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Abstract

The first-order kinetic equation for irreversible reactions was used to determine the enantiomerization barrier of some of
3-hydroxy-1,4-benzodiazepine enantiomers by supercritical fluid chromatography (SFC). The racemates of lorazepam,
oxazepam and temazepam were separated by SFC on chiral (R,R)-Whelk-O1 column with supercritical carbon dioxide
containing 12.5% methanol and 0.5% diethylamine as a mobile phase. Peak areas of enantiomers prior to (A , A ) andA0 B0

after the separation (A , A ), used for calculation of the enantiomerization barrier, were determined by computer-assistedA B

peak deconvolution of peak clusters from the chromatograms. It was demonstrated for the first time that using a model for a
four-peak cluster produces height precise results, and most closely approximates the published results. The kinetic equation
for irreversible reactions was used to determine apparent enantiomerization rate constants. The dependence of the apparent

app app appenatiomerization barrier (DG , DG ) on temperature was used to determine apparent activation enthalpy (DH ,A→B B→A R→S
app app app

DH ) and entropy (DS , DS ) for all studied benzodiazepines.S→R R→S S→R
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1 . Introduction and related disorders. The therapeutic efficacy of
these compounds has, however, been shown to be

Since 1992, regulatory agencies have required enantio-specific [3,4]. Pharmacological studies such
extensive stereochemical information on chiral drugs as chiral form-stability, interconversion, phar-
[1]. Since their discovery in 1957 [2], benzodiaze- macokinetic properties and dosage equivalence of
pines have become the most widely prescribed drugs chiral therapeutics are required. The enantiomeric
for the treatment of anxiety, insomnia, convulsion separation of these compounds is mostly carried out

by chiral gas chromatography (GC) [5], high-per-
formance liquid chromatography (HPLC) [5–*Corresponding author. Tel.:1421-2-5932-5314; fax:1421-2-
16],supercritical fluid chromatography (SFC) [17],5292-6043.

ˇ´E-mail address: krupcik@cvt.stuba.sk(J. Krupcık). micellar capillary electrophoresis (MCE) [18,19] and
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electrochromatography [20,21]. Enantiomers of some irreversible reactions. Equations derived using the
3-hydroxy-1,4-benzodiazepines, however, undergo irreversible concept for the calculation of rate con-
inversion of their respective configurations at ele- stants and energy barriers to enantiomerization also
vated temperatures [8,9,13]. This interconversion, gives results for a high degree of enantiomerization
labelled as enantiomerization, is an undesired attri- where the reversible approach failed [36].
bute of some chiral drugs. The extent of interconver- In the present study, DSFC is applied to determine
sion of enantiomers depends on the energy barriers the enantiomerization barrier of the 3-chiral-1,4-
to enantiomerization and can be determined by benzodiazepine drugs: lorazepam, temazepam, and
several methods. Chromatographic techniques are oxazepam. The enantiomerization barriers were
among the most effective methods since enantiomers calculated from the peak areas of enantiomers (A, B)
are separated and analysed on-line, thus requiring prior to separation (A , A ) and after the separationA0 B0

only minute amounts of the racemic mixtures, en- (A , A ) using the equation derived for the irrevers-A B

riched mixture or pure enantiomers [22–32]. During ible model. The corresponding peak areas are de-
enantioselective chromatography interconversion of termined by the computer-assisted deconvolution of
the enantiomers may produce a peak cluster com- the peak cluster obtained after separating the race-
posed of a peak of racemized material (plateau) mate by DSFC. In this method, deconvolution soft-
between the two peaks of the enantiomers [23]. The ware is used in a new approach where the treated
shape of the peak cluster on the chromatogram cluster involves four peaks.
obtained by separating a racemate is dependent on
the interconversion rate of the enantiomers. Dynamic
high-performance liquid (DHPLC) chromatography 2 . Theoretical
as well as capillary electrophoresis and electrochro-
matography (DCEC) have been used to study inter- The direct chromatographic separation of a
conversion, for some 3-hydroxy-1,4-benzodiazepines racemic or enriched mixture of thermolabile enantio-
[9,13,15,19,32]. Interconversion of 3-hydroxy-1,4- mers is known as dynamic enantioselective chroma-
benzodiazepines occurs due to keto-enol tautomeri- tography [23]. The interconversion of enantiomers (A
zation [33]. This reaction strongly depends both on andB) can be described by a scheme:
temperature as well as stationary and mobile phase k1

→composition [8]. When the amount of protic modifier A B←
k21in the mobile phase is decreased, interconversion is

reduced. By gradually increasing the amount of wherek andk are the rate constants of theA → B1 21

acetonitrile in a protic modifier such as ethanol, andB → A interconversion, respectively. In this
racemization can be suppressed [34]. This, however, schemeA denotes the first andB the second eluted
shows that the interconversion barrier depends on the enantiomer. Interconversion in stationary systems is
stationary or mobile phase constituents, which in- considered as a reversible reaction and can be
fluences the rate of interconversion [8]. described by the first-order kinetic equation.

In our recent study we demonstrated the first use Chromatography and electromigration methods,
of dynamic supercritical fluid chromatography however, are dynamic systems. If the original and
(DSFC) for the determination of the enatiomeriza- the interconverted enantiomers are separated, then
tion barrier of N-( p-methoxybenzyl)-1,3,2-ben- conversion in these systems looks irreversible [36]
zodithiazol-1-oxide [35]. The racemate ofN-( p- and theA → B and B → A interconversions can be
methoxybenzyl)-1,3,2-benzodithiazol-1-oxide was described by first-order kinetic equation [37] for
separated by SFC on chiral (R,R)-Whelk-O1 column irreversible concepts.

app appwith supercritical carbon dioxide containing 20% of Apparent rate constants (k and k ) which are1 21

methanol as a mobile phase. It has been shown that weighted means of the different interconversion rates
the interconversion of enantiomers in a chromato- in the mobile and the stationary phase [18,32] are
graphic column during the separation process can be used to describe the rate in dynamic chromatography
described by the first-order kinetic equation for ifA → B and B → A is the reversible or irreversible



P. Oswald et al. / J. Chromatogr. B 779 (2002) 283–295 285

interconversion. As routine chromatographic detec- The energy barriers toA → B andB → A enantio-
tors gives equal response for both enantiomers, the merization can be found from the apparent rate
apparent rate constants are determined directly from constants using the Eyring equation [37]:
peak areasA and A. The apparent rate constants are0

appcalculated for reversible concept from the following hk1app ]]2DG 5RT ln (3a)S DA→Bequations [18,32]: kk Tb

c1 A0app or]] ]]]k 5 ln1 2t 2c 2 cR,A A A0
apphkA 211 appA0 ]]2DG 5RT ln (3b)S D]] ]]]5 ln (1a) B→A kk T2t 2A 2 A bR,A A A0

or where R is the universal gas constant,T is the
temperature in K,k is transmission coefficient,k isBc1 B0app ]] ]]]k 5 ln the Boltzmann constant andh is Planck’s constant.21 2t 2c 2 cR,B B B0 The dependence of the apparent enantiomerization

app appA1 barrier (DG , DG ) on temperature can beB0 A→B B→A] ]]]]5 ln (1b)2t 2A 2 2A used for the calculation of the apparent activationR B B0
app app appenthalpy (DH , DH ) and entropy (DS ,A→B B→A A→BFor irreversible concept from the equations app

DS ) [18,34] using Gibbs–Helmholz equation:B→A[36,37]:
app app app

DG 5DH 2 T DS (4a)c A1 1 A→B A→B A→BA0 A0app ] ] ] ]k 5 ln 5 ln (2a)1 t c t AR,A A R,A A
or

or
app app app

DG 5DH 2 T DS (4b)B→A B→A B→Ac A1 1B0 B0app ] ] ] ]k 5 ln 5 ln (2b)1 t c t AR,A B R,B B
From the above written equations it follows that

wheret is the retention time,A is the peak area of the enantioselectivity of a chiral selector is respon-R

the enantiomerA and B at the time prior to sepa- sible for differences in thermodynamic data for both
ration (at the timet50 peak areas areA or A ) enantiomers. Difference in activation energy is pro-A0 B0

and after the separation (at the timet peak areas are portional to the enantioselectivity (a) as it follows
A or A ), respectively. from following equation:A B

In dynamic chromatographic and electromigration
9tsystems it can be assumed that: R,Bapp app app ]D(DG )5DG 2DG 5 2RT lnB→A A→B(i) enantiomers (A andB) and products of enantio- 9tR,A

merization (enantiomersA9 and B9 that formed
5RT ln a (5)during enantiomerization in the chromatographic

column) do not interfere with one another during
their migration through the column, Fig. 1 shows a free energy interconversion coordi-

(ii) any brief contacts between enantiomers (A, B nate diagram for the enantioselective interconversion
and A9, B9) at a microscopic level do not sig- of enantiomerA → B and B → A. From Eq. (5) and
nificantly influence the results. Fig. 1 it follows that the more enantioselective a

That is why the interconversion ofA → B and separation system is, the higher the enantiomeriza-
B → A in a racemic mixture can be studied by tion barrier of the compound represented by the
chromatographic and electromigration methods in- second eluted peak shall be. This is why the data
dependently even using racemates as irreversiblecalculated for the first eluted peak are less affected
types of interconversions. by the experimental conditions and to a first approxi-
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Fig. 1. Free energy interconversion coordinate diagram for the conversion of enantiomerA → B and B → A.

mation they can be tabulated and compared with 3 . Experimental
those data found by classical methods.

Moreover, from the above equations, it follows 3 .1. Instruments
appthat the energy barrier to enantiomerization (DG ,A→B

app
DG ) can be found using dynamic chromatog- All the experiments were performed on a HPB→A

raphy (DSFC) if the following parameters are G1205A SFC (Hewlett-Packard, Little Falls Site,
known: the temperature (T ), the enantiomerization DE, USA), equipped with dual pumps and coupled to
time (t) and the peak areas of the enantiomers prior a HP 1050 Diode array detector. Data were pro-
(A or A ) and after (A or B ) the separation. The cessed on a HP Windows Chemstation. Two mlA0 B0 A B

21temperature is accessible from the experiment. The min of supercritical carbon dioxide containing
enantiomerization time and peak areas can be ob- 20% of methanol at a pressure of 200 bar were used
tained from corresponding chromatograms. Chro- for the separation ofN-( p-methoxybenzyl)-1,3,2-
matograms obtained by the dynamic chromatograph- benzodithiazol-1-oxide enantiomers. For the sepa-
ic separation of thermolabile enantiomers consists of ration of lorazepam, temazepam and oxazepam en-
a peak cluster in which the overlapped peaks can be antiomers the flow-rates of 1.2–2.4 ml min of
resolved by: supercritical carbon dioxide containing 12.5%

(a) multidimensional systems combining two or methanol with 0.5% diethylamine as modifier were
21more single separation systems, used. Methanol solutions containing 5 mg ml of

(b) computerized simulation and stochastic meth- individual analytes were injected using a six-port
ods, valve (Valco) equipped with a 10ml sample loop.

(c) combination of two or more detection systems, For the deconvolution of the chromatograms the
from which at least one should be chirospecific, Origin software [40] was used. An exponentially
and/or modified Gauss function (EMGF) was used as a

(d) computer-assisted mathematical deconvolution fitting function [41]. All the calculations were per-
of overlapped peaks. The number of peaks and a formed on IBM compatible PC computer.
peak shape design belong to basic input parameters
in this procedure. This, however, is a particular 3 .2. Column and chemicals
problem for the systems where the number of peaks
in the peak cluster is not known [38,39]. The column used was a (R,R)-Whelk-O1 (253
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0.46 cm I.D., 5mm) manufactured by Regis (Morton Diethylamine (Janssen Chimica, Belgium) was used
Grove, IL, USA). as an additive in the benzodiazepine analyses.

SFC-grade carbon dioxide was purchased from Air Lorazepam, oxazepam and temazepam (Fig. 2)
Liquid (Belgium). HPLC-grade methanol was pur- were extracted from drugs distributed by Temesta
chased from Riedel de Haen (Seelze, Germany). (Wyeth), Seresta (Wyeth) and Levanxol (Pharmacia

& Upjohn), respectively. Methanol solutions with the
21concentration of 5 mg ml were prepared for each

analyte.

3 .3. Theoretical calculations

Optimum conformations corresponding to the
energy minima in the gas phase at 0 K of benzo-
diazepines, shown in Fig. 1B, were calculated on the
semiempirical level using the AM1 method [42],
which is implemented in the HyperChem for Win-
dows [43]. The starting geometries of considered
molecules were created by the molecular editor
which is built in the HyperChem software. In order
to find global minimum the Molecular Dynamics
[44] with MM1 forcefield [45] was used. Dynamics
was performed at the simulation temperature 2000 K
with run time 750 ps. The run time was divided to
five frames from which there were 25 starting
geometries selected. These different starting struc-
tures of conformer were refined by molecular mech-
anics and re-optimized by AM1 method. The RMS
gradient 0.01 kcal /(A mol) as a convergence criter-
ion was used for all calculations and the RMS Fit
describing differences among geometries of confor-
mers with the minimum energy had the order of

2510 .

4 . Results and discussion

From Eqs. (2) and (3), it follows that the de-
termination of the energy barrier to enantiomeriza-
tion using dynamic chromatography is based on the
peak areas of enantiomers of individual enantiomers
prior to (A , A ) and after the separation (A , A ).A0 B0 A B

The following assumptions are considered prior to
determination of enantiomer peak areas by the
computer-assisted peak deconvolution method of
chromatograms obtained by separating a racemic
mixture [23,32]:Fig. 2. Schematic of the structures (A) and optimum conforma-

(a) Enantiomer peak areas prior to separation of ations (B) of the 3-hydroxy-1,4-benzodiazepines evaluated in this
study. racemic mixture can be determined from a peak
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cluster envelope area registered on an experimental
chromatogram:

A 5 A 5 (A 1 A 1 A ) /2 (6)A0 B0 A B A9B 9

(b) Response of a chromatographic detector for
enantiomers (A, B) and that arose during enantio-
merization (A9, B9) is equal.

(c) Enantiomers that arose during enantiomeriza-
tion (A9, B9) are eluted in: (i) a broad peak between
the peaks of enantiomers supposing that the peak
cluster consists of three peaks (in the three peak
concept); (ii) two broad peaks between the peaks of
enantiomers supposing that the peak cluster consists
of four peaks (in the four peak concept).

(d) Peaks profiles of enantiomers (A, B) and
products of enantiomerization (A9, B9) can be de-
scribed by Gaussian or exponentially modified Gaus-
sian functions.

In our previous papers [22,35,39] we reported that
the peak cluster of enantiomers arose by dynamic
chromatography consists of three peaks containing
original A, B and interconvertedA9, B9 enantiomers.
Differences between the area of experimental and
calculated peak clusters listed in Table 1, however,
indicated that instead of three peaks four peaks
should be used in the deconvolution. Four peaks

Fig. 3. Isocratic separation of enantiomers ofN-( p-methox-concept was recently proposed also by Marriot et al.
ybenzyl)-1,3,2-benzodithiazol-1-oxide by SFC at 508C with a[46] procedure. Fig. 3 shows the peak cluster ob- 21mobile phase (2 ml min of supercritical carbon dioxide con-

tained for enantiomers ofN-( p-methoxybenzyl)- taining 20% of methanol) at a pressure of 200 bar. (—) denotes
1,3,2-benzodithiazol-1-oxide by SFC at 508C and peak envelope for experimental chromatogram, (? ? ?) denotes

computer-assisted deconvoluted peaks, (- – - –) denotes peakthe peaks obtained by a deconvolution procedure
envelope for computer-reconstructed chromatogram.with three (Fig. 3A) and four (Fig. 3B) peak

Table 1
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for N-( p-methoxybenzyl)-1,3,2-1 R→S

benzodithiazol-1-oxide by DSFC for irreversible concept found by deconvolution of peak clusters using three- and four-peak concepts at
various temperatures

Temperature Three-peak concept Four-peak concept
(8C) app app app app ak DG %D k DG %D1 A→B 1 A→B

21 21Eq. (1a) (kJ mol ) Eq. (2a) (kJ mol )

35 1.7 E-4 96.0 1.4 2.26 E-4 93.7 0.9
40 4.57 E-4 95.0 3.3 5.24 E-4 94.7 0.01
45 1.12 E-3 94.2 0.03 9.12 E-4 93.3 0.19
50 1.02 E-3 96.0 0.3 1.55 E-3 94.9 0.96
55 2.03 E-3 95.6 3.4 2.53 E-3 95.0 2.3
60 3.47 E-3 95.7 4.0 2.95 E-3 96.0 0.47

a %D5100 (SA 2SA ) /SA , whereSA is an experimental andSA —is a deconvoluted peak cluster area.exp dec exp exp dec
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concepts. Peaks of original (A, B) and interconverted influence the determination of enantiomerizationm
(A9, B9) enantiomers are drawn in Fig. 3 using dotted energy barrier. Data at higher temperatures (.40 8C
lines by a computer-assisted procedure built in for lorazepam,.50 8C for temazepam and.35 8C
Origin software. An exponentially modified Gauss for oxazepam) for reversible concept, however, could
peak shape fitting function was used to deconvolute not be calculated by Eq. (1a). The greater range of
the peak cluster in this work [40,41]. Since the conditions amenable to the irreversible concept
original (A, B) and interconverted (A9, B9) enantio- approach is evident. The last column in Tables 2–4
mers elute through the column independently, and shows differences between the experimental and
the interconversion is characterised as an irreversible deconvoluted peak cluster areas, which do not ex-
reaction [36], four peaks are expected in the peak ceed 2.5% rel.
cluster, as shown in Fig. 4 for the DSFC separation Tables 5–7 show the data obtained by isothermal
of lorazepam enantiomers. These four peaks arose DSFC separation of the enantiomers of lorazepam,
from an independent interconversion ofA and B temazepam and oxazepam enantiomers using differ-
enantiomers as shown in Fig. 4A,B. To distinguish ent mobile phase flow-rates.
between the species that arose from the first and The flow dependence measurements were per-
second eluted enantiomers, respectively, they are formed with the same mobile phase composition and
labelled asA9B9 and B9A9, in Figs. 3 and 4. Our pressure as listed in Fig. 4. Mean values calculated
results show that the computer-assisted deconvolu- from Tables 5–7 for the apparent energy ofA → B

app¯tion of the peak cluster based on the concept of four enantiomerization at 458C (DG 590.4 forA→B
app¯peaks (Fig. 4D) leads to results analogous to those lorazepam,DG 594.1 for temazepam andA→B

app¯obtained by the DSFC of pure enantiomers [47]. DG 589.8 for oxazepam) are shown for enantio-A→B

Figs. 5–7 show the temperature dependence of the mers of the corresponding 3-hydroxy-1,4-benzo-
peak cluster shapes of lorazepam, temazepam and diazepines listed in Tables 5–7.
oxazepam enantiomers separated by DSFC through- Fig. 8 shows the dependence of enantiomerization

appout the whole range ofA → B and B → A enantio- energy barrier (DG ) on temperature (K) foundA→B

merization. The peak clusters on the experimental by SFC for the first eluted enantiomers of lorazepam
chromatograms shown in Figs. 5–7 were deconvo- (A), temazepam (B) and oxazepam (C). For the
luted using Origin software and the four-peak con- construction of plots in Fig. 8, data listed in Tables
cept as depicted in Fig. 4D. The peak areasA , A , 2–4 were used. Using Eq. (6), the activation en-A0 B0

app appA , and A determined with this procedure were thalpy (DH ) and entropy (DS ) were calcu-A B A→B A→B

used to calculate the apparent rate constants and lated from dependencies shown in Fig. 8 as slopes
apparent energy barriers to enantiomerization of all and intercepts, respectively. The obtained results as
studied 3-hydroxy-1,4-benzodiazepine enantiomers. well as rate constants and half-lives (t ) at 303 K1 / 2

appTables 2–5 list the apparent rate constants (k ) and are listed in Table 8. Mean values calculated from1
appenergy barriers to enantiomerization (DG ) de- the dependences shown in Fig. 8 for the apparent1

termined forA → B enantiomerization of lorazepam, energy ofA → B enantiomerization at 458C
app app¯ ¯temazepam and oxazepam enantiomers by DSFC at (DG 591.8 for lorazepam,DG 594.4 forA→B A→B

app¯various temperatures, using equations for the revers- temazepam andDG 591.7 for oxazepam) areA→B

ible (Eqs. (1a) and (3a)) and irreversible (Eqs. (2a) overlapped within62% from the data listed above as
and (3a)) approaches. The data listed in Tables 2–4 the mean values calculated for enantiomers of the
for lower temperatures (30–408C for lorazepam, corresponding 3-hydroxy-1,4-benzodiazepines from
30–508C for temazepam and 30–358C for ox- data listed in Tables 5–7. Comparison of data
azepam) determined both for reversible and irrevers- obtained in this study with those published by
ible concepts are in a reasonable agreement. It Schurig with co-workers [19] shows very good
should, however, be noticed that data at 308C are not consistency of enantiomerization energy barrier for
obtained fully at SFC conditions, since the critical lorazepam and temazepam (differences lower than
temperature of CO is 318C. This difference is 1%rel) and acceptable consistency for temazepam2

responsible for separation process but does not (difference around 2.6% rel.). The different tempera-
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21Fig. 4. Isocratic separation of enantiomers of lorazepam by SFC at 408C with a mobile phase (2 ml min of supercritical carbon dioxide containing 12.5% methanol
with 0.5% diethylamine as modifier) at a pressure of 200 bar. (—) Peak envelope for experimental chromatogram; (? ? ?) computer-assisted deconvoluted peaks; (- – - –)
peak envelope for computer-reconstructed chromatogram.
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Fig. 5. Temperature dependence of peak clusters obtained by the separation of enantiomers of lorazepam by SFC. Isocratic flow of mobile
21phase (2 ml min of supercritical carbon dioxide containing 12.5% methanol with 0.5% diethylamine as modifier) at a pressure of 200 bar.

For other details see Section 3.

Fig. 6. The separation of temazepam enantiomers by SFC at 608C, at various inlet pressures of mobile phase. Isocratic flow of mobile phase
21(2 ml min of supercritical carbon dioxide containing 12.5% methanol with 0.5% diethylamine as modifier) at a pressure of 200 bar. For

other details see Section 3.

tures at which the data are compared in Table 8 and andr50.994 for oxazepam), which were lower than
the correlation coefficients found for plots in the Fig. that published by Schurig with co-workers [19], can
8 (r50.916 for lorazepam,r50.988 for temazepam explain differences in other kinetic activation data.

Fig. 7. The separation of oxazepam enantiomers by SFC at 608C, at various inlet pressures of mobile phase. Isocratic flow of mobile phase
21(2 ml min of supercritical carbon dioxide containing 12.5% methanol with 0.5% diethylamine as modifier) at a pressure of 200 bar. For

other details see Section 3.
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Table 2
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for lorazepam by DSFC at various1 A→B

temperatures
aTemp. Reversible concept Irreversible concept %D

(8C) app 21 app app 21 appk (s ) DG k (s ) DG1 A→B 1 A→B
21 21Eq. (1a) (kJ mol ) Eq. (2a) (kJ mol )

30 7.77 E-4 90.6 6.79 E-4 90.9 0.54
35 2.05 E-3 89.6 1.40 E-3 90.6 0.62
40 5.77 E-3 88.4 1.83 E-3 91.5 2.13
45 – – 2.74 E-3 91.9 0.01
50 – – 4.37 E-3 92.1 1.92

a See footnote in Table 1.

Table 3
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for temazepam by DSFC at various1 A→B

temperatures
aTemp. Reversible concept Irreversible concept %D

(8C) app 21 app app 21 appk (s ) DG k (s ) DG1 A→B 1 A→B
21 21Eq. (2a) (kJ mol ) Eq. (5) (kJ mol )

30 2.03 E-4 93.9 1.95 E-4 94.0 0.50
35 4.77 E-4 93.3 4.33 E-4 93.6 1.15
40 7.93 E-4 93.6 6.73 E-4 94.0 1.11
45 1.52 E-3 93.4 1.09 E-3 94.3 1.76
50 3.05 E-3 93.1 1.52 E-3 94.9 0.68
55 – – 2.43 E-3 95.2 0.36
60 – – 3.25 E-3 95.8 0.47

a See footnote in Table 1.

appThe highest interconversion barrier (DG ) and belongs to oxazepam. The 29 chlorine constituent inA→B

consequently the highest half-live (t ) were found lorazepam slightly stabilizes this system which re-1 / 2

for temazepam. This could be caused by an induction sults in an increase of its interconversion barrier and
effect of the methyl group, which limits the inter- half-live. Entropic terms, however, show a more
conversion. Comparison of data listed in Table 8 complicated correlation with the molecular mass.
shows that the lowest enantiomerization barrier This indicates that apparent entropy is influenced

Table 4
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for oxazepam by DSFC at various1 A→B

temperatures
aTemp. Reversible concept Irreversible concept %D

(8C) app 21 app app 21 appk (s ) DG k (s ) DG1 A→B 1 A→B
21 21Eq. (2a) (kJ mol ) Eq. (5) (kJ mol )

30 1.04 E-3 89.8 9.75 E-4 90.0 0.49
35 1.62 E-3 90.2 1.14 E-3 91.1 1.10
40 – – 2.15 E-3 91.0 2.26

a See footnote in Table 1.
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Table 5
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for lorazepam by DSFC with various1 A→B

mobile phase flow at 458C

Flow Reversible concept Irreversible concept
21(ml min ) app 21 app app 21 app ak (s ) DG k (s ) DG %D1 A→B 1 A→B

21 21Eq. (1a) (kJ mol ) Eq. (2a) (kJ mol )

1.2 – – 3.48 E-3 89.8 0.63
1.6 – – 2.87 E-3 90.3 0.21
2.0 – – 2.65 E-3 90.5 0.68
2.4 – – 2.08 E-3 91.1 1.46

a See footnote in Table 1.

Table 6
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for temazepam by DSFC with various1 A→B

mobile phase flow at 458C
aFlow Reversible concept Irreversible concept %D

21(ml min ) app 21 app app 21 appk (s ) DG k (s ) DG1 A→B 1 A→B
21 21Eq. (2a) (kJ mol ) Eq. (5) (kJ mol )

1.6 8.56 E-4 93.5 6.74 E-4 94.1 0.04
2.4 7.30 E-4 93.8 6.46 E-4 94.2 1.94

a See footnote in Table 1.

Table 7
app appApparent rate constantk and energy barrier toA → B enantiomerization (DG ) determined for oxazepam by DSFC with various mobile1 A→B

phase flow at 458C
aFlow Reversible concept Irreversible concept %D

21(ml min ) app 21 app app 21 appk (s ) DG k (s ) DG1 A→B 1 A→B
21 21Eq. (2a) (kJ mol ) Eq. (5) (kJ mol )

2.0 – – 3.45 E-3 89.8 1.26
2.4 – – 3.49 E-3 89.8 2.81

a See footnote in Table 1.

Table 8
Kinetic activation parameters of the enantiomerization of lorazepam, temazepam and oxazepam obtained by SFC at 313 K and published at
293 K [19]

app app app appCompound DG DH DS k tA→B A→B A→B 1 1 / 2
21 21 21 21(kJ mol ) (kJ mol ) (J (K mol) ) (s ) (min)

Lorazepam 91.8 68.2 240.6 1.83 E-3 6.3
a a a a a91.4 76.5 250.9 3.1 E-4 34.9

Temazepam 94.0 66.8 286.9 6.73 E-4 17.2
a a a a a91.6 90.5 23.9 2.9 E-4 39.8

Oxazepam 91.0 59.9 2100 2.15 E-3 5.4
a a a a a91.4 72.0 265.8 3.3 E-4 37.3

a Data published by Schurig with co-workers [19].
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