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Abstract—The inherently chiral tetrabenzoxazine resorcarene derivative 1 shows characteristic plateau-formation during enan-
tioselective HPLC separation on the chiral stationary phase Chiralpak AD. By computer assisted peak form analysis of the elution
profiles, obtained from temperature dependent dynamic HPLC (DHPLC) experiments, with ChromWin, the enantiomerization
barrier �Gc(298 K)=92±2 kJ mol−1 and the activation parameters �Hc=53.0±1.8 kJ mol−1 and �Sc=−131±14 J (K mol)−1

were determined. © 2001 Elsevier Science Ltd. All rights reserved.

Resorcarenes are macrocyclic compounds, which are
easily synthesized in a one-step procedure by acid cata-
lyzed condensation of resorcinol with various alde-
hydes.1 Of the four possible diastereomers often the
rccc isomer is formed as the only product. Its conver-
sion with primary amines and formaldehyde in excess
leads to tetrabenzoxazine derivatives.2 This reaction is
regioselective and furnishes exclusively the chiral C4-
symmetric derivative, e.g. 1, which is stabilized by four
intramolecular O-H···O hydrogen bonds (cf. Fig. 1).

The enantiomerization of tetrabenzoxazine resorcarene
derivatives, which involves a consecutive rearrangement
at all four resorcinol moieties, is feasible by a degener-
ated cleavage of the oxazine ring via an iminium inter-
mediate and ring closure with the opposite OH-group
of the resorcinol unit.2b,3 This reaction pathway can be
catalyzed by traces of water and acids, because of the
very labile hemiaminal group in the oxazine ring and
has been proven by exchange of the methylene group
for a methylene-d2 group in presence of CD2O. It
should be noted that, in contrast to CH2-bridged
calix[4]arenes with C4-symmetry,4 a cone-to-cone ring
inversion does not lead to the enantiomer. The product
would be the diastereomeric cone conformer with an
equatorial orientation of the residues R (here CH3), but

the same configuration of the CHR-bridges (C-atoms 2,
8, 14, 20) which, however, was never observed (Scheme
1).

Recently, some of us separated the enantiomers of 15 by
HPLC using the chiral stationary phase (CSP) Chiral-
pak AD.6 The elution profiles show distinct plateau
formation, caused by enantiomerization. Herein, we
present the results obtained by evaluation of the
dynamic HPLC experiments of 1.

Dynamic chromatography and electrophoresis, i.e.
DGC,7 DSFC,8 DHPLC,9 DCE, DCEC and
DMEKC,10 are well established and powerful tools for
the investigation of dynamic processes, i.e. enantiomer-
ization,11 epimerization12 and diastereomerization,13

occurring during the separation of stereolabile com-
pounds. The prerequisite of dynamic chromatography
is the quantitative on-column separation of the
stereoisomers on a stereoselective stationary phase. As
already mentioned, the elution profile of interconvert-
ing enantiomers in an enantioselective dynamic chro-
matographic experiment is characterized by plateau
formation between the first enantiomer (eluted with
peak tailing) and the second enantiomer (eluted with
peak fronting). To yield the rate constants of the for-
ward and backward reaction and the enantiomerization
barrier from the elution profiles, a fast and efficient* Corresponding author. E-mail: volker.schurig@uni-tuebingen.de
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Figure 1. PM3-optimized structure of (2R,8R,14R,20R)-1. The structure is stabilized by intramolecular O-H···O hydrogen
bonding.

Scheme 1. Enantiomerization of the inherently chiral tetrabenzoxazine resorcarene derivative 1.

simulation program like ChromWin14 is necessary. This
program applies the theoretical plate model,7b,15 the
stochastic model16 and the novel derived approximation
function17 for direct calculation of the rate constants of
enantiomerization from chromatographic parameters
(Scheme 2).

Yet only apparent rate constants (k1
app and k−1

app)18 can
be determined, which represent a weighted mean of the
rate constants in the mobile phase k1

mob (k−1
mob is equal

for enantiomerization) and the rate constants in the
chiral stationary phase k1

stat and k−1
stat (cf. Eq. (1) with

the retention factor k �=(tR−tM)/tM).
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The forward and backward rate constants in the chiral
stationary phase are distinct, i.e. k1

stat>k−1
stat because

the enantiomers A and B have a different thermody-
namic Gibbs free energy (−�B,A�G) in the presence of
the chiral stationary phase (kB� >kA� ). The apparent rate

Scheme 2. Equilibria of interconverting enantiomers in a
single chromatographic theoretical plate. A is the first eluted
enantiomer, B is the second eluted enantiomer, k represents
rate constants and K� the distribution constants between the
mobile phase and the chiral stationary phase.
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Figure 2. Results of the simulation with ChromWin of the experimental elution profiles, obtained by temperature dependent
DHPLC of 1 (plain line: separation with enantiomerization; dotted line: theoretical separation considering tailing). Model:
Stochastic model plus (SM+). Method: ‘‘Find enantiomerization barrier II’’.

Table 1. Apparent forward rate constant of enantiomer-
ization and enantiomerization barrier in n-hexane/2-
propanol (9:1), obtained by peak form analysis of the
elution profiles

k1
app (10−5 s−1)T (°C) �Gc (kJ mol−1)

5.0 88.2−3.0
10.35.0 89.2

15.0 17.8 91.2
69.530.0 92.6

31.0 68.0 92.9
34.0 106.0 92.8

Figure 3. Eyring plot for the determination of �Hc and �Sc

from the computer simulated elution profiles of the DHPLC
experiment. The upper and lower curves represent the error
bands of the linear regression with a level of confidence of 95%.

constants themselves are varied by the simulation pro-
gram until the simulated chromatogram coincides with
the experimental chromatogram.

Since the experimental elution profiles of the enantiose-
lective HPLC separation of 1 show peak tailing, the
stochastic model plus (SM+)14 of ChromWin has been
improved by introduction of an exponentially modified
Gaussian function19 for the simulation of the unchanged
peaks of the enantiomeric fractions. Therefore, the
simulation procedure additionally considers peak tailing
by iterative comparison of the experimental and simu-
lated elution profile. The results of the simulations are
depicted in Fig. 2 and the rate constants obtained are
summarized in Table 1. To distinguish between the
enantiomerization process taking place during partition-

ing and poor chromatographic separation caused by
strong tailing, the theoretical elution profiles for the latter
case were simulated considering tailing and are shown in
Fig. 2 as a dotted line.

The mean values of ln(k1
app/T) were plotted as a function

of T−1 according to the Eyring equation (Fig. 3). The
activation parameters were evaluated by linear regression
of the Eyring plot (agreement factor r=0.990): �Hc=
53.0±1.8 kJ mol−1 and �Sc=−131±14 J (K mol)−1.

Scheme 3. Proposed mechanism of enantiomerization of 1 via acid catalyzed ring cleavage and formation of an iminium
intermediate.
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The low value of the activation enthalpy �Hc and the
high negative activation entropy �Sc, obtained by the
evaluation of the temperature dependent DHPLC
experiment of 1, corroborate the proposed enantiomer-
ization mechanism via acid catalyzed ring cleavage and
formation of an iminium intermediate.5 High negative
values of the activation entropy �Sc can be considered
as evidence for a dissociative mechanism of the inver-
sion process20 (Scheme 3).
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