25 kcal /
mol at 60 8C has been determined by dynamic
complexation GC [90]. As the chiral aziridine could
also be separated by complexation GC semi-prepara-
tively (cf. Section 1.6) [60], the racemization kinetics
of the isolated enantiomers were studied in the gas
phase at 658C by analytical complexation GC and a

‡much higher value,DG | 28 kcal /mol, was de-
termined [60]. The higher value was confirmed by
the new technique ofenantioselective stopped-flow
multidimensional GC [99].

Whereas the barrier of the enantiomerization of
trans-2,3-dimethyloxirane via conrotary thermal ring

‡opening isDG . 50 kcal /mol, phenyloxirane and
isopropenyloxirane underwent inversion of configu-
ration during enantiomer separation on4c already at
elevated temperatures (cf. Fig. 27, bottom) [36].
Since saturated alkyl-substituted oxiranes do not
show this phenomenon, the metal-mediated enantio-Fig. 30. Temperature-dependent enantiomerization of dimethyl-
merization is probably assisted by the presence of2,3-pentadienedioate; 19 m30.25 mm I.D. column coated with

0.2 mm Chirasil-Nickel7a, 1 bar helium [98]. unsaturated substituents at the oxirane ring.
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Temperature-dependent kinetic studies can easily
be performed by complexation GC. Thus for the
chiral allene dimethyl-2,3-pentadienedioate entropic
and enthalpic activation parameters are accessible
using the Eyring equation, cf. Fig. 30 (data are given
in Ref. [98]).

A very complex interconversion profile has been
observed for the epimerization of chalcogran (AáD
and BáC) on Chirasil-Nickel 7a. The selector is
apparently present in a catalytically active state after
prolonged time of use (cf. Fig. 31).

The investigations on enantiomerization barriers Fig. 32. Deviation from the expected 1:1 ratio (first peak
were recently stimulated by legislative demands. diminished) upon enantiomer separation ofracemic n-decylox-

irane on Chirasil-Nickel7a by complexation GC at 1508C [36].Thus the Federal Drug Administration (FDA) re-
quires that the stability protocol for enantiomeric
drug substances and drug products should include a occurs. Reversing the chirality of the selector does
method or methods capable of assessing the stereo- not alter the observed peak profiles since two
chemical integrity of the drug substance and drug enantioselective processes are involved, i.e. chro-
product [93]. Dynamic chromatography and stopped- matographic resolution and kinetic resolution.
flow techniques require only minute amounts of the
racemic sample rather than isolated enantiomers for 2.9. Unusual peak-broadening phenomena in
the acquisition of inversion barriers [93]. complexation GC

2.8. Kinetic resolution during the separation of Still another metal-mediated enantioselective phe-
enantiomers by complexation GC nomenon has been discovered in enantioselective

complexation GC involving racemictrans-2,3-di-
The quantitative separation of enantiomers by ethyl-oxirane [36]. As shown in Fig. 33, the first

complexation GC is a useful tool for the precise eluted enantiomer shows a considerably broader peak
determination of enantiomeric ratioser (cf. (4) in width, also recognized by the reduced peak height, as
Scheme 5) [64,19]. A serious error in the determi- compared to the second eluted enantiomer although
nation of enantiomeric ratios may be caused by the peak areas are strictly identical. Since in com-
preferential loss of one enantiomer during the gas plexation GC peak-broadening is related to the rate
chromatographic separation process (cf. Section 1.9). of the complexation process, the kinetics of coordi-
Non-enantioselective decomposition of a chiral nation may be different for the two enantiomers.
selectand leads to a preferential depletion of the This result could imply that two different coordina-
second eluted enantiomer spending a longer time in tion sites with different kinetic requirements of the
the column. Enantioselective decomposition medi- metal(II) selector are involved in the complexation
ated by the chiral metal coordination compound may of each individual enantiomer.
in principle lead to a depletion of the first or the A very pronounced broadening of the first peak
second eluted enantiomer. Both phenomena have that occurred only at an intermediate temperature
been observed with oxiranes [21,36]. A deviation was observed for racemic campher and Chirasil-
from the expected 1:1 ratio for racemicn-decylox- Nickel 7a in complexation SFC [57] (cf. Fig. 34).
irane separated at 1508C on Chirasil-Nickel7a and The different approach of the enantiomers of the
showing an apparentee of 25% is depicted in Fig. 32 selectand to opposite sites of a planar coordination
[36]. geometry of nickel(II) with cis configuration has

Apart from the preferential depletion of the first tentatively been proposed [100] (cf. Scheme 8).
eluted enantiomer, a new broad elution zone, proba- Another unusual peak broadening phenomenon not
bly resulting from an unidentified reaction product, yet understood was observed when the enantiomers
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Fig. 33. Deviation from the expected peak width for the first eluted enantiomer of racemictrans-2,3-diethyloxirane separated on
nickel(II)–bis[3-(heptafluorobutanoyl)-10-(ethylidene)-(1S)-camphorate]5c [36].

of E-chalcogran (cf. Scheme 4) were separated on5a peak ratio 1:1, unusual peak width (different
and underwent coalescence atT (Note (6) in complexation sites at the metal selector) cf. Fig.isoenant

Ref. [84]). 33
• enantioselective enantiomerization

2.10. The distinction of four enantioselective terminal peak ratio 1:1 and internal plateau for-
processes in complexation gas chromatography mation (different rate of enantiomerization me-

diated by the chiral metal selector according to
Four different enantioselective processes can be Eq. (30)), cf. Fig. 27, bottom

discerned in the complexation ofracemic oxiranes • enantioselective reaction
with nickel(II)–bis[3-(heptafluoro-butanoyl)-(1R)- peak ratio±1:1 (kinetic resolution mediated by
camphorate]4a or derivatives thereof [12]: the chiral metal selector) cf. Fig. 32.
• enantioselective coordination (via distinct thermo-

dynamics)
peak ratio 1:1 (chromatographic separation me- These enantioselective processes are easily de-
diated by the chiral metal selector) cf. Fig. 3 tected in the chromatographic complexation column.

• enantioselective coordination (via distinct thermo- The observations may guide further investigations in
dynamics and distinct kinetics) static reaction devices (e.g. kinetic resolution).
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• peak coalescence (fifth kind): only one peak is
observed due to compensation of enantioselec-
tivity of two (or more) competing chiral selectors
present in the stationary phase, in the mobile
phase, or in both

• peak coalescence (sixth kind): only one peak is
observed due to slow instrumental response fac-
tors in very fast separations of enantiomers

3. Conclusion

The introduction of chemical selectivity into the
gas chromatographic separation process permits the
solution of particular difficult separation problems
involving isomers, isotopomers and enantiomers.
Enantioselective complexation GC represents a ma-
ture method capable of solving difficult problems in
the analysis of enantiomers. Yet with the introduction

Fig. 34. Peak-broadening phenomenon for the enantiomers of
of modified cyclodextrins as CSPs in GC in the latecamphor separated on Chirasil-Nickel7a by complexation SFC at
1980s [102,103] its practical importance has dimin-60 8C and 15 MPa CO at different flow-rates [100].2

ished. The method however retains its importance in
the elucidation of inherent principles of enantioselec-

2.11. The distinction of four coalescence
tive chromatography as a whole. Thus in complex-

phenomena in enantioselective complexation gas
ation GC, the underlying enantioselective complex-

chromatography
ation equilibria can easily be quantified. Equations
have been developed that permit the calculation of

In enantioselective complexation GC four different
thermodynamic data of molecular association be-

coalescence phenomena can be distinguished [12]
tween the selector A and competing selectands B ini• peak coalescence (first kind): only one peak is
the inert solvent S over a wide temperature range.

observed due to negligible enantioselectivity of
The concept of the retention-increment (chemical

the selector (2D (DG),10 cal /mol)D,L retention factor) R9 of B on A, measured from• peak coalescence (second kind): only one peak is
relative retention datar8 and r, can be used to

observed due to a racemic selector
quantify enantioselectivities. From the temperature• peak coalescence (third kind): only one peak is
dependence of2D (DG), the Gibbs–HelmholtzD,Lobserved at the isoenantioselective temperature
parameters2D (DH ) and D (DS) determiningD,L D,LT cf. Section 2.6isoenant enantioselectivity2D (DG) are also accessible.D,L• peak coalescence (fourth kind): only one peak is

observed due to fast enantiomerization of the
selectand at the chromatographic time scale cf.
Section 2.7. Acknowledgements
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