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Abstract: Several structurally related aryl-methyl sulfoxides were chosen for a
thermodynamic investigation of retention and enantioseparation on the teicopla-
nin aglycone chiral stationary phase in the normal phase mode. The temperature
of the chromatographic column was controlled within the range of 10�C to 50�C.
Van’t Hoff plots showed linear dependencies between the logarithms of retention
factors and reciprocal temperature. According to thermodynamic parameters
(enthalpies and entropies of transfer) the enthalpy contribution seems to have a
major influence on retention regardless of the structure of the studied sulfoxides.
Enantioseparations of aryl-methyl sulfoxides using hexane=methanol (90=10 v=v)
as the mobile phase were enthalpy driven. No coelutions of peaks or changes in
the elution order were observed within the temperature range of this study. The
measured value of the phase ratio can affect some parameters.
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INTRODUCTION

Chiral sulfoxides are a group of organic compounds that has been found
to be of general interest due to their ability to participate in a variety of
stereoselective interactions. This behaviour is attributed to the asym-
metric environment of sulphur since it contains three types of substituents
(oxygen, lone electron pair, and organic substituents). These types of
molecules can be useful in organic asymmetric synthesis both as chiral
auxiliaries and ligands.[1,2] Although chiral sulfoxides may undergo race-
mization through pyramidal inversion, this phenomenon occurs with sig-
nificant rates only at high temperatures,[3] Thus, during the past few
decades, many synthetic groups have engaged in the design and develop-
ment of new synthetic methods for the generation of enantiomenically
pure sulfoxides.[4,5]

The two most prevalent methods for the preparation of chiral sulfox-
ides are: asymmetric oxidation of nonsymmetric sulfides and nucleophilic
addition of alkyl or aryl ligands to diastereochemically pure chiral sulfi-
nates.[6] Owing to the importance of sulfoxides as intermediates and their
synthetic versatility, selective oxidation of organic sulfides to sulfoxides
has been a challenge and subject to extensive research.[7–9] Scientific
and pharmaceutical interest in enantiomerically pure sulfoxides has led
to the development of a number of methods, mainly catalytic, for the pro-
duction of these chiral compounds.[10] In order to prepare chiral sulfox-
ides from organic sulfides, several different methods have been applied,
including chemical[11] and biological, whole cell[12] and enzymatic[13,14]

approaches. Other reported approaches have utilized inorganic vana-
dium(V) peroxo-complexes,[15] to mediate oxygen transfer reactions to
a variety of organic compounds, including sulfides[16] and chiral Schiff-
base ligated vanadium(V) peroxo-complexes that catalyzed the formation
of optically active sulfoxides.[17,18]

Chiral sulfoxides have been utilized as chiral mediators for asym-
metric C–C bond formation processes, as ligands in catalytic asymmetric
synthesis, and in molecular recognition studies.[4] Intensive research has
demonstrated the efficiency of chiral sulfoxides for controlling the stereo-
selectivity of a large number of reaction types including: alkylation of
carbanions, Michael additions, aldolisation reactions, cycloadditions,
Pummerer rearrangements, and so forth.[5]

In addition, chiral sulfoxide functionalities plays a highly important role
in a variety of medicinal targets.[7,19] A number of sulfoxides are also finding
applications as pharmacological or biological active compounds. For exam-
ple, chiral sulfoxides in the pharmaceutical industry are important as shown
in the next few examples. The chiral sulfoxide quinolone is known to inhibit
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platelet adhesion by interfering with the release of 12(S)-hydroxyeicosate-
traenoic acid from platelets.[20] The drug, Pyrazolotriazine, was developed
to treat hyperuricemia and isochemic reperfusion injury. It inhibits the bio-
synthesis of uric acid by blocking xanthine oxidase.[21] Omeprazole, a race-
mic mixture, is used for digestive acid related diseases and is the prototypical
compound of a class of highly potent gastric acid secretion inhibitors. Unge
and coworkers[7] have also reported the asymmetric synthesis of esomepra-
zole, the generic name of the (S)-enantiomer of omeprazole.[7] A number of
guanidine derivatives containing sulfoxide groups were synthesized to deter-
mine whether the target sulfoxides afford neuroprotection with a potentially
improved safety profile over conventional NMDA (N-methyl-D-aspartate)
channel blockers.[8]

In general, the chiral nature of enormous number of compounds
contributes to their bioactivity and=or their various pharmaceutical=
industrial uses.[22]

Owing to the existence of pharmacological and toxicological differ-
ences between stereoisomers, chiral recognition has now become an inte-
gral part of drug research and development. Regulatory authorities
demand experimental proof of enantiomeric purity and bioequivalence
for registration of new chiral drugs.[23] In addition, the Food and Drug
Administration (FDA) has implemented policies for analyzing the
enantiomers of chiral compounds.[22] Numerous analytical techniques
have been developed to respond to this requirement. Of the many
known methods of enantiomeric separation, high performance liquid
chromatography (HPLC) with chiral stationary phases is to-date the
dominant approach for analytical or preparative scale enantiomeric
separations.[24–26]

A number of authors have presented the successful resolution of
chiral sulfoxides on different types of chiral stationary phases.[7,27–32]

Chiral macrocyclic glycopeptides stationary phases can be operated in
the reversed phase, normal phase, and polar organic modes[33] and seems
to be particularly adept for the enantioseparation of chiral sulfoxides.[34]

Their excellent chiral recognition capabilities were well documented[33,35]

and is attributed to their ability to form simultaneous polar and ionic
interactions via the substituents from their multiple chiral centers and
binding sites that are located in and about the cavities of the glycopep-
tide’s basket like structure.[36,37]

In this paper, we focus on the possibility of using the teicoplanin
aglycone (TAG) chiral stationary phase for the enantioseparation of
aryl–methyl sulfoxides in the normal phase mode. An examination of
the themodynamics of the enantioseparation is done in order to gain
some insight into the separation mechanism.
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EXPERIMENTAL

Materials

The names and structures of the chiral sulfoxides used in this study are
given in Figure 1. All of the racemates used in this study were prepared
at the Department of Analytical Chemistry, Faculty of Chemical and
Food Technology, Slovak University of Technology, according to a
method previously described in the literature.[38,39] HPLC grade solvents,
n-hexane (hex), ethanol (EtOH), 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. The column temperature was controlled with a column
temperature box (LCT 5100, INGOS, Czech Republic).

Methods

A teicoplanin aglycon column (Chirobiotic TAG; 250� 4, 6 mm I.D.;
Astec, USA) was used for this study. The analytes were dissolved in

Figure 1. Description and numbering of the aryl-methyl sulfoxides used in this
study.
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methanol (concentration 1 mg=mL). UV absorption at a wavelength of
254 nm was used for detection. The teicoplanin aglycon chiral stationary
phase was used in the normal phase mode. Hexane=ethanol (Hex=EtOH
90=10 v=v) was used as mobile phase. Separations were carried out at a
flow rate of 1.0 mL=min. Thermodynamic data were obtained under
isothermal conditions over a temperature range of 10–50�C at 10�C
intervals. The precision of the controlled temperature was �0.1�C. The
elution order was confirmed with pure standards. These facts were also
in good agreement with already published details of elution order of these
chiral sulfoxides in literature.[34]

RESULTS AND DISCUSSION

According to a previous study, the normal phase mode was most effective
for enantioseparation of aryl-methyl sulfoxides on the chirobrotic TAG
column.[34] In addition, the use of pure methanol as a mobile phase seems
to be an effective approach for the enantioseparation of aryl-methyl
sulfoxides on the teicoplanin aglycone CSP.[40] The thermodynamic
study, used in this article, was done in order to explore the retention of
aryl-methyl sulfoxides in the normal phase mode (see Experimental for
details) using a teicoplanin aglycone CSP. The influence of temperature
(from 10 to 50�C) on retention and the enantiomeric separation is
depicted in Figure 2 and the data are summarized in Table 1. The loga-
rithms of the retention factors (ln ki) were plotted versus reciprocal
temperature (1=T). Since a linear relationship (ln ki vs. 1=T) was observed
for all studied aryl-methyl sulfoxides with correlation coefficients greater

Figure 2. The influence of temperature on retention and enantioseparation of
2-chlorophenyl methyl sulfoxide. (See Experimental for details).
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than 0.984 (Tables 2 and 3), the van’t Hoff of equation (1) could be used
to calculate corresponding thermodynamic parameters:

ln ki ¼
�DHi

RT
þ DSi

R
þ ln / ð1Þ

where the k, R, and T are the retention factor for the solute, the gas
constant and the absolute temperature, can be used to calculate the
partial molar enthalpy (DHi) of solute transfer (from the slope) and the
partial molar entropy (DSi) of solute transfer (intercept). The calculation
of DSi from the intercept requires a knowledge of the phase ratio, / (the
volume of the stationary phase, (Vs), divided by the volume of the mobile
phase, (Vm)).

Equation 2 provides a general way to determine the phase ratio:

/i ¼
VS

Vm
¼ Vcol � Vm

Vm
¼ ðVcol=f Þ � ðto � textÞ

ðto � textÞ
; ð2Þ

where VS and Vm are the volumes of the stationary phase and the mobile
phase, respectively, f is the mobile phase flow rate. Vcol can be calculated
as: Vcol¼ 0,25 p dc

2 lc where dc is the diameter of the column tube and lc
is the length of the column. Equation (2) indicates that the mobile phase
holdup time (t0) and the extra column holdup time (text) should be
measured.

The injection of blank mobile phase volumes produced visible detec-
tor fluctuations that were used for determination hold-up time (t0). The
extra column hold-up time (text), was measured in the same way except
with a zero volume connector instead of column. The phase ratio calcu-
lated in this way was approximately 0.540 (/¼ 0.540� 0.007), which is
greater than the value of the phase ratio published in previous papers.
The / parameter is always difficult to know with a high degree of accu-
racy because the exact volume, Vs, of the active stationary phase is not
known exactly.[41] Thus, for this work, a phase ratio equal to 0.091 was
used. As shown later, the phase ratio cancels when working with the
enantioselective D(DS2,1) entropy changes.

According to the equation 3, the distribution coefficient can be
expressed in terms of the standard energy of solute exchange between
the phases employing the traditional and well established Arrhenious
equation.

RT ln Ki ¼ �DGi ð3Þ
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Given the relationship between the distribution coefficient (K) and
the retention factor (k), the equation 3 can be also expressed as:

�RT ½ln ki � ln /� ¼ DGi ð4Þ

Table 1 reveals that all a-values (a) were greater than 1.19, which is
the value obtained for 2-chlorophenyl methyl sulfoxide at the highest
temperature. Thus all values of D(DG2,1) must be negative according to
equation 5.

�DðDG2;1Þ ¼ RT ln a ð5Þ

In this case, the value of D(DG2,1) would be negative only if both the
DGi values are negative. Since both of DGi values are negative it means
that the process of retention is spontaneous. In addition, if DHi values
are negative, (positive slope of the van’t Hoff dependence (ln ki vs.
1=T) then, according to the Gibbs-Helmholtz equation (6):

DGi ¼ DHi � TDSi ð6Þ

the value of DSi could be either positive or a small negative value. A
positive DSi value with a (�DHi) value increases the value of (�DGi),
whereas a small negative value of DSi has the opposite effect. That is
why inaccurate phase ratios may leads to different interpretations of
the entropy contribution and results in wrong conclusions.

Using van’t Hoff plots of the logarithm of the enantioselectivity fac-
tor (ln a) versus reciprocal absolute temperature (1=T) (eq. 7; where a, R,
and T are the enantioselectivity factor, for the enantiomeric mixture, the
gas constant, and the absolute temperature, respectively) does not require
the phase ratio for the determination of thermodynamic parameters.

ln a ¼ �DðDH2;1Þ
RT

þ DðDS2;1Þ
R

ð7Þ

In general, the corresponding D(DH2,1) and D(DS2,1) values can be
also obtained as the differences DH2�DH1 and DS2�DS1, (2, 1-terms
for second and first eluted enantiomers, respectively). The values of
D(DH2,1) and D(DS2,1) obtained by these two different methods should
be identical within experimental error (Figure 3). Naturally, this need
not be true if some aberrations from linearity are observed. Even in some
cases when van’t Hoff dependences (ln ki vs. 1=T) are not linear, due to
changing of the phase ratio within studied temperature range, using van’t
Hoff equation (ln a vs. 1=T) shows linear behavior.[42] The linearity=
nonlinearity of enantioselectivity van’t Hoff plot helps us to make some
conclusions and decide whether the enthalpy and entropy of transfer for
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the enantiomers are independent of the temperature within the range stu-
died. The accuracy of the correct determination of the thermodynamic
parameters from the van’t Hoff plots relates with the linearity of these
van’t Hoff plots. On the other hand, in some cases, especially in cases
of bigger retention factors, the Equation 7 van’t Hoff plot need not be
linear despite the fact that van’t Hoff dependences (ln ki vs. 1=T) for each
enantiomer are linear. This may occur as a result of the monotonic
dependence or weak linear dependence of the enantioselectivity factor
on the temperature. In Figure 4, the changing�D(DG2,1) values for the
studied analytes with the increasing temperature is shown. The biggest
deviation from the linearity can be seen for analytes 3 and 5. That is
why, in the case of these two enantiomer couples, the lowest values of
correlation coefficient (r) for enantioselectivity van’t Hoff plots were
observed. Despite some deviations from the linearity, there are probably
no changes in enantioseparation mechanism within the studied range of
temperatures, since clearly linear vań Hoff plots (ln k vs. 1=T) were
observed for both of enantiomers (Tables 2 and 3).

As mentioned previously, larger differences in the corresponding
(�DGi) for each enantiomer results in a greater absolute value of
D(DG). Tables 2 and 3 list values of DS1 and DS2 calculated with using
different phase ratio values. Using a phase ratio equal to 0.540 always
results in negative values for the entropy change. In comparison, a phase
ratio of 0.091 produces mostly positive values for the entropy change of
the first eluted enantiomer (Table 2) and the second eluted enantiomer

Figure 3. Comparison of D(DH2,1) and D(DS2,1) values obtained from vańt Hoff
dependences (ln a vs.1=T) with values of D(DH2,1)� and D(DS2,1)� obtained as the
differences DH2�DH1 and DS2�DS1, (2, 1-terms for second and first eluted
enantiomers, respectively), T¼ 283 K.
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(Table 3). The entropy values for the second enantiomer are always either
lower (phase ratio of 0,091) or more negative (phase ratio of 0.540).
Despite the fact that lower or more negative entropy contributions
decreases the (�DG2), the value of (�DG2) is always bigger than
(�DG1). Naturally this can be possible only if enthalpy contribution for
the second eluted enantiomer is much bigger as enthalpy contribution
for first eluted enantiomer (Tables 2, 3). Thus, the enantioseparations
of aryl-methyl sulfoxides in normal phase mode are probably enthalpy
driven. There were no coelutions, nor changes in the elution order
observed within the temperature range of study. In the case of all studied
chiral sulfoxides separated using teicoplanin based columns, the (S)-(þ)-
enantiomer eluted first.

In comparison with results obtained on the same column but with
pure methanol as a mobile phase,[40] sulfoxides are much more retained
on the stationary phase, the change of retention factors is bigger with
increasing temperature than in case of polar organic mode, which results
in higher values of transfer enthalpy. The values for entropy of transfer in
this study are smaller than in the previous case of the methanol mobile
phase owing to bigger retention factors. The entropy contribution has
little influence on the retention of the studied aryl-methyl sulfoxides.

Figure 4. Dependence of�D(DG2,1) values on temperature for set of studied
aryl-methyl sulfoxides.
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CONCLUSION

The interpretation of chromatographic data, from a thermodynamic
point of view, can sometimes depend on an accurate knowledge of the
stationary phase volume, and=or possible changes of the phase ratio
within the temperature range studied. It is usually more important, for
the interpretation of thermodynamic data, to know whether the phase
ratio is constant within a given temperature range than to know the exact
value of the phase ratio.

Using the van’t Hoff expression for the logarithm of the enantiosec-
tivity factors versus reciprocal temperature for determination of thermo-
dynamic parameters (Equation 7) may partially solve the problem of
correct interpretation, but only in the cases of linear van’t Hoff
dependences. It is necessary to determine whether or not any curvature
for van’t Hoff plots has its origin in retention behaviour of studied
enantiomers.

Despite the fact that using normal phase mode for aryl sulfoxides
produced increased values of resolution factors both at lower tempera-
tures as well at higher temperatures, the use of pure methanol as the
mobile phase is still recommended since it produces lower retention times.
In the case of aryl-methyl sulfoxides used in this study, the dominant
influence of the enthalpy contribution to retention and enantioseparation
can be clearly observed. The enthalpies of transfer values for all sulfox-
ides were larger than those obtained in the polar organic mode. On the
other hand, in the normal mobile phase mode, a decrease in the entropy
values were observed for all analytes in comparison with those obtained
in the polar organic mode, regardless the character and position of the
substituent on the aromatic ring of the studied sulfoxides.
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36. Jandera, P.; Bačkovsk�aa, V.; Felinger, A. Analysis of the band profiles of the
enantiomers of phenylglycine in liquid chromatography on bonded teicopla-
nin columns using the stochastic theory of chromatography. J. Chromatogr.
A. 2001, 919, 68.

37. Armstrong, D.W.; Liu, Y.; Ekborg-Ott, K.H. A covalently bonded teicopla-
nin chiral stationary phase for HPLC enantioseparations. Chirality. 1995, 7,
474–497.

38. Schuetz, R.D.; Ciporin, L. Preparation of 3-Arylthianaphthenes J. Org.
Chem. 1958, 23, 206–208.

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