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Abstract

An approximation function for enantioselective dynamic chromatography of racemic mixtures of interconverting
enantiomers has been derived that allows the direct calculation of enantiomerization rate constants (k and k ) and Gibbs1 21

[activation energies of enantiomerization, DG , from chromatographic parameters, i.e., retention times of the enantiomers A
A Band B (t and t ), peak widths at half height (w and w ) and the relative plateau height (h ), without computerR R A B plateau

simulation. The reaction rate constants of enantiomerization, k , obtained with this approximation function, have been21

validated by comparison with a simulated dataset of 15 625 chromatograms. The mean, standard deviation and confidence
interval show a high correlation between the approximated and simulated rate constants. The average deviation from the

[Gibbs activation enthalpy of enantiomerization, DG , has been estimated to be as small as about 60.11 RT.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction been applied to the determination of enantiomeriza-
tion barriers [1–21] and the interconversion rate of

In recent years, dynamic chromatography has the spin isomers o-H and p-H [22,23].2 2

increasingly been employed for the determination of Enantiomerization constitutes a reversible first-
rate constants of reactions proceeding during the order reaction [1,24], which arises from the inter-
time scale of partitioning, particularly the reversible conversion of a stereogenic element in a particular
interconversion of stereoisomers, i.e., enantiomeriza- molecule. In enantioselective chromatography, typi-
tion, epimerization and diastereomerization. Enan- cal peak profiles, such as peak broadening, plateau
tioselective dynamic chromatography has previously formation and, eventually, peak coalescence, can be

observed, and are occasionally even considered as a
complication of the separation process. Yet, in enan-*Corresponding author. Tel.: 149-7071-29-76257; fax: 149-
tioselective dynamic chromatography, the charac-7071-29-5538.

E-mail address: o1iver.trapp@uni-tuebingen.de (O. Trapp). teristic peak profiles not only represent a diagnostic
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tool for an interconversion process itself but are a stationary phase depends on the two phase-distribu-
prerequisite for the determination of enantiomeriza- tion constants (5partition coefficients), K and K ,A B

tion barriers [1]. Depending on the enantiomerization according to the principle of microscopic reversibili-
barrier, different dynamic chromatographic or elec- ty [1,5,18]:
trophoretic techniques (e.g. DGC, DSFC, DHPLC,

CSP mob9DCE, DCEC, DMEKC) may be selected for the K k k kB B 1 21CSP ] ] ]]]]K 5 5 5 (1)CSP mobquantification of the enantiomerization process at a 9K k k kA A 21 1
given time scale of separation and temperature.

The rate constant and the kinetic activation param- Thus, whereas the second eluted enantiomer is
eters of enantiomerization are obtained by iterative enriched during the chromatographic timescale be-
comparison of experimental and simulated chromato- cause it is formed more rapidly than the first eluted

CSP CSPgrams. The first simulation program based on the enantiomer (k .k ), no overall deracemization,1 21
theoretical plate model [25–28] was published in occurs as the second eluted enantiomer is depleted to
1984 [1] and was later extended to simulations of up a greater extent due to its longer residence time in
to 120 000 effective plates (SIMUL) [5,29]. The the column.
theoretical plate model illustrates the chromatograph- This implies that the backward reaction rate

CSPic separation as a discontinuous process, assuming constant, k , is already determined for given values21
CSPthat all steps proceed repeatedly in separate uniform 9 9of k and the retention factors k and k , calcu-1 A B

sections of a multi-compartmentalized column, with lated from the total retention time, t , and theR
N theoretical plates considered as chemical reactors. mobile-phase hold-up time, t , according to k9 5M
Three basic steps are performed in every plate: (1) (t 2 t ) /t :R M M
distribution of the enantiomers A and B, (2) the

9enantiomerization process and (3) shifting of the kACSP CSP]k 5 k (2)21 1mobile phase to the next plate (cf. Scheme 1). 9kB
The application of the principle of microscopic

However, from computer simulation of elution pro-reversibility [1] requires that the rates of interconver-
files of a dynamic chromatographic experiment, it ission of the two enantiomers are rendered different in
not possible to differentiate between the rate con-the presence of the chiral stationary phase (CSP).
stants in the mobile phase and the chiral stationaryThis notion is due to the fact that the enantiomers are

appphase (CSP). Only apparent rate constants (k anddiscriminated, and hence separated, due to a different 1
appk ), which are means of the forward and backwardthermodynamic Gibbs free energy (D , DG5RT 21A,B

rate constants of the mobile and chiral stationaryln(K /K ), as shown in Scheme 1.B A
CSP 9 9phase, weighted by the retention factors k and k ,The equilibrium constant, K , in the chiral A B

can be determined. Taking into account that the
backward reaction rate can be calculated from the
forward reaction rates, the following equations can
be derived [5,18,20]:

9k1 Aapp mob CSP]] ]]k 5 k 1 k1 1 19 91 1 k 1 1 kA A (3)
9k1 Bapp mob CSP]] ]]k 5 k 1 k21 1 219 91 1 k 1 1 kB B

Scheme 1. Equilibrium in a theoretical plate: A is the first eluted In cases where the rate constants in the mobile gas
enantiomer, B is the second eluted enantiomer, k and k mob CSP1 21 and stationary liquid phase are equal (k 5 k ;1 1represent the forward and backward reaction rate constants in the mob CSP appk 5 k ), the apparent rate constants (k andmobile phase (mob) and chiral stationary phase (CSP), respective- 21 21 1

app
ly, and K denotes the distribution constant. k ) are given by:21
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app mob CSP stants, k , from chromatographic parameters. How-1k 5 k 5 k1 1 1 (4) ever, the reaction rate constant, k , could not beapp mob CSP 1k 5 k 5 k21 21 21 isolated from the G-function, an approximated solu-
tion of Giddings probability distribution, and, there-Supposing this assumption is fulfilled, the rate
fore, recursive simulation was again necessary toconstants of enantiomerization in the chiral station-
refine the value of the reaction rate constant, k .ary phase and mobile phase are directly obtained by 1

In the present study, we derived an approximationdynamic chromatography. However, Eq. (4) is not a
function, based on the stochastic model, whichprerequisite to determine rate constants by dynamic
allows for the first time the calculation of ratechromatography, since the apparent rate constants
constants of enantiomerization, k , of a racemicare in a fixed ratio of the rate constants of enantio- 1

merization in the chiral stationary phase and mobile mixture directly from the chromatographic parame-
phase for given chromatographic parameters (Eq. ters, i.e., retention times of the enantiomers A and B

A B(3)). (t and t ), peak widths at half height (w and w )R R A B

If the rate constants in the gas phase are accessible and the relative plateau height (h ), withoutplateau

by an independent method, it is possible to calculate computer simulation. This approximation function
the rate constants in the stationary liquid phase and has been validated by comparison to a dataset of
to determine catalytic or inhibitive effects of the 15 625 chromatograms with conditions commonly
chiral stationary phase, as previously described encountered in dynamic chromatography.
[18,21].

The stochastic model, based on the simulation of
Gaussian distribution functions, F (t9) [with i5(A 2. Experimentali

and B) and the running time t9] and using a time-
dependent probability density function, C(t9), for the To validate the approximation function, a dataset
interconverting enantiomers, has also been applied of 15 626 chromatograms was simulated with the
for the determination of enantiomerization barriers recently developed computer program ChromWin
[2–4,23,30,31]. Both models have been combined in (release 4.0), which is compatible both with the
the computer program ChromWin [18,20], which discontinuous plate model and the stochastic model,
allows a fast and efficient simulation and evaluation and runs under Windows 95/98/NT/2000 on an
of experimental chromatograms without restrictions IBM-compatible personal computer. For the calcula-
referring to plate numbers, N. tion, the stochastic model was employed with the

Another approach for the determination of en- following window of parameters: hold-up time, t 5M

antiomerization rate constants from dynamic chro- 0.5 . . . 2.5 min; retention time of first-eluted enantio-
Amatographic experiments is the continuous flow mer, t 58.0 . . . 40.0 min; separation factor, a 5R

model, which utilizes equations derived from chemi- 1.05 . . . 2.00; mean number of theoretical plates, N5
215cal engineering for the chromatographic system [32– 20 000 . . . 200 000; threshold, 10 mol; rate con-

35]. stant of enantiomerization in the mobile phase,
mob 25 23 21In contrast to these ab-initio-type simulations, k 51.0?10 . . . 1.0?10 s and rate constant1

semiempirical peak deconvolution methods have also of enantiomerization in the chiral stationary phase
CSP 25 23 21been developed to estimate rate constants of enantio- k 51.0?10 . . . 1.0?10 s . Each of these pa-1

merization and isomerization, k [36–43]. The ratios rameter ranges was divided into five equidistant1

of the interconverted and non-interconverted analytes steps. The calculation was finished within four days
can be obtained by graphical integration of the peak on a personal computer with an Intel Pentium III 600
areas [36]. MHz processor. With the dataset evaluation method

approxSince the simulation of experimental chromato- of ChromWin, approximated rate constants k1

grams is computationally expensive, Kramer [31] were determined from the chromatographic parame-
attempted to derive an equation, based on the ters of 15 461 chromatograms. Since the width at
stochastic model, to calculate the reaction rate con- half height, w , of 165 chromatograms could not beh
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evaluated by the standard integration method, due to
strong overlapping of the peaks, these chromato-
grams were neglected in the statistical analysis.

3. Results and discussion

1As mentioned above, the elution profile, P(t9) (cf.
Eq. (5)), with the running time, t9, for interconvert-
ing enantiomers during the separation process is
given by the sum of the two distribution functions
F (t9) and F (t9) of the non-interconverted enantio-A B

mers, and the probability density functions, C (t9)A

and C (t9) of the interconverted enantiomers:B

P(t9) 5 F (t9) 1 F (t9) 1C (t9) 1C (t9) (5)A B A B Fig. 1. Example of an elution profile of interconverting enantio-
mers with the experimental parameters needed for calculation.

A¯Since the time-dependent concentration profile, c(t9), Simulation parameters: stochastic model, t 51.0 min, t 514.0M R
B app 23 21of the interconverting enantiomers has to be Gaus- min, t 515.5 min, N550 000 and k 51?10 s . ParametersR 1

calculated from the chromatogram: widths at half height, w 5sian-modulated and the integral cannot be solved A

9.42 s, w 510.72 s and h 524.81%.B plateauanalytically, the probability density functions, C (t9)A

and C (t9), have to be calculated numerically.B

Therefore, the strategy was (i) to calculate dis- app Ak , and the retention time, t , and for enantiomer1 Rtribution functions, F (t9) and F (t9), of the non- appA B B, the apparent backward reaction rate, k , and the21interconverted enantiomers, (ii) to replace the time- Bretention time, t , are applied to Eq. (6). These twoR¯dependent profile, c(t9), by a function for which the different reaction rates and reaction times complicate
concentration is time-independent and the integral of the derivation of a function of k . Therefore, the1the Gaussian modulation can be approximated. From following approximation has to be used, considering
these functions, the concentration at the peak re- that the concentration–time area of the enantiomersA Btention times, t and t , and the concentration at theR R after the chromatographic separation process is equalA B¯ ¯plateau in the time-middle, t(t 5 (t 1 t ) /2) can beR R due to the principle of microscopic reversibility [1]:
calculated, which allows one to correlate the relative

approx A app A approx Bplateau height, h , with the reaction rate of the k t 5 k t ¯ k t (7)plateau 1 R 1 R 21 R

enantiomerization (cf. Fig. 1). approxWith the approximated forward reaction rate, k ,1The concentration–time area of the non-intercon- Aand the total retention time, t , of enantiomer A, theR9verted enantiomers, c , is calculated from first-orderi distribution functions F (t9) and F (t9) of the non-A Bkinetics with the reaction rate, k, reaction time, t, and
0 interconverted enantiomers A and B can be calcu-the initial concentration–time area, c , according to

lated according to Eqs. (8a) and (8b):Eq. (6):
2(t92t 9)R90 2kt ci ]]29c 5 c e with i 5 hA,Bj (6) 2i i ]]F (t9) 5 e and2s]i iŒs 2pi

To evaluate the remaining concentration–time area wi
]]]of enantiomer A, the apparent forward reaction rate, s 5 with i 5 hA,Bj (8a,b)]]i Œ8 ln 2

The concentration–time area of the plateau c is1 0 21 plateauThe concentration–time areas c , c9 and c [mol?s l ] are 0 0plateau 9obtained from the mass balance (c 1 c 5 c 1A B Aproportional to the amount of analyte, and the functions C(t9),
21 9c 1 c ), considering that the concentration–¯ ¯F(t9), P(t9), c(t9) and c (t9) [mol l ] give the concentration at B plateauboxcar

the running time, t9, of the elution profile. time area, c, is proportional to the amount, n. The
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t2 ]division of the plateau concentration, c , by the 2N t2t9plateau c̄ (t9) N 1boxcar ] ]2 s d2 t]]] ] ]difference of the retention time of the two enantio- C(t9) 5 E e dt (10)]Œ œp 2 tB Amers (t 2t ) gives the concentration at the running tR R 1

¯time, t9, of a boxcar-function, c (t9) (cf. Eq. (9)),boxcar
To simplify the integral of Eq. (10), a substitutionwhich approximates the probability density function
with Eq. (11a) is applied and the integration variableof ideal and linear chromatography derived by Keller
dt is transformed to dv according to Eqs. (11b) andand Giddings [30]. The approximated concentration
(11c):¯function c (t9) describes the profile only for aboxcar

racemic mixture of the enantiomers A and B. For ] ]
N t 2 t9 dv N t9mixtures deviating from a 1:1 ratio of the enantio- ]]] ] ] ]v 5 5 2œ œ2 t dt 2 tmers, a gradient has to be introduced:

t9cplateauA B ]]]t 5 (11a,b,c)]¯ ]]c (t , 5 t9 , 5 t ) 5boxcar R R B A 2t 2 tR R ]1 2 vœN
0 09 9c 2 c 1 c 2 cA A B B
]]]]]5 (9) The boundaries are also transformed with Eq. (11a)B At 2 t AR R ¯considering that c (t9) is zero for t9 , t andboxcar R

Bt9 . t (Table 1).To estimate the deviation of the derived boxcar- R

The resulting integral cannot be solved analytical-function from the curvature of the probability density
ly, but the numerical integration gives a limit for Eq.function of ideal chromatography, several scenarios
(12) with high plate numbers, N:were simulated. In Fig. 2, the mean deviation of the

boxcar-function from the probability function of v2 22v¯ideal chromatography as a function of the rate c (t9) eboxcar
]]] ]]]C(v) 5 E dv] ]Œconstant is shown. With an increasing rate constant, p 2

v1 ]1 2 vthe mean deviation increased by up to 4%. œN
The next step is the Gaussian modulation of the v2 22v¯concentration function, c (t9), with the integra- c̄ (t9) eboxcar boxcar

]]] ]]]5 lim E dv (12)] ]tion variable, t, and the running time, t9 (cf. Eq. Œp N→` 2
v1 ](10)), to obtain the concentration profile, C(t9), of 1 2 vœN

non-ideal linear chromatography. Since the boxcar-
function consists of a time-independent constant, it In Table 2, the results of the numerical integration
can be factored out of the integral: are summarized.

AThe integral converges at the retention times tR
Band t to a value of 0.5. The solution of the integralR

can be corrected for lower plate numbers by empiri-
]] AŒcal adding 1/ 2pN to 0.5 at the retention time tR

(boundaries of the integral 0 and 1`) and empirical
]] BŒsubtracting 1/ 2pN from 0.5 for t (boundaries ofR

¯ ¯the integral 2` and 0). At the time-middle, t(t 5
A Bt 1 t ) /2), the solution of the integral is about 1.0.R R

Table 1
Transformation of the lower and upper limit of the integral

t t v v1 2 1 2

Fig. 2. Mean deviation of the boxcar-function from the probabili- A A B
C(t ) t t 0 →`R R Rty density function of ideal chromatography as a function of the B A B
C(t ) t t →2` 0R R Rrate constant. Simulation parameters: stochastic model, t 51.0 A BM ¯C(t ) t t →2` →`A B R Rmin, t 514.0 min, t 515.5 min and N550 000.R R
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Table 2
Results of the integral (11) as a function of the plate number, N

2 2 22v 2v 2vN e e e
` 0 `]]] ]]] ]]]e dv e dv e dv] ] ]0 2` 2`

2 2 2
] ] ]1 2 v 1 2 v 1 2 vœN œN œN

10 0.872 0.407 1.280
100 0.546 0.464 1.010

1000 0.513 0.488 1.001
2000 0.509 0.491 1.001
5000 0.505 0.494 1.000

10 000 0.504 0.496 1.000
50 000 0.502 0.498 1.000

100 000 0.501 0.498 1.000
1 000 000 0.500 0.499 1.000

10 000 000 0.500 0.500 1.000

B B B BEqs. (13a,b,c) represent the solution of the con- c(t ) 5 F (t ) 1C(t ) 1 F (t )R A R R B R
A B ¯centration profile at times t , t and t : 0 0R R c 1 c1 approx AA B 2k t1 R]] ]]]5 0.5 2 (1 2 e )S D]] B AŒ1 2pN (t 2 t )A A R R]] ¯C(t ) ¯ 0.5 1 c (t )S D]]R boxcar RŒ B A 202pN (t 2t )R Rc approx AA ]]2k t 21 R 2]]]1 e e 2s]1 AB B Œs 2p]] ¯C(t ) ¯ 0.5 2 c (t ) AS D]]R boxcar RŒ2pN

0c approx AB 2k t1 R¯ ¯¯C(t ) ¯ 1.0c (t ) (13a,b,c) ]]]1 e (15)boxcar ]Œs 2pB

Combining the contributions of the distribution
¯ ¯ ¯ ¯c(t ) 5 F (t ) 1C(t ) 1 F (t )A Bfunctions F (t9), F (t9) and the concentration profileA B

0 0C(t9) allows the calculation of the concentrations, c 1 c approx AA B 2k tA B 1 R]]]5 (1 2 e )¯c(t9), at the retention times t , t and t of the B AR R t 2 tR Rinterconversion profile. This is a prerequisite in order
B A 20 (t 2t )R Rto be able to correlate the relative peak heights, h c approx AA A ]]2k t 21 R 2]]]1 e e 8s] Aand h , with the relative plateau height, h (cf. ŒB plateau s 2pAEqs. (14), (15) and (16)):
A B 20 (t 2t )R Rc approx AB ]]2k t 21 R 2]]]1 e e (16)8s]A A A A BŒc(t ) 5 F (t ) 1C(t ) 1 F (t ) s 2pR A R R B R B

0 0c 1 c1 approx AA B 2k t The relative plateau height, h , is defined as the1 R plateau]] ]]]5 0.5 2 (1 2 e )S D]] B AŒ ¯2pN (t 2 t ) ratio of the concentration at the time-middle, t, andR R

the concentration of the higher peak at the retention0
A Bc approx AA 2k t times t and t of enantiomer A or B.1 R R R]]]1 e]Œs 2p Therefore, two cases (i) and (ii) have to beA

differentiated:A B 20 (t 2t )R Rc approx A A BB ]]2k t 21 R (i) c(t ) is higher than c(t ) and h is defined2]]]1 e e (14) R R plateau2s] BŒs 2pB by Eq. (17):
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app 23 21k 51.0?10 s (relative error, 2.34%). Values1¯c(t )
]]h 5 100 (17) from the standard integration procedure of Chrom-plateau Ac(t )R Win [18,20], implemented in common integrators

and data acquisition software systems, has been usedSubstitution of this expression with Eqs. (14) and
as input parameters, since the theoretical values of an(16) gives the final approximation function for

approx experiment are usually unknown.k :1

approxk 51

4. Validation0 0 h(c 1c )1 1plateauA B
] ]]] ]] ]]2 ln 12 0.51S DS D]]F GA B A Œ100t (t 2t ) 2pNR R R Deviations of the approximated rate constant arise

0 0 from the aberration of the boxcar-function from theh(c 1c )1 1plateauA B
] ]]] ]] ]]2 ln 12 0.51S D probability density function of ideal chromatographyS D]]FA B A Œ100t (t 2t ) 2pNR R R and the additional broadening of the peaks caused by

B A 2(t 2t )R R enantiomerization.
]]2 approx20.01h 2e 8splateau A To validate the approximation functions of k0 1]]]]]]]1c ]A Œ [Eqs. (18) and (20)], and to estimate the error, as 2pA

dataset of 15 625 chromatograms has been simulatedA B 2 A B 2(t 2t ) (t 2t )R R R R
]] ]]2 2 with ChromWin [18,20], as described in detail in the2 20.01h e 2e2s 8splateau B B0 ]]]]]]]]]]1c (18) Experimental section. A total of 165 chromatograms] 4B Œs 2pB were excluded from the evaluation procedure, be-

cause strong overlapping of the peaks made a(ii) Eqs. (19) and (20) can be evaluated corre-
determination of the width at half height impossible.spondingly:

Using the chromatographic parameters, which
¯c(t ) were also determined by the standard integration

]]h 5 100 (19)plateau B method of ChromWin [18,20], the dataset wasc(t )R

evaluated with the approximation function, Eqs. (18)
approxk 51 and (20), and the values obtained from this were

app
0 0 compared with the apparent rate constants, k , ofh 1(c 1c )1 1plateauA B

] ]]] ]] ]]2 ln 12 0.52S D the input parameters.S D]]F GA B A Œ100t (t 2t ) 2pNR R R In Table 3, selected values of the statistical
app0 0 h analysis are summarized. Fig. 3 gives a plot of k(c 1c )1 1plateau 1A B

approx] ]]] ]] ]]2 ln 12 0.52S DS D]]FA B A vs. k , showing the high correlation between theŒ100 1t (t 2t ) 2pNR R R approximated and simulated rate constants. Linear
B A 2 B A 2(t 2t ) (t 2t )R R R R
]] ]]2 2

2 20.01h e 2e2s 8splateau A A0 ]]]]]]]]]]1c ]A Œs 2pA

A B 2(t 2t )R R Table 3
]]2

20.01h 2e 8s Selected values of the statistical analysis of the dataset obtainedplateau B0 ]]]]]]]1c (20)] by ChromWin [18,20] on the basis of the stochastic model4B Œs 2pB
sim 25 21 approx 25 21 25 21k [10 s ] k [10 s ] s [10 s ] n1 1 approx

The approximated backward reaction rate constant of
1.0 0.9960.01* 0.01 625approxenantiomerization k can be calculated from the21 25.8 26.1360.06 0.43 650

forward reaction rate constant using Eq. (7). 50.5 51.2660.23 1.71 623
75.3 78.3360.62 4.77 650Applying Eq. (18) to the chromatogram depicted

approx 24 21 100.0 105.5060.82 6.11 601in Fig. 1, the solution is k 5 9.766 ? 10 s .1
*This is in good accordance with the input value Deviation calculated using a confidence interval of 99.9%.
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the derived equation can give a first hint, if the exact
calculation with a simulation program such as
ChromWin is indicated. In this case, the value
calculated by the derived equations provides a good
starting value for the simulation of chromatograms
and thereby reduces the number of refinement steps
and accelerates the calculation process.
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