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Using Teicoplanin Based Chiral Stationary Phase to
Explore Temperature Effects on Enantioseparation
and Determination of Chiral Sulfoxides in Rat Serum

D. Meričko, J. Lehotay, and I. Skač�aani

Faculty of Chemical and Food Technology, Institute of Analytical Chemistry,
Slovak University of Technology, Bratislava, Slovak Republic

Abstract: The methylated-teicoplanin aglycone chiral stationary phase (CSP) was
used for the study of the enantioseparation and temperature behaviour of a set of
chiral sulfoxides (nine different aryl methyl sulfoxides, 1-(methylsulfinyl)
naphthalene and [(1,1-dimethyl-2-phenylethyl)sulfinyl]benzene) in polar organic
mode. The effect of temperature on the HPLC separation of aromatic sulfoxides
was studied between 10 and 50�C in methanol mobile phases with different con-
centration of organic modifier in mobile phase composition. The van’t Hoff plots
were constructed and thermodynamic data were determined from the slope and
the intercept of linear van’t Hoff plots for all 12 racemic compounds under the
study. The van’t Hoff plots (ln k versus 1=T and ln a versus 1=T) were linear
for all enantiomers. The elution order (S (þ) enantiomeric form eluted first)
did not reverse in the temperature range of this study. Enthalpy-entropy compen-
sation plots of DHivs.DSi showed no significant linear correlation in methanol
mobile phases used in this study. According to the enthalpy-entropy compen-
sation plots of enantioselectivity, there is some significant linear correlation if
the set of studied compounds is divided into two major groups. In order to
observe the influence of temperature on retention and separation in biological
matrix (rat serum), the solid phase extraction step was performed. The limit of
determination (LOQ) was calculated for all studied compounds in the methanol
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mobile phase containing acetic acid (17.48mmol=L) and diethylamine
(4,79mmol=L). The LOQ values were in the range of 7.0–24.2 ng=mL for racemic
mixtures taking into consideration the recovery (82–96%) of the extraction
procedure.

Keywords: Chiral separation, Enthalpy-entropy compensation, HPLC,
Methylated-teicoplanin CSP, SPE, Sulfoxides

INTRODUCTION

Thus far, macrocyclic antibiotics, especially teicoplanin glycopeptides,
have become suitable chiral selectors in many cases.[1–4] Their excellent
chiral recognition capabilities is attributed to their ability of forming
simultaneous stereospecific polar and ionic interactions with multiple
chiral centres and binding sites, located in the cavities of the glycopep-
tide’s basket like structure.[3,5] In general, the glycopeptide chiral selectors
possess many functional groups (for example, hydroxyl, amine, amide
linkages, carboxylic acid, aromatic moieties, and hydrophobic pockets)
that offer different molecular interactions, including hydrophobic, ionic,
hydrogen bonding, dipole–dipole, p-p and steric interactions.[6] Moreover
they can operate in reversed phase, normal phase, and polar organic
mode conditions.[7] Considerable work has been done in order to modify
teicoplanin based chiral stationary phases, or in preparing the new ones
with similar properties but potential higher resolving power. Despite
the fact that the aglycone peptide ‘‘basket’’ is in general regarded as
hydrophobic, the separation efficiency could be improved by methyl-
ation of teicoplanin aglycone by blocking the hydrogen bonding
groups. Therefore, in the case of the methylated-teicoplanin aglycon
(MTAG), the strong hydrogen bonding interactions can be additionally
reduced.[6,8]

Chiral sulfoxides have become widely used as intermediates in
synthetic reactions,[9,10] as important bioactive compounds[11,12] in asym-
metric synthesis[13,14] and valuable reagents for drug synthesis.[15] The
importance of efficient separations including chiral sulfoxides could
not be underestimated, moreover in the case of determination of such
compounds in biological matrix. Thermodynamic studies and the evalua-
tion of temperature effects during the separation of chiral sulfoxides, can
serve as a suitable approach to acquire some insight into the enantiose-
paration process.

Enthalpy-entropy compensation (EEC) is a term used to describe a
compensation temperature, which is system independent for a class of simi-
lar experimental systems.[16,17] Melander et al.[18] have used the enthalpy-
entropy compensation method in studies of hydrophobic interactions
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and separation mechanism in reversed phase HPLC. Mathematically,
enthalpy-entropy compensation can be expressed by the formula (1):

DHi ¼ bDSi þ DGb ð1Þ

where DGb is the Gibbs free energy of the enantiomeric interactions (phy-
sicochemical interaction) in the chromatographic system at the compensa-
tion temperature (b), (b and DGb are constants). The corresponding
change in transfer enthalpy (DHi) and transfer entropy (DSi) is possible
to obtain using vań t Hoff equation (2):

ln ki ¼
�DHi

RT
þ DSi

R
þ ln/ ð2Þ

where k, DHi, DSi, R, T, and / are the retention factor for the solute,
partial molar enthalpy of transfer, partial molar entropy of transfer, the
gas constant, the absolute temperature, and the phase ratio (that, is the
volume of the stationary phase, (Vs), divided by the volume of the mobile
phase, (Vm), respectively. The procedure involves plotting ln k against 1=T,
then setting the slope equal to - DHi=R and solving for DHi, and enable
determining DSi, from the intercept (DSiþ ln /) of the plot. According
to equation (1), when enthalpy-entropy compensation (EEC) is observed
with a group of compounds in a particular chemical transformation (or
interaction in the case of chromatographic retention), all of the compounds
have the same DGb at the compensation temperature b.

EEC can be also observed on the enantioselectivity simply plotting
D(DH2,1) versus D(DS2,1). To calculate the thermodynamics parame-
ters, we need to plot expression of ln a as a function of 1=T as it is in
equation (3),

ln a ¼ �DðDHÞ
RT

þ DðDSÞ
R

ð3Þ

Using the linear regression model on this kind of dependence, D(DH2,1),
from the slope of the line, and D(DH2,1), from the intercept, can be deter-
mined. The value of DH2,1 represents the difference in change of enthalpy
between the couple of enantiomers and DS2,1 and in turn, the difference
in change of entropy for the couple of enantiomers, for more and less
retained ones.

The aim of this work was to explore the effect of the mobile phase
composition on enantioseparation from the thermodynamic point of
view. In addition, the aim was to illustrate the efficiency of separation
of studied sulfoxides using MTAG CSPs even at higher temperatures,

184 D. Meričko, J. Lehotay, and I. Skač�aani
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without coelutions with matrix components of the biological sample. For
this purpose, the solid phase extraction (SPE) procedure was developed
and used before a chromatographic step.

EXPERIMENTAL

Materials

The names and structures of the chiral sulfoxides used in this study are
given in Figure 1. All sulfoxide compounds were prepared at the Institute
of Analytical Chemistry, Faculty of Chemical and Food Technology,
Slovak University of Technology, according to a method previously
described in the literature.[19,20] HPLC grade solvents (methanol, acetic
acid, diethylamine, water) were obtained from Merck (Germany).

Equipment

The HPLC chromatographic system (Hewlett Packard series 1100)
consisted of a quaternary pump, an injection valve (Rheodyne 7724i)
with a 20 mL sample loop, a switching valve (Valco), and a photodiode
array detector and polarimetric detector (Chiralyzer, Ibz Messtechnik,
Germany) connected in series. The column temperature was controlled
with a column temperature box (LCT 5100, Ingos, Czech Republic).

Figure 1. The structures of chiral sulfoxides used in this study.
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Methods

The methylated-teicoplanin aglycone (MTAG) column (150� 4.6mm
I.D.) (Astec, USA) was used for the study. Mobile phases consisted of pure
methanol (MP1) and methanol containing 17.48mmol=L acetic acid (Hac)
and with different concentrations of diethylamine (Dea). The concentra-
tions of Dea were as follows: zero concentration (MP2), 2.39mmol=L
(MP3), 4.79mmol=L (MP4), 9.57mmol=L (MP5), 14.36mmol=L (MP6).
Thermodynamic data were measured under isothermal conditions over a
temperature range of 10–50�C at 10�C intervals. The precision of the con-
trolled temperature was �0.1�C. The analytes used for the thermodynamic
study were dissolved in methanol (concentration 1mg=mL). Standards
solutions were diluted to final concentrations in the range of 2.5–
100mg=mL (5 concentrations) for each racemic mixture to obtain calibra-
tion curves. For the SPE procedure, serum samples were spiked with stu-
died sulfoxides to give a concentration of 5mg=mL. The cartridge was
conditioned with 1mL of methanol and 1mL of purified water. Rat serum
of 0.5mL spiked with the studied analytes was injected into OASIS HLB
(30mg, 1mL) (Waters, Ireland) cartridge. The sample was passed through
the sorbent layer and washed with 1mL of water=methanol (95=5 v=v).
Analytes retained by the sorbent was eluted with 0.5mL of the methanol
containing 17.48mmol=L acetic acid and 4.79mmol=L diethylamine
(MP4). Eluate (20mL) was injected into the chiral column. The same
procedure was applied for blank serum samples. UV absorption at a
wavelength of 254 nm was used for detection. The elution order was
confirmed with pure standards and polarimetric detection and for all the
chiral sulfoxides separated using MTAG column the (S) (þ)-enantiomer
eluted first.

RESULTS AND DISCUSSION

The influence of mobile phase composition on retention for the first and
the second eluted enantiomer is depicted in Figure 2. Retention factors
slightly decrease with increasing concentration of Dea in mobile phase
composition. In the case of the mobile phase consisting of pure methanol
(MP1) the retention factors are bigger in comparison with all mobile
phases containing some portion of organic modifier in mobile phase com-
position. It seems that not just the acidity and=or basicity but also ionic
strength (mobile phases with and without organic modifiers in mobile
composition were used) plays some kind of role in retention mechanisms
of the studied compounds. This trend was clearly observed for all stud-
ied compounds. Studied sulfoxides were most retained in MP1. On
the other hand, enantioselectivity factors showed a little increase in
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enantioselectivity factor values with increasing basicity of the mobile
phase up to certain point (Figure 3). It means that not just the presence
of the organic modifier but also the concentration ratio between
acidic=basic modifiers has an influence on enantioseparation.

The Tables 1–6 summarize thermodynamic parameters obtained
using equations 2 and 3. Linearity of these plots is not just the necessity
for correct determination of thermodynamic parameters but also reveals
the intensiveness of the correlation between variables. For all studied sulf-
oxides the correlation coefficient values of vań t Hoff plots (lnki vs 1=T)
were not less than 0.9916. In the case of vańt Hoff plots showing the influ-
ence of temperature on enantioselectivity (Figure 4), the correlation coef-
ficient values were in the range of 0.9813–0.9999. According to obtained
results, there is no change in retention and enantioseparation mechanisms
within the temperature range under the study. In addition no coelutions
or even changing of the elution order (S (þ) of enantiomeric form

Figure 2. The influence of mobile phase composition on retention for the first
and second eluted enantiomers using MTAG. (See Experimental for details.)
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eluted as the first) were observed for studied sulfoxides regardless of
the mobile phase composition. The influence of temperature on retention
just slightly varies with changing the mobile phase composition
(Tables 1–6).

EEC plots of DHi vs. DSi did not show significant linear correlation
(r< 0.7) for the set of studied compounds. Probably there are some sig-
nificant differences in retention mechanism even within the same mobile
phase, despite the similarities in values of DHi. Even though the retention
is enthalpy driven for all studied enantiomers, the influence of entropic
contribution to the retention makes their individual retention mechan-
isms not similar. In other words, there is not any compensation tempera-
ture (b) for the set of studied compounds at which compounds have the
same DGb. This also reveals the different influence of stereogenic centre
environment on retention.

Figure 3. The influence of mobile phase composition on enantioselectivity factor
for the first and second eluted enantiomers using MTAG. (See Experimental for
details.)
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On the other hand, using EEC plots on enantioselectivity showed sig-
nificant correlation only if the set of compounds was divided into two
groups. Excluding 4-fluoro phenyl methyl sulfoxide (analyte C) from
the first group A (analytes A, D, E, F, G, H, I, K), it gave correlation
coefficients not less than 0.971 (Figure 5). The highest correlation was
observed for the mobile phase containing pure methanol (MP1) in mobile
phase composition. No significant difference in EEC plots was observed
regardless of the mobile phase composition used in this study (Figure 6).
This reveals some similarities in the enantioseparation mechanism for this
set of compounds regardless of the basicity of the mobile phase. The rest
of the analytes (second group B obtaining analytes B, J, and L) gave cor-
relation equal to 0.9235, taking into correlation the values of DH2,1 versus
D(S2,1) for all mobile phases used in this study (Figure 6). The values of
enantioselectivity temperature Tiso at which the enantioselectivity factor
is equal to 1 are given in Tables 1–6. The change of the transfer entalphy
is always bigger for the second eluted enantiomer. In the case of 3- toluyl
methyl sulfoxide (analyte K), the differences in transfer enthalpies for
both enantiomers are smaller in comparison with other enantiomeric
pairs. In addition, the enantioselectivity varies very slightly with
temperature resulting in a positive intercept of the vańt Hoff dependence.

Figure 4. The dependencies of ln a vs. 1=t for chosen analytes for mobile phase
MP6. (See Experimental for details.)
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As a consequence of such behaviour, the Tiso, theoretical temperature of
coelution calculated for these enantiomers makes no sense in some cases
(Tables 4–6). In most cases, the values of D(H2,1) are the biggest in mobile
phase MP1. It means that in the case of mobile phases (MP2-MP6) the
enantioselectivity factors change less with varing temperature as it does
in the case of (MP1). Naturally, this is reflected also in values of D(S2,1)
The F-test was used for the evaluation of results (level of probability
a¼ 0.05).

In order to find out, if MTAG CSP is suitable for separation and
determination of chiral sulfoxides in real biological matrix, it was nec-
essary to involve the extraction step before the chromatographic
measurement. SPE procedure was performed as was described in the

Figure 5. Enantioselectivity EEC plots of some sulfoxides selected from the set
of the sulfoxides for each mobile phase. (See Experimental for details.)
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Experimental part. The recovery of the SPE treatment is summarized
in Table 7 together with LOD values for each of the seven racemic
mixtures chosen for this purpose. In Figure 7 can be clearly seen
the influence of temperature on retention and separation of studied
sulfoxides in rat serum. It is evident that even at higher temperatures
sufficient separation can be still observed without interference with the
matrix of rat serum. Moreover, this showed how important it is to
control temperature during the measurements and how significantly
it is possible to control retention and separation with varying
temperature.

Figure 6. Enantioselectivity EEC plots showing correlation of two groups
(Group A and B) of chiral sulfoxides for all mobile phases together. 4-Fluoro phe-
nyl methyl sulfoxide is excluding from both groups.
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CONCLUSION

There were not any significant changes observed in retention and
enantioseparation mechanisms with increasing the concentration of
diethylamine in mobile phase composition. Despite this, there are some
differences regarding the retention of the studied compounds in pure
methanol mobile phase with other polar-organic mode mobile phases.
The position of the substituent on the aromatic ring seems to be signifi-
cant. This was evident clearly in the case of 3-toluyl methyl sulfoxide
using EEC. EEC also revealed some differences in the enantioseparation
mechanism for 4-Fluro phenyl methyl sulfoxide in comparison with other
sulfoxides. No coelution or changing of the elution order was observed
within the temperature range. There were also no changes observed in

Table 7. Slope and the intercept of the calibration lines (y¼ a�xþ b) with the
correlation coefficients of these lines, LOQ and the recovery of the extraction step
for studied sulfoxides.(See experimental for details.)

Analyte
Slope
(a)

Intercept
(b)

Correlation
coefficient

(r)
LOQ

(ng=mL)
Recovery

(%)

A 876,06 0,42 0,999 24,2 94
B 3865,99 0,60 0,999 6,3 82
C 1146,30 0,26 0,999 18,1 96
D 2927,69 �0,47 0,999 7,5 92
E 1868,29 �0,73 0,999 11,1 96
F 1575,42 0,81 0,999 13,9 91
G 3267,84 1,10 0,999 7,0 87

RSD of the recovery were in the range of 2�5% (n¼ 3)

Figure 7. The influence of temperature on enatioseparation of chiral sulfoxides
in rat serum. (See Experimental for details.)
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retention or enantioseparation mechanisms within the temperatures
under study. In addition, the study of the temperature effects on enantio-
separation of studied sulfoxides in rat serum confirmed the necessity of
proper control of column temperature. Moreover, the study showed
how simple it is to control selectivity of the system with varying the chro-
matographic temperature. Eventually, according to the results, theMTAG
column seems to be a suitable tool for the separation of chiral sulfoxides
in biological matrix using the polar organic phase mode.
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8. Xiao, T.L.; Tesařov�aa, E.; Anderson, J.L.; Egger, M.; Armstrong, D.W.
Evaluation and comparison of a methylated teicoplanin aglycone to teicopla-
nin aglycone and natural teicoplanin chiral stationary phases. J. Sepn. Sci.
2006, 3, 429–445.

9. Yamanoi, Y.; Inamoto, T. Preparation of enantiopure 2,2,5,5-tetramethyl-
3,4-hexanediol and its use in catalytic enantioselective oxidation of sulfides
to sulfoxides. J. Org. Chem. 1997, 62, 8560.

Determination of Chiral Sulfoxides in Rat Serum 199

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



10. Delouvrie, B.; Fensterbank, L.; Lacote, E.; Malacria, M. Asymmetric intra-
molecular radical vinylation using enantiopure sulfoxides as temporary chiral
auxiliaries J. Am. Chem. Soc. 1999, 121, 11395.

11. Padmanabhan, S.; Lavin, R.C.; Durant, G.J. Asymmetric synthesis of a neu-
roprotective and orally active N-methyl-d-aspartate receptor ion-channel
blocker, CNS 5788. Tetrahedron Asym. 2000, 11, 3455.

12. Cotton, H.; Elebring, T.; Larsson, M.; Li, L.; Sorensen, H.; von Unge, S.
Asymmetric synthesis of esomeprazole. Tetrahedron Asym. 2000, 11, 3819.

13. Carreno, M.C. Applications of sulfoxides to asymmetric synthesis of biologi-
cally active compounds. Chem. Rev. 1995, 95, 1717.

14. Walker, A.J. Asymmetric carbon–carbon bond formation using sulfoxide-
stabilised carbanions. Tetrahedron Asym. 1992, 3, 961.

15. Cass, Q.B.; Kohn, C.K.; Calafatti, S.A.; Aboul-Eneim, H.Y. An enantioselec-
tive assay for (�)-modafinil. J. Pharm. Biomed. Anal. 2001, 26, 123.

16. Ding, G.S.; Liu, Y.; Cong, R.Z.; Wang, J.D. Chiral separation of enantio-
mers of amino acid derivatives by high-performance liquid chromatography
on a norvancomycin-bonded chiral stationary phase. Talanta. 2004, 62,
997–1003.

17. Boots, H.M.J.; de Bokx, P.K.J. Theory of enthalpy-entropy compensation.
Phys. Chem. 1989, 93, 8240–8243.

18. Melander, W.; Campbell, D.E.; Horvath, C. Enthalpy—entropy compensa-
tion in reversed-phase chromatography. J. Chromatogr. A. 1978, 158, 215.

19. Schuetz, R.D.; Ciporin, L. Preparation of 3-Arylthianaphthenes. J. Org.
Chem.. 1958, 206–208.

20. Borwell, F.G.; Pitt, B.M. The formation of chloro sulfides from sulfides and
from sulfoxides. J. Am. Chem. Soc. 1955, 77, 572–577.

Received June 18, 2008
Accepted July 21, 2008
Manuscript 6367
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