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a b s t r a c t

The software program DCXplorer is introduced to directly access interconversion rate constants in
dynamic chromatography and electrophoresis. The program utilizes the unified equation of chromatog-
raphy which can evaluate reaction rate constants of all kinds of first order reactions of processes taking
place during a separation process. Evaluations with DCXplorer are facilitated by a graphical user inter-
face which allows zooming into the area of interest of an interconversion profile and calculating reaction
rate constants without a time consuming simulation process. DCXplorer was applied to determine the
enantiomerization barrier of the diuretic drug chlorthalidone by pressure supported dynamic capillary
electrokinetic chromatography (DEKC) under acidic conditions at pH 5.00 and pH 3.75. Activation param-

� � ◦
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Enantiomerization mechanism
Catalysis
C

eters �H and �S were obtained from temperature dependent measurements between 15.0 and 35.0 C
in 5 K steps at pH 3.75 and between 30.0 and 50.0 ◦C in 10 K steps at pH 5.00.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

There is a broad interest into the stereodynamics of chiral
olecules, in particular of enantiomers, because data about the

nterconversion kinetics is important in the development of syn-
hetic methods, in catalysis and to ensure that chiral drugs with
ifferent effects of the single enantiomers are not prone to racem-

zation [1–3]. Depending on the interconversion barrier several
echniques have been developed to study conformational or consti-
utional changes in chiral molecules. Among the most commonly
sed techniques are polarimetry, which requires the isolation of
g amounts of pure or at least enantiomerically enriched sub-

tance, dynamic NMR, stopped-flow and dynamic chromatographic
r electrophoretic techniques.

Very attractive are the dynamic chromatographic and elec-

rophoretic techniques because only minute amounts of the
acemic target compound are needed and impurities do not inter-
ere with the determination of exact kinetic data. Furthermore
o special analytical equipment is necessary. For the evaluation

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
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f elution profiles obtained by dynamic chromatography or elec-
rophoresis sophisticated methods have been developed in the
ast for the relatively fast and precise determination of reac-
ion rate constants [4–16]. Despite these efforts, there is still

need for improvement in the evaluation process of dynamic
lution profiles [17], because using iterative computer simula-
ions, especially for large datasets is computationally expensive
nd direct calculation with the approximation function [18–20]
s only possible for the investigation of enantiomerization pro-
esses of racemic mixtures. The recently described unified equation
21–24] allows for the direct calculation of reaction rate con-
tants k1 and k−1 of all types of first order reactions regardless
f the initial concentrations of the interconverting analytes A and
and the equilibrium constant KA/B. It has been demonstrated

hat the unified equation is superior in precision compared to
terative simulation procedures, where billions of floating point
perations are necessary [21]. Because of the limited precision
f these floating point operations some errors are not compen-
ated.

In the present study the software program DCXplorer is intro-

uced, which utilizes the analytical solution of the unified equation.
his software was used to evaluate electropherograms of the enan-
iomerization of the diuretic drug chlorthalidone.

Comparison of the kinetic data obtained from temperature
ependent measurements between 15.0 and 40.0 ◦C at pH 3.75 in

http://www.sciencedirect.com/science/journal/15700232
mailto:trapp@mpi-muelheim.mpg.de
dx.doi.org/10.1016/j.jchromb.2008.07.047
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his study with those at pH 5.0 corroborates the assumption that
he enantiomerization is catalyzed under acidic conditions.

. Materials and methods

.1. Reagents and materials

Chlorthalidone (2-chloro-5-(1-hydroxy-3-oxoisoindolin-1-yl)-
enzenesulfonamide) was a gift from Novartis (Basel, Switzerland).
itric acid, methanol, sodium hydroxide, and sodium monophos-
hate (Na2HPO4·H2O) were obtained from Fluka (Deisenhofen,
ermany), and were used as is. Carboxymethyl-�-cyclodextrin

Cavasol® W7 CM) and dimethyl-�-cyclodextrin (containing in
verage 1.8 methyl groups per glucose unit) were a gift from Wacker
hemie (Munich, Germany). Sodium phosphate/citric acid buffer
olution was prepared with 18.2 M� cm high purity water obtained
rom a Millipore-Q System (Millipore, Marlborough, Massachusetts,

SA). Chlorthalidone was dissolved in methanol (1 mg/ml). Fused-
ilica capillaries (ID 50 �m, OD 365 �m) were purchased from
icroquartz (Munich, Germany).

.2. Pressure supported DEKC

Capillary electrophoretic separations were performed on an Agi-
ent 3DCE system (Agilent, Waldbronn, Germany) equipped with

diode array detector (DAD). Fused-silica capillaries with a total
ength of 80.5 cm and an effective length of 72.0 cm were used.
amples were injected hydrodynamically (50 mbar) at the anodic
nd of the capillary for 5 s and separated at various temperatures
anging from 15.0 to 40.0 ◦C using a constant voltage of −25 kV and
pressure of 40 mbar at the cathodic side. The detection wave-

ength was 214 ± 5 nm. Separations were carried out in a 100 mM
odium phosphate/citric acid buffer solution at pH of 3.75 or 5.00,
djusted with a Schott pH Meter Lab 850 (Schott, Mainz, Germany),
ontaining a mixture of 12.5 mg/ml carboxymethyl-�-cyclodextrin

kue
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nd 12.5 mg/ml dimethyl-�-cyclodextrin as chiral mobile phase
dditive. New fused-silica capillaries were flushed with 1 M NaOH
or 10 min, followed by water and running buffer for 5 min each.
etween each run the capillary was rinsed with 1 M NaOH for 1 min,
ater for 2 min and running buffer for 5 min.
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.3. Determination of rate constants of enantiomerization

Evaluation of the experimental and simulated dynamic inter-
onversion profiles was performed with the recently derived
nalytical solution of the unified equation of dynamic chromatog-
aphy [21]. The total retention times of the individual enantiomers
R, the plateau height hp, the peak widths at half height wh, the aver-
ge number of theoretical plates N, calculated from the retention
imes and the peak width at half height of the individual peaks were
sed as data input for the calculation of reaction rate constants.
he initial ratio [A0/B0] was set to 1, because a racemic mixture of
hlorthalidone was used in the experiments. It has to be pointed out
hat the analytical solution of the unified equation can also be used
o perform evaluations of experiments starting with nonracemic

ixtures. In cases where the plateau height exceeds 50% the peak
idth at half height wh is determined from the peak width of the

uter part of the individual peaks.
Eq. (1) is used in case the peak of the first eluted stereoisomer

s higher than the peak of the second eluted isomer. Eq. (2) is used
n case the second eluted peak is higher than the first eluted peak:
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ith �i = wi/
√

8 ln 2 i = {A, B}.
The principle of microscopic reversibility [4,6,25] has been

onsidered in Eqs. (1) and (2) to reflect the reversibility of the
egenerated interconversion process in presence of an enan-
ioselective selector. The reaction rate constant kue

1 denotes the
onversion of the first eluted enantiomer into the later eluted enan-
iomer.

All calculations were performed with the software program
CXplorer [26], which utilizes the unified equation to obtain

eaction rate constants in dynamic and on-column reaction chro-
atography. Single elution profiles are directly integrated and

valuated without any iterative step using the unified equation in
graphical interface.

.4. Calculation of activation parameters �H� and �S�

For the evaluation 9 experiments between 30.0 and 50.0 ◦C at pH
.00 and 15 experiments between 15.0 and 35.0 ◦C at pH 3.75 were
onsidered. At higher temperatures peak coalescence occurred and
herefore rate constants could not be determined with sufficient

recision. The Gibbs free activation energy �G�(T) was calculated
ccording to the Eyring Eq. (3) with kB as the Boltzmann constant
kB = 1.380662 × 10−23 J K−1), T as the enantiomerization tempera-
ure [K], h as Planck’s constant (h = 6.62617 × 10−34 J s), R as the gas
onstant (R = 8.31441 J K−1 mol−1). The statistical factor � was set to
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ig. 1. User interface of the software DCXplorer which utilizes the unified equation o
nd electrophoresis. All kinds of first order reactions taking place in the time scale o
.5 for a reversible and degenerated interconversion process.
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Fig. 2. Proposed acid catalyzed enantiomerization mechanism of ch
matography for the direct evaluation of elution profiles in dynamic chromatography
ioning can be analyzed by zooming into the area of interest.
From the temperature dependent studies the activation
nthalpy �H� for the enantiomerization was obtained via the slope
nd the activation entropy �S� via the intercept of the Eyring plot
ln(kue

1 /T versus T−1)).

lorthalidone via formation of a benzyl cation as intermediate.
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ig. 3. Selected electropherograms at (a) pH 5.00 and (b) pH 3.75 of the enantiomeriz
llary (I.D. 50 �m), 100 mM sodium phosphate/citric acid buffer, 12.5 mg/ml carboxy

. Results and discussion

Recently, the unified equation of chromatography [21] (Eqs. (1)
nd (2)) was derived to directly access first order reactions taking
lace in the time scale of a chromatographic or electrophoretic sep-
ration process. These equations are based on the stochastic model
educing an elution profile into Gaussian distribution functions
(t) of the unchanged peaks and a probability density function
(t) to describe the interconverted part in a chromatogram. The

nified equation has been completely validated and compared to
ther evaluation methods based on the theoretical plate model of
hromatography and the stochastic model [21,22]. It was found that
he unified equation is superior in regard of precision compared
o iterative simulation procedures. This can be explained by the
act that for simulation based evaluations billions of iterative cal-
ulation steps are necessary which are limited by the precision
f the floating point numbers. The unified equation was imple-

ented in the software program DCXplorer [26] to directly evaluate

lution profiles in a graphical user interface (cf. Fig. 1). Chromato-
raphic raw data in ASCII can be opened with a file explorer and
he elution profiles are evaluated by zooming into the area of the
nterconverting peaks. All chromatographic parameters are directly

o
b
a
e

ig. 4. Eyring plot for the determination of the activation parameters �H� and �S� of t
pper and lower curves represent the error bands of the linear regression with a level of c
of chlorthalidone at various temperatures. 72 cm (effective length) fused-silica cap-
yl-�-cyclodextrin, 12.5 mg/ml dimethyl-�-cyclodextrin, U = −25 kV, � = 214 ± 5 nm.

etermined by an integration method and used to calculate reac-
ion rate constants with the unified equation. For the evaluation
rocess it is important to choose between a degenerated process,
here k1 and k−1 are equal, e.g. in enantiomerization processes, or

f it is an epimerization or isomerization process where k1 and k−1
re not equal. The kinetic data are apparent rate constants which
re weighted means of the individual rate constants in the mobile
nd (pseudo) stationary phase. However these apparent rate con-
tants from flow dependent experiments or by comparison with
topped-flow experiments can be used to calculate individual rate
onstants of the mobile and stationary phase [10]. Data can be
xported into spreadsheet applications and can be also evaluated
n a batch process. Kinetic parameters can be determined in real
ime also allowing to perform high throughput analysis [27,28] of
tructurally modified interconverting stereoisomers to get insights
nto the interconversion mechanism by comparison of activation
arameters and structure correlation.
DCXplorer has been used to study the enantiomerization
f chlorthalidone 1 (2-chloro-5-(1-hydroxy-3-oxoisoindolin-1-yl)-
enzenesulfonamide) [29–32] catalyzed under acidic conditions
t pH 5.00 to validate the program with previously reported
nantiomerization data [33] and at pH 3.75 to corroborate the

he enantiomerization of chlorthalidone from the DEKC experiment at pH 3.75. The
onfidence of 95%. For the linear regression 15 data points were considered.
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Table 1
Selected experimental data (100 mM sodium phosphate/citric acid buffer, 12.5 mg/ml carboxymethyl-�-cyclodextrin and 12.5 mg/ml dimethyl-�-cyclodextrin, U = −25 kV,
p = 40 mbar) of chlorthalidone at pH 5.00 and pH 3.75

pH T (◦C) tA
R (min) tB

R (min) N hA (%) hp (%) hB (%) kue
1 (10−5 s−1)

5.00 30.0 37.3 39.3 18300 100.0 6.2 99.2 3.27
5.00 40.0 35.0 36.6 17800 100.0 18.2 98.1 9.77
5.00 50.0 34.2 35.7 13700 100.0 51.8 95.9 24.8
3.75 15.0 36.7 38.7 20000 100.0 2.1 98.4 1.15
3.75 20.0 32.1 33.6 21200 100.0 4.3 99.2 2.30
3.75 25.0 29.3 30.5 22100 100.0 8.8 99.4 3.85
3 00
3 00
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ate constants were obtained by direct calculation with the analytical solution of th

roposed enantiomerization mechanism involving acid catalysis
cf. Fig. 2). The enantiomer separation of chlorthalidone 1 was
chieved by pressure supported EKC (−25 kV and 40 mbar pres-
ure applied at the cathodic electrode) using 100 mM sodium
hosphate/citric acid buffer and 12.5 mg/ml carboxymethyl-�-
yclodextrin and 12.5 mg/ml dimethyl-�-cyclodextrin [34–36] as
hiral mobile phase additives (CMPA) at a pH value of 5.00 or 3.75,
espectively.

Pronounced peak broadening between the separated peaks of
he enantiomers was observed at pH 3.75 by varying the separa-
ion temperature between 15.0 and 40.0 ◦C in 5 K steps (cf. Fig. 3b).
owever, only a slight plateau formation between the separated
eaks could be observed. Peak broadening towards the individual
eaks (peak width at the inner side of the peaks is larger than at the
uter part of the peaks) at a good peak resolution indicates an inter-
onversion process without the occurrence of a pronounced plateau
ormation. At higher temperature peak coalescence occurred. The
ynamic capillary electrokinetic chromatography (DEKC) exper-

ments were repeated at least three times at exactly the same
xperimental conditions.

To determine the enantiomerization rate constants and to obtain
he activation parameters �H� and �S� from the temperature
ependent measurements of chlorthalidone 1 the computer pro-
ram DCXplorer was employed. Selected experimental data at pH
.00 and pH 3.75 and rate constants obtained from the unified
quation are summarized in Table 1.

The activation enthalpies �H� for the enantiomerization of
hlorthalidone 1 were obtained via the slope and the acti-
ation entropies �S� via the intercept of the Eyring plots
T−1 versus ln(kue

1 /T)) (cf. Fig. 4 for pH 3.75).
An error band analysis of the linear regression with a level of

onfidence of 95% (pH 3.75: agreement factor r = 0.9959, residual
D sy = 0.0871; pH 5.00: agreement factor r = 0.9956, residual SD
y = 0.0684) of the activation parameters �H� and �S� has been
erformed to determine deviations. The repeatability of the method

s satisfactory (2.93 � (SD) with a mean error of �G� (20 ◦C) of
.22 kJ mol−1 at pH 3.75).

Activation parameters obtained from the experiments at
H 5.00 (�G�

298 K = 97.6 kJ mol−1; �H� = 70.2 ± 1.2 kJ mol−1;
S� = −92 ± 6 J K−1 mol−1) agree very well with previously

eported activation parameters determined under similar sep-
ration conditions by DEKC at pH 5.0 (�G�

298 K = 99.3 kJ/mol;
H� = 69.2 ± 0.2 kJ/mol; �S� = −101 ± 6 J K−1 mol−1) [33]. These

reviously reported data were evaluated by computer simulation
37] and validate the here determined activation parameters. It has
o be pointed out that evaluation procedures based on iterative

omparison of experimental elution profiles and simulated profiles
re limited in precision due to termination criteria and precision
n calculation.

The results of the activation parameter obtained at a
H of 3.75 (�G�

298 K = 96.2 kJ mol−1; �H� = 91.8 ± 1.5 kJ mol−1;

[
[

[

[

99.3 18.5 100.0 6.70
97.6 30.7 100.0 14.5

fied equation of dynamic chromatography using the software DCXplorer.

S� = −15 ± 1 J K−1 mol−1) show that the barrier has been lowered
y ��G� ∼1.5 kJ mol−1 which can be attributed to acid catalysis
t a lower pH value. However there is a strong change in the acti-
ation enthalpy �H� and activation entropy �S�. It seems that
t a lower pH value the transition state can be reached more eas-
ly, which leads to an increasing activation entropy �S�. This data
nd the fact that enantiomerization is facilitated at lower pH value
eading to higher enantiomerization rate constants at lower tem-
eratures (cf. Table 1) corroborates the proposed acid catalyzed
nantiomerization mechanism.

. Conclusions

The here presented software DCXplorer is a versatile tool to
uickly evaluate elution profiles of interconverting stereoisomers
mploying the unified equation of chromatography. It is no longer
ecessary to separately determine chromatographic data which is
sed in a simulation process, but this data can now be directly
ccessed and evaluated within the user interface by visually zoom-
ng into the area of the interconverting species. This software is not
imited to interconversion processes, but can be applied to all kinds
f first order reactions as demonstrated also for a pseudo-first order
eaction (acid catalysis) of the enantiomerization of chlorthalidone
n DEKC, which helps to understand interconversion mechanisms.
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