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Abstract

Gas chromatographic separation of the enantiomers of nineteen structurally related aromatic alcohols was investigated as a function of tem-
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erature using a heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-�-cyclodextrin-coated capillary column. Thermodynamic param
ere determined and compared with those obtained with the nonchiral, reference stationary phase, OV-1701. While the−�H and−�Svalues

or the more retained enantiomers of all nineteen alcohols are comparable on the chiral stationary phase used, the−�(�H) and−�(�S)
alues are considerably different. Of all the solutes tested, enantiodiscrimination was the greatest for the 2,6-difluoro-�-methylbenzyl alcoho
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. Introduction

Due to their chirality and ability to form inclusion com-
lexes with several types of compounds, cyclodextrins (CDs)
nd their derivatives are among the most commonly used chi-
al selectors in chromatography and electrophoresis[1–2]. A
arge number of CD derivatives[3–4], including the alkyl and
cyl derivatives of (6-O-tert-butyldimethylsilyl)-CDs[5–9]
ave been prepared and were found to be versatile chiral
electors in GC. However, the interactions between various
nalytes and the modified CDs that lead to enantiomer sep-
rations are not yet understood in sufficient detail. Conse-
uently, stationary phases are still selected by trial-and-error.
herefore, systematic studies on the relationship between the
xtent of enantioresolution and the structure of the analytes
nd the derivatized CDs are still needed to gain a better un-
erstanding of the separation process.
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In this work, the enantiomers of nineteen 1-phenyleth
derivatives were eluted at different temperatures of
two GC capillary columns: one coated with an OV-17
reference phase and another coated with hepta
3-di-O-methyl-6-O-tert-butyldimethylsilyl)-�-cyclodextrin
(MeTBDMS�CD) in OV-1701. The retention factor
enantioselectivities and thermodynamic parameters fo
separation of the enantiomers were determined to stud
relationship between the structure of analyte and the e
of enantiorecognition afforded by MeTBDMS�CD.

2. Experimental

Separations were obtained on an Agilent 6890 gas c
matograph (Agilent Technologies, Wilmington, DE, US
equipped with a split/splitless injector and a flame ion
tion detector. The injector and detector were maintaine
250◦C. Hydrogen was used as the carrier gas at an
erage linear velocity of 50 cm/s. Two deactivated 30 m×
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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0.25 mm i.d. fused-silica capillary columns (Agilent) were
statically coated with the dichloromethane solutions of the
stationary phases, OV-1701 (Supelco, Bellefonte, PA, USA)
and 25% MeTBDMS�CD in OV-1701, to obtain an iden-
tical film thickness of 0.25�m. MeTBDMS�CD was pre-
pared using the procedure of Takeo et al.[10] and was pu-
rified as described in[11]. Both columns were character-
ized by the Grob test[12,13]. Column efficiency was de-
termined at 80 and 160◦C with n-alkanes and proved to be
in the 3700–4200 plates/m range (k′ > 4). All separations
were performed isothermally, in duplicate, at 10◦C inter-
vals in the temperature range of 80–190◦C. Most analytes
were purchased from Aldrich (Milwaukee, WI, USA) and
Fluka (Buchs, Switzerland), and used as received. Some com-
pounds were prepared by reduction of the corresponding ace-
tophenones and their structures were confirmed by1H NMR.
The structures of all analytes used in this study are shown in
Fig. 1.

3. Results and discussion

Thermodynamic parameters (−�H and−�Svalues) as-
sociated with the interactions between the alcohol analytes
and the gas chromatographic stationary phases were obtained
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The−�H values obtained for the two stationary phases
are compared inFig. 2a. All analytes had similar−�H val-
ues on the OV-1701 reference stationary phase indicating that
they all interacted with the stationary phase in an essentially
similar manner. On the chiral stationary phase, higher−�H
values were observed for the more retained enantiomer of ev-
ery analyte indicating that they interacted with the modified
cyclodextrin more strongly than with OV-1701. Neverthe-
less, the−�H values were still comparable among all the
analytes on the MeTBDMS�CD phase. Similar trend was
also observed for−�Svalues.

The enantiomers of all nineteen alcohols included in this
study could be resolved with the MeTBDMS�CD-coated col-
umn. The corresponding−�(�H) and−�(�S) values were
determined from the lnα versus 1/T plots according to:

ln α = −�(�H)

RT
+ �(�S)

R
(2)

and−�(�H) values are shown inFig. 2b. Similar trend was
also obtained for−�(�S) values. All lnα versus 1/T plots
were linear except for solutes14and16 (Fig. 3) that, despite
strictly linear lnk′ versus 1/T plots, displayed separation
selectivity maxima. Considering that only analytes14
and 16 had a polar functional group (COOCH3) and an
electron-attracting group (CF3) adjacent to the CH(OH)
stereogenic center, respectively, it is likely that analytes
1 iple
m

uld
b e
d
U the
m
b oup
rom the relationship between the retention factor (k ) and the
eparation temperature according to:

n k′ = −�H

RT
+ �S

R
− ln β (1)

hereR is the universal gas constant andβ is the ratio of the
obile phase volume and the stationary phase volume

n k′ versus 1/T plots were linear withR2 values greater tha
.998.

Fig. 1. Structure and mo
 weight of the analytes tested.

4 and16 interacted with the stationary phase by mult
echanisms[14] and no single mechanism dominated.
Although the enantiomers of all alcohol analytes co

e separated with the MeTBDMS�CD-coated column, th
egree of enantioseparation differed significantly (Fig. 2b).
sing alcohol1as a reference compound, substitution of
ethyl group at the stereogenic center with longer (3, 4) or

ulkier (13) alkyl groups or an electronegative ester gr
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Fig. 2. (a)−�H values for the nineteen alcohols tested on the OV-1701-
coated column (solid bars) and for the more retained enantiomers tested
on the MeTBDMS�CD-coated column (hatched bars); (b)−�(�H) val-
ues for the enantiomeric pairs of the nineteen alcohols separated on the
MeTBDMS�CD-coated column.

(14) or trifluoromethyl group (16) reduced the separation se-
lectivity significantly. On the contrary, replacement of the
methyl group at thepara-position of the aromatic ring with
a trifluoromethyl group (analytes6 versus17) had no effect
on the separation and the respective−�(�H) and−�(�S)
values were practically indistinguishable. A comparison of
the lnα versus 1/T plots of alcohols1 and16 indicates that
temperature had a strong influence on the separation of the
enantiomers of1 but only a minor effect on the separation of
the enantiomers of16. At temperatures above 150◦C, sepa-
ration selectivity for the enantiomers of16 is better than for
1, but below 150◦C the opposite is true (Fig. 3).

The effect of electronegative substituents on the separation
of enantiomers is further demonstrated byFig. 4a–c: replace-
ment of all hydrogen atoms on the aromatic ring with fluorine
atoms improved the separation of the enantiomers (Fig. 4b).
The number and position of electronegative substituents is
very important: 2,6-difluoro-�-methylbenzyl alcohol (12) ex-
hibited the greatest−�(�H) and−�(�S) values and best
separation (Fig. 4c) among the analytes tested.

Comparison of the results obtained for thepara-
substituted alcohols (6, 7, 10, 11, 17, and18) revealed that

Fig. 3. lnα vs. 1/T plots for the enantiomers of alcohols1 (©), 14 (�), 16
(�), and19 (	) on the MeTBDMS�CD-coated column.

both−�(�H) and−�(�S) decreased in the order of6>17>
7 > 11> 18> 10 (methyl > trifluoromethyl > fluoro > chloro
> bromo > methoxy) and differences between the fluoro-,
chloro-, and bromo-substituted derivatives were minor.

Comparison of the separation of the enantiomers of an-
alytes1, 2, and15 indicated that separation selectivity on
the MeTBDMS�CD-coated column was higher for the enan-
tiomers of the alcohols that had an aromatic group (such as

Fig. 4. Isothermal separation of the enantiomers of alcohols1 (a), 19 (b),
12 (c),3 (d),4 (e),5 (f), and6 (g) on the MeTBDMS�CD-coated column at
140◦C.
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1 and15) than for the alcohols that had a cyclic aliphatic
group (such as2). For the analytes that are isomers (3–6
and 8–9), changes in substituent position can also create
a substantial change in separation selectivity. As shown in
Fig. 4d–g, the enantiomers of all analytes could be separated
at 140◦C except those of analyte3. Although, the−�(�H)
and−�(�S) values are higher for analyte3 than for analytes
4and5, the enantiomers of analyte3could only be separated
at lower temperatures requiring, unavoidably, more analysis
time. Therefore, several aspects must be considered simulta-
neously in selecting the optimum separation conditions.

4. Conclusion

Investigation of the separation of the enantiomers of 1-
phenylethanol derivatives as a function of temperature using
MeTBDMS�CD as chiral selector indicates that the−�H
and −�S values of all alcohols studied are quite similar
to each other on the polysiloxane stationary phase, and the
cyclodextrin-containing stationary phase. Nonetheless, there
are several variables related to the structure of the analytes,
e.g. size, polarity and position of the substituent, which influ-
ence the extent of enantiorecognition. Often, a slight change
in analyte structure lead to a large difference in the separa-
t the
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r rger
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degree of separation for the enantiomers of an analyte based
on its structure.
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