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Abstract

Separation methods have become versatile tools for the determination of kinetic activation parameters and energy barriers
to interconversion of isomers and enantiomers in the last 20 years. New computer-aided evaluation systems allow the on-line
determination of these data after separating minute amount of pure compounds or mixture of isomers or enantiomers,
respectively. Both dynamic interconversion during the separation process as well as static stopped-flow techniques have been
applied to determine the kinetic activation parameters and interconversion energy barriers by separation methods. The use of
(1) combinations of batchwise kinetic studies with enantioselective separations, (2) a continuous flow model, (3) a
comparison of real chromatograms with simulated ones, (4) stopped-flow techniques, (5) stochastic methods, (6)
approximation functions and (7) deconvolution methods, for the determination of interconversion energy barriers by
separation methods is summarized in detail.
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1. Introduction

It is well known that the biological activity of
many drugs can be related to chirality. Frequently
only one of the enantiomers shows the desired
therapeutic effect while the other is inactive or shows
undesirable effects. Since 1992, regulatory agencies
have required extensive stereochemical information
on chiral drugs [1]. Consequently, it is important to
understand the conformational and/or configuration-
al stability of those drugs that are administered as
pure enantiomers. The process by which the in-
dividual enantiomers of chiral molecules undergo
inversion of their respective stereogenic elements is
referred to as enantiomerization [2]. The stability of
enantiomers of thermally labile chiral drugs is thus
naturally connected with an energy barrier to en-
antiomerization which can be determined by several
methods. While the isolation of single enantiomers
followed by an examination of batchwise racemiza-
tion kinetics using chiroptical and NMR methods is
cumbersome and time-consuming, enantioselective
separation techniques tend to be more efficient since
enantiomers are interconverted and analysed on-line,
and they require only minute amounts of the racemic
or enriched mixture of enantiomers [2-4].

Interconversion of conformationally or configura-

interconversion processes are studied in the presence
of a chiral stationary phase (CSP). Basically, seven
experimental operational approaches have been ex-

ploited to determine rate constants and energy bar-
riers by separation methods. They are:

(1) classical kinetic studies combined with enan-

tioselective separations [136]

(2) methods based on the continuous flow model
[56,127]

(3) comparison of real chromatograms with simu-
lated ones (peak form analysis) [15,137,138]

(4) stopped-flow techniques [4,34,37,38,40,41,83],

(5) stochastic methods [4,66—69,142—-144]

(6) approximation functions [139], and

(7) deconvolution methods [8,42,43].

The focus of this monograph is to provide an
overview of the published works on the determi-
nation of kinetic parameters and energy barriers to
interconversion of enantiomers of conformationally
or configurationally labile compounds by enan-
tioselective separation methods. A secondary aim is
to describe a computer assisted peak deconvolution

procedure for the determination of peak areas in peak

clusters obtained by the separation of some 3-hy-
droxy-1,4-benzodiazepine drugs by DHPLC, DSFC
and DMEKC. The corresponding peak areas were
used to calculate rate constants and energy barriers to

tionally labile compounds have been investigated by enantiomerization.
means of dynamic NMR [5-7], chirooptical methods
[4,8—13], dynamic gas chromatography (DGC) )

2. Theoretical

[4,14—-48], dynamic supercritical fluid chromatog-
raphy (DSFC) [4,49-51], dynamic high-performance
liquid chromatography (DHPLC) [4,52-124], dy-
namic capillary electrophoresis (DCE) [4,125-129],
dynamic micellar electrokinetic chromatography 5 7 |nterconversion of enantiomers in tatic
(DMEKC) [4,130-132] and dynamic capillary elec- systems
trochromatography [4,133-138].

In enantioselective dynamic separation methods,

Two distinct systems can be used to study enantio-
mer interconversion.

The interconversion of enantiGremd $) in
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static systems can be described as follows: where the original and the interconverted enantio-

Ky mers are separated, the interconversigns S and
Rk: S S - R may be considered as pseudo-irreversible [50]

-t and can be described by an equation derived for the
wherek, andk_, are the rate constants of the— S rate constant of irreversible first order reactions
andS - R interconversion, respectively. Interconver- [140].
sion of enantiomers in such systems is considered a If the enantiomers are separated in an enan-
reversible reaction and can be described by the first tioselective system, the residence times of both
order kinetic equation. From the rate expression of enantiomgrsand t, ., in this system differ and
reversible first-order reactions (assuming that the rate therefore the rate constants are supposed to be
constantsk, =k_, =k and no S enantiomer is different:
present prior to interconversion) the following ex- 1 Cro
pression has been derived for the rate constant kl:t_lnc_ (2a)
[136,140]: RR R
’ 1 | Cao . and

2" 26, ~ Cro D L (2b)
R,S CS

wherecg, is the initial concentration of enantiomBr

and cy is its concentration at timé wherec is concentrationk is the rate constant and
The reversible interconversion of individual en- tg andt ¢ are residence (retention) times of for the

antiomers in static systems leads to equilibrium with R and S enantiomers in the separation system,

a constantK [140]: respectively [140].
R Kk
8 Tk 2 o , ,
-1 3. Determination of the interconversion rate

where R] and [S] are the equilibrium concentrations Constants by separation methods
of enantiomerR and S, respectively. o . ) )

If k, =k_,, then the reversible interconversion of 3.1. Combination of chiral separation with
the enantiomers in a static system leads to a racemicclassical batchwise kinetic methods
mixture K=1) and this type of interconversion is
known as racemization. Therefore, if enantiomers in /N these methods, the interconversion of a pure
a racemic mixture are reversibly interconverted in €nantiomer is performed outside of the separation
static systems, the equilibrium concentration of both Systém (off-line) at certain temperatures for the
enantiomers is constantR] = [S]), and independent required time. Samples of the reaction mixture of

of the time and temperature of interconversion. enantiomers are then separated by enantioselective

methods at temperatures where separation condition
2.2. Interconversion of enantiomers in dynamic guenches the interconversion. Since achiral chro-
systems matographic detectors give equal responses for both

enantiomers, the rate constants may be determined
If the interconversion of enantiomers is not too directly from peak areas obtained both by mass as
fast and performed during a separation process, thenWell as for concentration types of detectors. How-
the direct separation of a racemic or enriched €ver, the response of the latter type of detector
mixture of thermolabile enantiomers can be consid- depends on the mobile phase flow-rate. In chromato-
ered as a reactive enantioselective separation. Thegraphic methods the mobile phase flow-rate is nor-
enantiomerization rate, however, should allow the Mally constant and the peak areas can be used
study of both the separation as well as the inter- directly in the calculation procedure. In capillary
conversion of enantiomers. Since chromatography €lectrophoresis (CE) where the osmotic flow is not
and electromigration methods are dynamic systems constant, the peak areas have to be corrected for
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migration time prior their use in the calculation
procedure. In classical kinetic studies the intercon-
version is performed in a stationary system, the
forward rate constant is calculated from the modified

Eq. (1):

_1
T2t

CR, 0 _

k _—
' ZCR —Cro

In

3)

wheret is the interconversion timeA is the peak
area of the enantiomd prior to (A ,), and after the
interconversion Ag). It is obvious that in CE
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tive separation of a racemate at a low enough
temperature. Separated enantiomers are then inter-
converted for a certain time at the desired tempera-
ture by stopping the mobile phase flow in the chiral
or the achiral column [4,34,34,37,38,40,41,83].
Original and interconverted enantiomers are then
separated on a chiral column. Thus, the applicability
of this method requires that enantiomerization is
suppressed during the chromatographic separation
process. Such interconversion studies are known as
stop-flow techniques.

methods corrected peak areas should be used. Fig. 1

shows chromatograms of the separation of a pure
R-enantiomer (Fig. 1A), and after its partial (Fig. 1B
and C) and final (Fig. 1D) interconversion (racemisa-
tion) in a static system.

If pure enantiomers are not accessible for kinetic
study they can be produced on-line by enantioselec-
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3.2. Enantioselective stopped-flow methods

The stop-flow methods can be realized in a single
chiral column or in a column series operated under
multidimensional conditions [4,34,37,38,40,41,83,
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Fig. 1. Separation oR and S enantiomers by direct chiral chromatography at a temperature where interconversion of enantiomers is

suppressed. (A) Pure enantionfer (B,C) partial interconversion dR

- S enantiomerp-racemic mixture.
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3.2.1. Sopped-flow interconversion on single
chiral column

As in dynamic methods, single-column stopped-
flow techniques require the enantiomerization pro-
cess to proceed in the environment of a liquid CSP,

and the CSP is used to separate the enantiomersT).

on-line. A single-column stopped-flow interconver-
sion study is typically performed as follows. The
enantiomers of the racemic mixture are quantitatively
separated in the first part of the chiral column (CSP),
the flow is stopped and the interconversion of the
enantiomers is facilitated at an increased temperature
by heating the entire column during an interconver-
sion time. Subsequently, the original and intercon-

verted enantiomers are separated in the second part

of the column at the former separation temperature.
It is obvious that the separation temperature (initial

and final separation steps) has to be low enough so
that the interconversion is suppressed during the

783

enantiomers of a racemic mixture in a chiral column.
The kinetic activation data and the enantiomerization

barriers of both enantiomers are calculated from the

corresponding peak #edke enantiomerization
timethrgnd the enantiomerization temperature

(

As stated above, single on-column interconversion
is accomplished in the presence of the chiral station-
ary phase. Accordingly, in comparison to free solu-
more complex
equilibria have to be considered, as illustrated in Fig.

tion enantiomerization studies,

3 [15,134].

On-column stop-flow interconversion in a single
column was used for the determination of rate

constants of enantiomers using stop-flow gas chro-:
liquid
chromatography-sfHPLC [101,102] and capillary

matography-sfHRGC [34,35,37,38,40,41],

electrokinetic chromatography—sf CEC [134].

separation process. The rate of conversion and the 3.2.2. Sop-flow interconversion in a column series
energy barrier to interconversion can be determined operated under multidimensional conditions
by variation of temperature and the interconversion The presence of the CSP in the single-column stop
time during which the flow of the mobile phase is flow method can affect the interconversion rates. The
stopped. In the presence of a chiral selector, the rates barrier may be enhanced [21,101,116] or depressec
of interconversion may be different for both enantio- [118]. Efforts have been made to combine the
mers, so that on the macroscopic level the ratidkof  advantages of the stopped-flow approach with the
to S enantiomers deviates from the initial 50:50 ratio option to perform enantiomerization in an achiral and
of the injected racemic mixture. This phenomenon is
called deracemization [134].

Fig. 2 shows a four-peak pattern chromatogram

: . . mobile phase
obtained by the stopped-flow interconversion of

K

\4

ke

Kps

Detector response

K,

chiral stationary phase

Fig. 3. Schematic of the processes occurs during on-column
interconversion [15]K,, , andK, ¢ are the partition constants &

18 20 22 24 26 28 30

Time, min

Fig. 2. Chromatogram obtained for the separation of enantiomers
by the stopped-flow interconversion of enantiomers in racemic
mixture in a chiral column.

and S enantiomers between mobile and stationary phdgesnd
k™, are rate constants of tHe » S and S - R interconversion in
the mobile phase, respectivelly® , are the rate constants of
Rhe S and S - R interconversion in the stationary phase,
respectively.
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inert environment. Therefore, multidimensional tech- factors for both enantiomers of conventional chro-
niques employing different columns in series in matographic detectors, the rate constants may be
HPLC [101], CE [91,125], and GC [35,37,40] have calculated directly from the peak areashatitS

been introduced. Stop-flow interconversion in a enantiomers prior AQ,,( As,) and after the
column series operated under multidimensional con- interconversignAg).

ditions, is typically performed in a series of three The following procedures have been used to
columns. The first and the third columns are chiral calculate kinetic data and interconversion energy
and the second column is achiral or an empty tube. barriers from chromatograms obtained by the sepa-
After complete separation of the enantiomers in the ration enantiomers that interconverted during the
first chiral column, at a temperature where enantio- separation process: (i) methods based on a computer
merization is suppressed, one or both enantiomers assisted simulation of chromatograms [4,21,131,
are introduced to the second column using a heart- 137,138], (ii) stochastic methods [139], (iii) methods
cut technique. Then the flow is stopped in this based on approximation functions and (iv) deconvo-
column and enantiomerization is performed at a lution methods [8,42,43].

chosen temperature and reaction tirheAfterwards,
the flow of the mobile phase introduces the enantio- 3.3 1. Computer assisted simulation of
mers to the third column where they are separated chromatograms

[4]. The kinetic parameters and the enantiomeriza-  The determination of kinetic data from chromato-
tion barriers of both enantiomers are calculated as in grams obtained when separating enantiomers that
the single-column method from the corresponding interconverted during the separation process can be
peak areasA), the enantiomerization timet)( and achieved by determining the best fit of computer

the enantiomerization temperaturg) ( simulated data and the real chromatogram. The

simulation procedure that is most often used is based
3.3. Interconversion occurring during the on the discontinuous theoretical plate model de-
separation process scribed by Schurig and co-workers. The first simula-

tion program was introduced by Burkle et al. [15],

If interconversion occurs at a suitable rate during and later modified by Jung and Schurig [21,141] and
the separation on the column, both the separation andTrapp and Schurig [138].

the interconversion processes occur simultaneously.
Interconversion of the pure enantiomer during the 32 7 7 Theoretical plate model

enantioselective separation process yields a peak 1py describes the chromatographic separation as
cluster consisting of a peak of unconverted enantio- 5 discontinuous process, assuming that all steps

mer and a hump formed by the interconverted oceed repeatedly on each theoretical plate. Three
species. Fig. 4 shows the peak clusters obtained by sieps are performed in every plate: (i) distribution of
the on-column interconversion of thermally labile {,eR andS enantiomers between the two phases, (ii)
enantiomersR (Fig. 4A) ands (Fig. 4B). the enantiomerization process in both phases, and

The on-column interconversion of a racemic Mix- finally (iii) shifting of the mobile phase to the next
ture during the separation process yields a peak iheoretical plate (cf. Fig. 3) [4,15].

cluster consisting of two peaks of nonconverted  processes occurring in a theoretical plate during
enantiomers and a plateau formed by the species thatyn_cojumn interconversion are similar to those ac-
undergo at least one interconversion event (Fig. 4C). complished in the single-column stop-flow method
The peak characteristics (retention times, areas, anq therefore Fig. 3 can be used to describe them.
heights, widths and shapes) and the height of the  The gistribution ofR and S enantiomers between

plateau depend both on the analyte interconversion ine mobile phase (m) and the stationary phase (st) is
kinetics (determined by the prevailing temperature) yetermined according to Eq. (4) and Eq. (5):
as well as the separation system (type of chiral

. i 1
selector_ an_d the mobile phase flow-rate) [4,139]. Mem =Tk (Meo.m + Mro.e) (4a)
Considering the equal mass or molar response R
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Fig. 4. Chromatogram obtained by the separation of racemic mixture of 1-chloro-2,2-dimethylaziridine enantiomers by two chiral columns
coupled in series and working at different temperatuRéS. andS'R’ denotes interconverted species. Working conditions: 300025 mm

FS capillary column coated with 0.135m film of heptakis(2,6-di®-pentyl-3-trifluoroacetyl3-cyclodextrin was divided into two equal

pieces (Chiral Dex B-TA ASTEC, Whippany, NJ, USA). The first half of the column was placed in the thermostat of HP 5890 Il GC
instrument (Hewlett-Packard, Avondale, USA). The second part was introduced via a heated tube into the Fractovap 4180 GC (Carlo Erba,
Milan, Italy). Details on the working conditions shall be published separately [149].

The interconversion process between the enantio-
(4b) mers during the residence tim =t,,/N in the

ms,m = 1+ ks(mSO,m+ mSO,St) . . . . H
chiral stationary phase and in the achiral mobile

m = Ke M. +m (5a) phase in a theoretical plate is determined by the
Rst 1+ kR( RO.m o.s) respective rate constants. Since the forward and
Ks backward rate constants’ in the mobile phase are
Mg g = m(mso,m + Mg, o) (5b) equal, the equilibrium constakt™ = 1, whereas the
S equilibrium constant in the chiral stationary phase
wheremg, .., Mg .., Mg andmg ¢, are the amounts of depends on the two-phase partition coeffidignts
enantiomersk and S at equilibrium, mg, ., Mg, ., andK g
Mgo ¢ @Nd Mg, ¢, the amounts ofR and S before
equilibration, andk; andkg are the retention factors « K Kos ke
of the R and S enantiomers, calculated from the total KL Ko ke (6)
retention timet, and the mobile phase hold-up time
ty according tok = (ty-t,,)/ty,, m denotes mobile This equation implies that the backward rate

and st stationary phases. consthtlt is already determined for given values
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of k', kg andkg and thatk;" differs from k*, when
ks> kg, i.e. when the enantiomers are discriminated

between, and hence separated in the presence of the

chiral stationary phase{A(AGy _ ) # 0].

The reversible first-order kinetics is described by:
dm,
at (7)
where them are the masses of enantiomeR §)
and interconverted specieg).( The amount ofm,
arises by interconversion & and S.

Eq. (7) is solved by numerical integration, using
the initial conditions:

kSt

—1
= st st
ky + k>,

= kit(mR,o - mx) - kitl(ms,o + mx)

Mg '(mR,o + ms,o)

kitmR,o - kitlms,o
st st
K kS

exp[ —(K'+ k™) JAt

(8)

The massmg is calculated from the mass balance
Mg o+ Mg ,=Mg+Mg.

Assuming that the rate constants in the mobile and
stationary phase are equal as a first approximation,
the overall or apparent rate constakfS” and k7"
are calculated according to Eq. (9a) and (9b),
respectively.

1

P =Tk 1+Rkkat(9a) (9a)
1 k

app __ em S st

k—1_1+ks k Tk = (9b)

After these two steps, the content of the mobile

phase is shifted to the subsequent theoretical plate,

J. Krupcik et al. / J. Chromatogr. A 1000 (2003) 779-800

shows experimental and simulated chromatograms of
oxazepam separated by HPLC on a teicoplain col-

umn (Chirobiotic T, ASTEC) at different tempera-
tures.

HRGC, HPLC and SFC chromatography as well
as capillary electromigration methods (CEM) have
been used to determine rate constants and energy
barriers to interconversion using this method. The
obtained results were in good agreement with those
found by independent techniques [4].

3.3.2. Stochastic model

The stochastic model (SM), developed by Keller
and Giddings [142], describes the chromatographic
separation using time-dependent distribution func-
tions @ with the input parameters hold-up timg,
retention timest, . and ty 5 and theoretical plate
numbersN; and Ng. The elution profileP(t) calcu-
lated for an enantiomerization process during the
separation is given by the sum of the distribution
functions &y (t) and & (t) of the noninterconverted
enantiomersR’” and S’ and the probability density
functions ¥.(t,t") and ¥ (t,t") of the interconverted
enantiomerR’ and S

P(t) = & (1) + Dy (t) + Pr(tt”) + P(tt”) (10)

For the whole process, the mass balameg+
Mg = Mg, + Mg, + Mg + Mg, Must be fulfilled [139].

As in other methods, only apparent rate constants
for the forward and backward reactickf " andk 7%
are obtained [139].

In the first step, the remaining concentrations of
the noninterconverted enantiomeRs and S' are
calculated according to an irreversible first-order
reaction with the total retention timeg ,andty ; as

whereas the analytes in the stationary phase arethe reaction time:

retained. While a specific amount of the enantiomers
is initially introduced in the first theoretical plate, the
content of the mobile phase of the last theoretical
plate is finally recorded as a chromatogram featuring
an interconversion profile over timé The rate
constant and the kinetic activation parameters of
enantiomerization are obtained by iterative compari-
son of experimental and simulated chromatograms.
The best fit between simulated and experimental
interconversion profiles provides the kinetic parame-
ters and the energy barrier [4,15,21,138]. Fig. 5

"

Cr(tr.R) = Cro EXP (11a)

(_ kipptRR)

Cs(trs) = Cso€XP(— kT tr g (11b)

The concentration profiles of the antipode peaks
approach a Gaussian distribution if the chromato-
graphic conditions are linear. The standard deviation
of the Gaussian distribution function is calculated
from the plate numben, or the peak width at half
height, w,:
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Fig. 5. Experimental and simulated chromatograms of oxazepam separated by HPLC on Chirobiotic T (CHT) column at different temperatures. CHIhirohiwtic (T
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t2 tic model. This allows the direct calculation of
o= NR (12a) enantiomerization rate constarksgndk_,) and the

Gibbs activation energies of enantiomerization,

o= Wh (13b) (AG_app) from chromatographic parameters, i.e. re-
V81In2 tention times of the enantiomers A and B, and

It seems to be a contradiction to use plate numbers tre): P€ak widths at half height, andwg) and the
in a stochastic distribution model, but the plate '€lative plateau heighthf,..,) [139]. The enantio-
number is employed here to characterize the se- merization rate constants, obtained with this approxi-

quence of partition steps during which the equilib- m_ation fl_mction, have been validated by comparison
rium, described by the partition coefficients,, is with a simulated dataset of 15625 chromatograms.

not reached completely because of the continuous The mean, standard deviation and confidence interval
mass transport by the mobile phase in a perpen- showe_d a high correlation between the approxim_at_ed
dicular direction [139]. To compute the profiles of and simulated rate constants. The average deviation
the noninterconverted enantiomeR and S .the from the Gibbs activation enthalpy of enantiomeriza-

! i app ;
time-dependent Gaussian distribution functidrt) tion, AG™, has been estimated to be as small as

is employed: about+0.11 RT [139].
NS Cr (t—tzp)? 3.3.4. Deconvolution methods
Dt s s Cr) = o2 exp\ ~ 202 From the previous sections, it is apparent that the

chromatogram obtained by the dynamic separation of
(14a) . , .

thermally labile enantiomers is very complex as there
cL eXp( (t— tR,S)2> are peaks of the origin®- and S-enantiomers highly

overlapped with the interconverted species. For the
direct calculation of kinetic data and interconversion
(14b) energy barriers, however, peak characteristics (peak
areasA, and retention times) of the original enantio-
The concentration profile of the interconverted mers are needed. Peak data from overlapped peaks
enantiomerR” and S’ is calculated according to the can be obtained by:
derivations of Keller and Giddings [142], Kramer (i) multidimensional systems combining two or
[143] and Cremer and Kramer [144]. The input more single separation systems [47]
parameters required for the calculation are the total (ii) the combination of two or more detectors
retention times of the enantiometg, andtg g, the [8-12,64,94]
apparent rate constank§"” andk?}", and the initial (iif) computer assisted deconvolution methods
concentration of the enantiomers. This procedure, [44,45,48,50,51].
however, describes only a concentration profile valid
for ideal and linear chromatography. Hence, a dis- 3.3.4.1. Multidimensional systems
tribution function, that fits theoretical plate theory Marriott et al. [47] have studied the dynamic
and the solution of the mass balance equation of neatchromatographic interconversion & and Z forms
components, respectively, has to be used to considerof oximes by using a novel cryogenic modulation
phenomena like peak broadening and tailing. By method in a two-dimensional gas chromatographic
integration over all distribution curves, a concen- separation system. The primary column was a con-
tration profile @(t,t") was obtained which complies ventional capillary GC column on which the molecu-
with the elution profile in nonideal linear chromatog- lar interconversion proceeds. In this case, the molec-

2
20

raphy [139]. ular dynamical process leads to a peak profile which
contains information on the kinetics and thermo-
3.3.3. Approximation function dynamics of the interconverting molecules during

Trapp and Schurig [139] derived an empirical chromatographic elution. There is an interconversion
approximation function that is based on the stochas- region between the peaks of the individual stereo-
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isomers of the reaction. The infinitesimal profiles of
interconversion along the entire column cannot be
experimentally observed. Therefore, the total profile
is subjected to mathematical modeling studies in
order to match experiment with theory, and to gain
the kinetic parameters of the process. An instanta-
neous ratio of the individual isomers was found
during the chromatographic elution by direct mea-
surement [47]. This was achieved by using a cryo-
genic zone focusing process, with rapid longitudinal
modulation of a cold trap and continual pulsing of

does not require any knowledge of separation mecha-
nisms. For computer assisted peak deconvolution of
complex chromatograms various software can be
used. The number of peaks and design of peak
shapes belong to basic input parameters in the peak
deconvolution procedures. It is a problem to de-
termine initial peak parameters for a deconvolution
procedure for an overlapped peak cluster, particu-
larly if the number of peaks present in the selected
part of the chromatogram is not known.
.33.3.1.Egtimation of the minimum peak num-

the collected zones into a fast-analysis high-res- ber in the peak cluster The number of apparent

olution capillary column on which isomer inter-

conversion was suppressed. The data were displayed

as a two-dimensional contour plot to demonstrate the
individual isomer profiles. The two-dimensional

analysis also allows easy measurement of the peak

ratios of the two isomers, which is an indicator of the
extent of interconversion that has taken place. This
also could be used to calculate the kinetic activation

parameters and the enantiomerization energy barrier.

Two model systems, acetaldoxime and butyraldox-
ime, were chosen to illustrate the use of the cryo-
genic modulation procedure. It has been anticipated
that the procedure could be applied to other mole-
cules, which undergo reversible reactions during the
separation process [47].

3.3.4.2. Combination of two or more detectors
Combinations of spectral (UV spectrometry) and
chirooptic detection (polarimetry and circular dichro-
ism) have been used to study the dynamic chiral
HPLC separation of enantiomers of thermally labile

compounds [8-12,64,93,95]. The peak characteris-

tics (peak areas and retention times) of nonintercon-
verted enantiomers found by chirooptic detectors

peaks is usually lower than the total number of peaks

present in the recording obtained by the dynamic
separation of thermally labile enantiomers. This is

caused by extensive peak overlap, where the peaks

differ only slightly in retention time. As a conse-
guence no inflection points are observed for such

peaks and the estimation of the total number of peaks
in a chromatogram must be accomplished with

another procedure. The number of peaks in a real
chromatogram can be estimated from the dependence
of the sum of squared errors between the experimen-
tal and deconvoluted chromatograms on the number
of peaks considered [145]. A procedure for peak

number estimation in a peak cluster obtained by

dynamic SFC separation of oxazepam on a teicop-
lanin CSP at 38C using commercial peak-fitting
program is illustrated below [146,147]. Peak type

profiles (Gaussian, Lorenzian and exponentially

modified Gaussian), estimated number of peaks, and
the estimated peak centers and heights are the input
parameters in the peak fitting program. The program
is then optimized with other parameters to get the
minimum of the function:

N

were, however, highly impacted with interconverted CHI? =2[Y(X,ti) +B(t,) — Yexp(ti)]z (15)

species. Thus the determination of kinetic activation

i=1

parameters and interconversion energy barriers were  As the number of estimated peaks in the chro-
found by a stochastic method evaluating chromato- matogram increases, the resulting sum of the squared
grams registered with a UV detector. errors will decrease. The CHI value is among the
peak parameters accessible in the output of the peak
3.3.4.3. Computer-assisted deconvolution methods fitting software. Fig. 6 shows original and deconvo-
The aim of any peak deconvolution procedure in |uted peak clusters for two (A), three (B), four (C),
chiral chromatography is to determine peak areas andfive (D) six (E) and seven (F) estimated peaks in the
peak retention times of enantiomers in a peak cluster considered peak cluster. The dependence°CHI on
on an experimental chromatogram. The use of this the number of fitted peaks is depicted in Fig. 7. This
method in dynamic separation techniques, therefore, figure shows the break for three peaks. Any further
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Fig. 7. Dependence of CAl on the number of fitted peaks as
found by computer assisted deconvolution of chromatogram

obtained by separation of oxazepam enantiomers on Chirobiotic T

column at 35C. For details see caption to Fig. 5.

increase in the number of peaks does not signifi-

cantly decrease errors between the original and fitted
peak cluster. That is why the use of three peaks is

usually sufficient for the deconvolution of these peak

clusters. For more precise peak fitting procedures we
have used four peaks as this number is more realistic

as follows from Fig. 4.
3.3.4.3.2.Models used for peak fitting Gaussian
model: Various functions can be used for fitting. The

Gaussian model describes a bell-shaped curve like — AGZ""; =RT In

the normal (Gaussian) probability distribution func-
tion, which can be expressed by the equation:

< Z(t _ tR) >
y= \/—2 $eXp W

wherey, is the baseline offsetA is the peak area,
w = 20, (approximately 0.849 of the peak width at
half height)t is the timet; the retention timeg- half
peak width at peak inflexion point (peak standard
deviation) [146-148].

Exponentially modified Gaussian model (EMG):

(16)

few chromatographic peaks are perfectly Gaussian,

and this led to considerable effort, since 1959, to find
a better peak model [148]. The exponentially modi-
fied Gaussian, or EMG function, gives good agree-

ment between theory and experiment in many real cHr SFC
cases. It is a Gaussian function convoluted (bent) CHT1HPLC

onto an exponential axis of time constant, The
equation for the EMG function can be expressed in
several ways. A typical example is the following
equation:
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2 o[22 ()]

. J exp( — t9)dt

—

(17)

whereA is the peak arez = {(t —tg)/oc — o/7 }, tis

the time, t; the retention time,o the standard
deviation and 7 the time constant of the peak
asymmetry. Both Gaussian and EMG functions are
accessible in many softwares used for deconvolution
of overlapped peaks [146-148].

3.4. Determination of the interconversion energy
barrier

The energy barriers t&R -~ S and S - R inter-
conversion can be found from the apparent rate
constants for theR - S (ki*") and S- R (k*}
enantiomerization using the Eyring equation [140]:

hkilpp
—AGYPs=RTIn (Kka> (18a)
or
hkélplp
()

whRraés the universal gas constant, is the
temperature irK, « is transmission coefficienk, is
the Boltzmann constant arfuis Planck’s constant.
Tables 1-4 show the rate constants and energy
barriers determined for some 3-hydroxy-1,4-benzo-
diazepine drugs by DHPLC, DSFC and DMEKC.

Table 1

Apparent rate constant&;("k*;") and energy barrier to enantio-
merization AG3*",and AGZ®",) determined for lorazepam by
DSFC and HPLC on studied columns at’@5

Column Rate constant Energy barrier

) (kd mol™)

k" ke AGP,  AG,™R

43210°° 4.2910° -87.6 -87.7

4.0310°° 3.1010° -87.9 —88.6
CHT2HPLC 3.9710° 3.2010°° -87.9 —-88.5
CHT SFC 42810°° 21810° -8738 -89.5
CHV SFC 25510 2.6010°° —89.1 —89.0
WH HPLC 6.31:10* 6.8310* —92.7 —92.45
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Table 2 chromatograms were not known, instead of configu-

Apparent rate constant&;("k*;") and energy barrier to enantio- rations R and S, the letters A and B were used in

merization AG3”",and AG ™) determined for lormetazepam by L .

DSEC and HPLC on studied columns at 45 Tables 1-4. An arbitrarily refers _to the first elu_teq,
and B to the second eluted enantiomer. Transmission

Column (Sfaf)e constant (kfnne];% ;’ar”er coefficient k=0.5 was substituted in Eq. (18) in

correspondence with a value used in literature
k™ -y AGTs  AG.TR [130,131]. However, transmission coefficient can be

CHR SFC 7.3010°  9.5810° -923  -916 determined by the slope of the linear dependence:

CHTHPLC  9.4410° 85410 % -91.6  —91.9

CHT SFC 1.0210° 1.0410° —-91.4  -91.4 k3PP k AG 2PP

CHVSFC  1.3210° 1.2210° —908  —910 In <1?> =1 (Kf) - $ (19)

WH SFC 2.1210° 1.9710° -894  —90.0

WHHPLC 29010 281107 -933 —934 which is obtained by the rearrangement of Eq. (18a)
for enantiomers where the configuration is not

Table 3 known.

Apparent rate constant&;("k*;") and energy barrier to enantio- Fig. 10 shows the dependence ofkii{) on 1/T

merization AG3*",and AG:™,) determined for oxazepam by

DSEC and HPLC on studied columns at 45 obtained for the first eluted enantiomer of lorazepam

separated on a (R,R)-Whelk O1 column by SFC at

Column Rate constant Energy barrier temperature intervals between 35 and°60 Evalua-
G ) (k) ol ) tion of the dependence shown in Fig. 10 gives the
k™ k2 AG,Tp  AG.TX value k =0.27. This number indicates that the inter-
CHR SFC 7.0810°* 1.0210° -924 -914 conversion of configurational enantiomers is more
CHT1HPLC 35710 ° 32010 ° 882 885 complex than conformational ones.
SEPS';'Z:LC 2:3218,3 g:ggig,g :22:2 :2;:? Egs. (18a) and '(18b)'are' used to calculate energy
CHV SFC 47510° 49210° -875  —874 barriers to enantiomerization from the chromato-
WH HPLC 701:10* 65110 -924 —92.6 graphic data. If enantiomers are separated and inter-

converted on a chiral column simultaneously, inter-
conversion times of both enantiomers are different.
This is supposed to be the reason for different
apparent kinetic activation parameters and intercon-
version energy barriers for enantiomers.

The dependence of the apparent enantiomerization
barrier AG3™s, AG:*") on temperature can be
used for the calculation of the apparent activation
enthalpy AHZ",, AHSP) and entropy 4£S,*"%,
ASE?.) using the Gibbs—Helmholz equation:

The peak characteristics (retention times and peak
areas) needed for the calculation of data listed in
Tables 1-4 were found by computer assisted de-
convolution of the peak clusters depicted in Figs. 8
and 9 using both three and four peak concepts.
Gaussian and/or EMG models were used in the
fitting procedure.

Calculations of the energy barriers to enantio-
merization were accomplished by using Egs. (18a)

and (18b). As the configurations of peaks on the app  _ app app

(18b) g P AGEP, = AH 2%, — TAS, (20a)
Table 4 or

Apparent rate constant&;("k*;") and energy barrier to enantio-

merization AGY®, and AGS*",) determined for lorazepam, AGgpﬂpA — AHBasipA —TASBafi (20b)

temazepam and oxazepam by CE atf@H149]

Column (Sf‘f;e constant (kfnn‘:;% ;jamer From the above equations, it follows that the
s s s — enantioselectivity of a chiral selector is responsible
ks K AG\Ts  AGsTH for differences in the thermodynamic parameters for

Lorazepam 4-140:: 3.96 10:1 -937  —938 both enantiomers. Difference in the activation energy

Temazepam 6210 = 61810 = —927  —927 is proportional to the enantioselectivityg)as per the

Oxazepam 1.320 1.3210 —90.8 —90.8

following equation:
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Fig. 9. Original peak clusters (upper records) and peaks found by a computer assisted deconvolution (bottom records) for lorazepam (A), tejnazepsgrantB(C) separated
by CE at 25°C. Details on all working conditions shall be published separately [149].
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Fig. 10. Dependence of Irk{T) on 1/T obtained for the first
eluted enantiomer of lorazepam on (R,R)-Whelk O1 column by
SFC at temperature interval 35-8D. Column WH-(R,R)-
Whelk-O1 column (25 cnx0.46 cm 1.D., 5um, Regis, Morton
Grove, IL, USA). F,=2 ml min~* of supercritical CQ with
12.5% methanol and 0,5% diethylamine as modifier. Details on all
working conditions shall be published separately [149].
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Table 5

Kinetic activation parameters and interconversion energy barriers determined for lorazepam temazepam and oxazepam by DSFC* at 313 K

[51] and DMEKC** at 293 K [130]
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k
—RT In—=

AAG™) = AG ™, o

- 86,7, =

=RTIna (21)

Fig. 11 shows a free energy interconversion
coordinate diagram for the enantioselective inter-
conversion of enantiomer AB and B- A. From
Eq. (21) and Fig. 11 it follows that the more
enantioselective a separation system, the higher the
apparent enantiomerization barrier for the compound
represented by the second eluted peak. This is why
the apparent data calculated for the first eluted peak
are less affected by the experimental conditions and
to a first approximation they can be tabulated and
compared with those data found by classical meth-
ods.

Data listed in Table 5 for 3-hydroxy-1,4-benzo-
diazepines shows very good consistency of enantio-
merization energy barrier for lorazepam and
temazepam (absolute difference of less than 1%) and
acceptable consistency for temazepam (difference
around 2.6% rel.) determined by DSFC [51] and
DMEKC [130]. The different separation techniques
and temperatures at which the data are compared in
Table 5 can explain differences in enthalpic and
entropic data [51].

4, Conclusion

Most known enantioselective separation methods
can be utilized to determine the interconversion
energy barriers of enantiomers. These include
LC,GC, SFC, pseudophase CE, and CEC. The

Compound k3PP AG PP, AH 2P AS, P
s (kJmol*) (kd mol* ) [3 (K moly* ]
Lorazepam 1.830 > 91.4* 68.2* —40.6*
3.1:10 % * 91.4* 76.5** —50.9**
Temazepam 6.730 ™ 94.0* 66.8* —86.9*
2.9-10 % * 91.6** 90.5** —3.9%*
Oxazepam 2180 > 91.0 * 59.9* —100*
3.310 %= 91.4** 72.0%* —65.8**
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optional instrumental approach for a specific mea-

surement is usually determined by the physicochemi-

cal properties of the analyte (e.g. vapor pressure
solubility, stability, detectability, etc.) as well as
quality of the enantiomeric separation that can be

J. Krupcik et al. / J. Chromatogr. A 1000 (2003) 779-800

[9] A. Mannschreck, L. Kiessel, Chromatographia 28 (1989)
263.
[10] C. Wolf, W.A. Koenig, C. Roussel, Liebigs Ann. (1995) 781.

' [11] S. Allenmark, J. Oxelbark, Chirality 9 (1997) 638.

[12] T. Kusano, M. Tabatabai, Y. Okamoto, V. Boehmer, J. Am.
Chem. Soc. 121 (1999) 3789.

achieved using a particular method. Sometimes more [13] J. Oxelbark, S. Allenmark, J. Chem. Soc. Perkin Trans. 2

than one instrumental method can be used. Once the
instrumental technique is selected, one or more of
the seven possible operational approaches outlined in

(1999) 1587.
[14] J. Kallen, E. Heilbronner, Helv. Chim. Acta 43 (1960) 489.
[15] W. Buerkle, H. Karfunkel, V. Schurig, J. Chromatogr. 288
(1984) 1.

this overview must be chosen and used. Each of [16] Y.-H. Lai, P.J. Marriott, B.-C. Tan, Aust. J. Chem. 38 (1985)

these approaches has certain advantages and dis-

advantages in terms of time of analysis, types of
equipment and software required, accuracy an
precision of data produced, and so forth. Given the

number of separations-based instrumental and opera-

tional approaches, it is likely that one or more
combinations can be found to effectively evaluate the
interconversion of most enantiomers of interest to the
scientific community.
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