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Abstract: The four stereoisomers of
chalcogran 1 ((2RS,5RS)-2-ethyl-1,6-di-
oxaspiro[4.4]nonane), the principal
component of the aggregation phero-
mone of the bark beetle pityogenes
chalcographus, are prone to intercon-
version at the spiro center (C5). During
diastereo- and enantioselective dynamic
gas chromatography (DGC), epimeriza-
tion of 1 gives rise to two independent
interconversion peak profiles, each fea-
turing a plateau between the peaks of
the interconverting epimers. To deter-
mine the rate constants of epimerization
by dynamic gas chromatography (DGC),
equations to simulate the complex elu-
tion profiles were derived, using the
theoretical plate model and the stochas-

tic model of the chromatographic proc-
ess. The Eyring activation parameters of
the experimental interconversion pro-
files, between 70 and 120 8C in the
presence of the chiral stationary phase
(CSP) Chirasil-b-Dex, were then deter-
mined by computer-aided simulation
with the aid of the new program Chrom-
Win: (2R,5R)-1: DG=(298.15 K)� 108.0
� 0.5 kJmolÿ1, DH=� 47.1� 0.2 kJmolÿ1,
DS= � ÿ 204� 6 JKÿ1 molÿ1; (2R,5S)-1:
DG= (298.15 K)� 108.5� 0.5 kJ molÿ1,
DH=� 45.8� 0.2 kJ molÿ1, DS=�ÿ210

� 6 JKÿ1 molÿ1; (2S,5S)-1: DG=

(298.15 K)� 108.1� 0.5 kJ molÿ1,
DH=� 49.3� 0.3 kJ molÿ1, DS=�
ÿ197� 8 J Kÿ1 molÿ1; (2S,5R)-1: DG=

(298.15 K)� 108.6� 0.5 kJ molÿ1, DH=

� 48.0� 0.3 kJ molÿ1, DS=�ÿ203�
8 JKÿ1 molÿ1. The thermodynamic Gibbs
free energy of the E/Z equilibrium of the
epimers was determined by the stopped-
flow multidimensional gas chromato-
graphic technique: DGE/Z (298.15 K)�
ÿ 0.5 kJ molÿ1, DHE/Z� 1.4 kJ molÿ1 and
DSE/Z� 6.3 J Kÿ1 molÿ1. An interconver-
sion pathway proceeding through ring-
opening and formation of a zwitterion
and an enol ether/alcohol intermediate
of 1 is proposed.

Keywords: ChromWin ´ gas chro-
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Introduction

Spiroketals are an important class of chiral compounds,
widely distributed in nature as microbial metabolites such as
reveromycins, which show a potent antiproliferative activity
against certain human tumor cells,[1, 2] ionophore antibiotics
such as calcimycin (A-23 187) from Streptomyces chartreusen-
sis (L.) and routiennocin from Streptomyces routiennii (L.),[3]

cell growth inhibitors such as the cephalostatines from the
South African sea worm Cephalodiscus gilchristi (L.),[4]

steroids in Solanaceae (L.), such as diosgenin, yamogenin,
hecogenin, and willagenin,[5] highly toxic metabolites calycu-
linene A, B and C of the marine sponge Discodermis calyx
(L.),[6] marine macrolide spongistatine 1[7] , marine toxins such
as pinnatoxins,[8] and as volatile pheromones for communica-
tion between insects.[9] Francke et al.[10] isolated chalcogran 1
((2RS,5RS)-2-ethyl-1,6-dioxaspiro[4.4]nonane (Figure 1), the

Figure 1. Epimeric and enantiomeric pairs of chalcogran. Top left: (Z)-
(2R,5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2R,5R)-1. Top right: (Z)-
(2S,5S)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2S,5S)-1. Bottom left: (E)-
(2S,5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2S,5R)-1. Bottom right: (E)-
(2R,5S)-2-ethyl-1,6-dioxaspiro[4.4]nonane: (2R,5S)-1.

principal component of the aggregation pheromone of the
bark beetle Pityogenes chalcographus (L.), a pest of the
Norway spruce.

The structure of 1 was confirmed by synthesis of the
racemic mixture[10, 11] of the E/Z epimer pairs and the absolute
configuration was assigned by stereoselective synthesis.[12]

The role of chirality in pheromone perception is well
established,[13, 14] and the quantitative analytical separation of
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stereoisomers is a prerequisite for identification of the
biologically active stereoisomer and the development of
suitable methods for insect control.[15] The first separation
and chromatographic assignment of all four stereoisomers of 1
was achieved by enantioselective complexation chromatog-
raphy employing the chiral stationary phase (CSP) nickel(ii)-
bis[(1R)-6-(heptafluorobutanoyl)-pulegonate].[16±18] At in-
creased separation temperatures, overlapping interconversion
peak profiles, featuring a plateau between the peaks of the
epimers, were observed on the chiral stationary phases
nickel(ii)-bis[(1R)-6-(heptafluorobutanoyl)-pulegonate],[16, 17]

nickel(ii)-bis[(1R)-3-(heptafluorobutanoyl)-camphorate],[17b, 19]

heptakis(2,6-di-O-methyl-3-O-trifluoroacetyl)-b-cyclodextrin,[20]

and hexakis(6-O-methyl-2,3-di-O-pentyl)-a-cyclodextrin.[21] This
was attributed to interconversion of the four stereoisomers
occurring during separation.[22] The low stereostability of the
spiroketal functionality, which was also corroborated by syn-
thetic investigations,[23] commands heightened interest in view of
the diversity of spiroketals in nature.

In this study, we applied diastereo- and enantioselective
dynamic gas chromatography (DGC) to 1 and, using the
theoretical plate model and the stochastic model of chroma-
tography, derived mathematical equations which, for the first
time, allow the determination of epimerization barriers for
both enantiomeric pairs by dynamic chromatography. This
general method, described below, may also be employed for
many current problems in dynamic chromatographic experi-
ments, such as E/Z isomerism of hydrazones, imines, and
oximes,[24] interconversion of dipeptide conformers[25] and
phenanthrene derivatives,[26] stereoisomerism of organic met-
al complexes.[27]

Results and Discussion

In diastereo- and enantioselective dynamic gas chromatography
(DGC), molecular interconversionÐthat is, enantiomeriza-
tion[28] and epimerization,[29] respectivelyÐgives rise to an inter-
conversion peak profile featuring a plateau between the term-
inal peaks or peak broadening,[30, 31] evident in the tailing of the
first peak and fronting of the second peak, of the correspond-
ing stereoisomers. If it is possible to separate both epimeric
pairs into their enantiomers on a chiral stationary phase (CSP)
by gas chromatography, the two epimerization processes
ARR >BRS and ASS>BSR can be observed independently.

If peak form analysis is used, kinetic data of interconversion
can be obtained by iterative comparison of experimental and
simulated chromatograms.[32±34] The application of the princi-
ple of microscopic reversibility requires that the rates of
interconversion of the corresponding stereoisomers be differ-
ent in the presence of the chiral stationary phase (CSP). This
phenomenon arises from the fact that the stereoisomers are
discriminated, and hence separated, by means of a different
thermodynamic Gibbs energy (ÿDB,ADG�RT ln(KB/KA)), as
shown in Scheme 1.

Scheme 1. Equilibria in a theoretical plate of a gas chromatographic
column: A is the stereoisomer eluted first, B is the stereoisomer eluted
second, k represents the rate constant and K the distribution constant. The
index liq represents the stationary liquid phase and gas the mobile gas
phase.

Thus, whereas the stereoisomer B, eluted second, is en-
riched during the chromatographic separation timescale,
because it is formed more rapidly than the first eluted
stereoisomer A (k liq

1 > k liq
ÿ1�, no displacement of the equilibri-

um between A and B occurs at constant temperature, since
the second eluted stereoisomer B is depleted to a greater
extent due to its longer residence time on the column.

The prerequisite for the technique of dynamic chromatog-
raphy is the quantitative, on-column separation of the
diastereomeric mixture into the four stereoisomers on a
chiral stationary phase (CSP), in the respective chromato-
graphic setup. The four stereoisomers of 1 can indeed be
separated by enantioselective gas chromatography on Chir-
asil-b-Dex[35] (permethylated b-cyclodextrin linked by a
monooctamethylene spacer to polydimethylsiloxane). The
elution order of 1 on Chirasil-b-Dex,[35] determined by co-
injection of enantiomerically enriched (2S,5RS)-1 and taking
into account the preponderance of the energetically favorable
((2R,5S)-1 and (2S,5R)-1)) E diastereomers, is (2R,5S)-1,
(2R,5R)-1, (2S,5S)-1, and (2S,5R)-1.

When subjected to increases in temperature, from 70 to
120 8C, chalcogran 1 shows typical interconversion plateaus
between the epimers (2R,5S)-1/(2R,5R)-1 and (2S,5S)-1/
(2S,5R)-1 (Figure 2), which implies that the epimerization
process, as expected, takes place only at the spiro center (C5).

Abstract in German: Die vier Stereoisomere des Chalcograns
1 ((2RS,5RS)-2-Ethyl-1,6-dioxaspiro[4.4]nonan), der Haupt-
komponente des Aggregatiospheromons des Fichtenborken-
käfers Pityogenes chalcographus, epimerisieren am Spirokoh-
lenstoffatom (C5). Diastereo- und enantioselective dynamische
Gaschromatographie (DGC) von 1 zeigt zwei voneinander
unabhängige Umwandlungsprofile, die durch das Auftreten
von Plateaus zwischen den Peaks der gegenseitig umwandeln-
den Epimeren charakterisiert sind. Zur Bestimmung der
Geschwindigkeitskonstanten der Epimerisierung mittels dyna-
mischer Gaschromatographie (DGC) wurden Gleichungen
hergeleitet, die eine Simulation solcher Elutionsprofile mit dem
theoretischen Bödenmodel und dem stochastischen Model
erlauben. Die Aktivierungsparameter DH= und DS= wurden
mit dem neuen Programm ChromWin durch Computersimula-
tion der experimentellen Chromatogramme zwischen 70 und
120 8C in Gegenwart der chiralen Stationärphase (CSP)
Chirasil-b-Dex erhalten. Die Gibbsche freie Enthalpie DGE/Z

des E/Z Gleichgewichts der Epimere wurde mit stopped-flow
multidimensionaler Gaschromatographie bestimmt. Für die
Epimerisierung wird eine Ringöffnung unter Bildung eines
Zwitterions und eines Enolether/ Alkohol-Intermediates von 1
vorgeschlagen.
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The rate constants were calculated by simulation of the
chromatograms using the new program ChromWin,[34] which
permits calculation with the theoretical plate model
(TPM),[30, 32, 34] the stochastic model (SM),[36, 37] and the
modified ªstochastic model plusº (SM� ).[34]

The theoretical plate model describes the chromatographic
separation as a discontinuous process, assuming that all steps
proceed repeatedly in uniform sections of a multicompart-
mental column with N theoretical plates considered as
chemical reactors. Three steps i) to iii) take place in every
plate (Scheme 1): i) distribution (partitioning) of the stereo-
isomers A and B between the mobile gas phase (gas) and the
stationary liquid phase (liq), ii) reversible interconversion
between A and B during the residence time Dt, calculated
from the hold-up time tM and the number of plates N
according to Dt� tM/N, and iii) shifting of the content of the
mobile phase to the subsequent theoretical plate. While the
given amount of the enantiomers is initially introduced into
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 the time t.

Unlike enantiomerization processes, for which the rate
constants of the forward and backward reactions are equal in
the achiral gas phase, step ii) is more complicated for
epimerization processes, because of the different ground state
energies of epimers. This results in different rate constants
and different initial quantities for the epimers in the mobile
gas and stationary liquid phases.

The ratio of forward and back-
ward rate constants of the mo-
bile gas phase depends on the
equilibrium of the epimers A
and B according to Equation (1).

K gas� kgas
1

k gas
ÿ1

� �B��A� (1)

The equilibrium constant K liq

in the chiral stationary phase
depends on the two phase
distribution constants (� parti-
tion coefficients) KA and KB,
according to the principle
of microscopic reversibility
(Scheme 1):[30]

K liq�KB

KA

� kB '

kA '
� k liq

1

k liq
ÿ1

k gas
ÿ1

k gas
1

(2)

This implies that the backward
rate constant k liq

ÿ1 is already de-
termined for given values of k liq

1 ,
the ratio of [A] to [B] and the
retention factors kA' and kB',
calculated from the total reten-
tion time tR and the mobile phase
hold-up time tM according to
k '� (tRÿ tM)/tM.

k liq
ÿ1 �

kA '

kB '
k liq

1

�A�
�B� (3)

However, from the computer simulation of the elution
profiles of the DGC experiment it is not possible to differ-
entiate between the rate constants in the mobile gas and in the
stationary liquid phase. Only apparent rate constants (k app

1

and k app
ÿ1 �, which are mean averages of the forward and

backward rate constants of the mobile and stationary phase,
weighted by the retention factors kA' and kB', can be
determined. Taking into account that the backward reaction
rate can be calculated from the forward reaction rates and the
equilibrium constant between A and B, the following
equations were derived:

k app
1 � 1

1� kA '
k gas

1 �
kA'

1� kA'
k liq

1

k app
ÿ1 �

�A�
�B�

�
1

1� kB '
k gas

1 �
kB '

1� kB '

kA '

kB '
k liq

1

�
(4)

In the case in which the rate constants in the mobile gas and
stationary liquid phase are equal to a first approximation
(k gas

1 � kliq
1 ; k gas

ÿ1 � k liq
ÿ1�, the apparent rate constants (k app

1 and
k app
ÿ1 � are given by:

k app
1 � k gas

1 � k liq
1

k app
ÿ1 � k gas

ÿ1 � k liq
ÿ1 (5)

If the rate constants in the gas phase are accessible by an
independent method, it is possible to calculate the rate
constants in the stationary liquid phase, as previously
described.[34]

Figure 2. Epimerization of 1 at different temperatures: experimental chromatograms (top) versus simulated
chromatograms (bottom).
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The equations derived here can also be applied to the
stochastic model for the calculation of elution profiles by a
probability distribution function.[31, 34b, 36] Differences between
these two models are illustrated in Figure 3 for the epimeri-
zation of 1 at 90 8C.

Figure 3. a) Comparison of simulated elution profiles of 1 by the
theoretical plate model (TPM; plain line) and the stochastic model plus
(SM� ; top: dotted line). b) Represents the difference between the two
models (TPMÿ SM� ). Data from the DGC experiment at 90 8C and a
mean plate number N of 100 000 were used for simulation.

To evaluate the chromatograms of 1 obtained by the DGC
experiment, it is necessary to determine quantitatively the
temperature-dependent thermodynamic equilibrium ratio of
the epimers between 70 and 120 8C. As peak overlapping
occurs at higher temperatures, the use of E/Z equilibrium
ratios from the DGC experiment is inaccurate. Therefore, the
stopped-flow multidimensional gas chromatographic techni-
que (sfMDGC),[34, 38] originally developed for the determina-
tion of enantiomerization barriers in the inert gas phase, was
employed as follows.

The gas chromatograph is equipped with two ovens, a
pneumatically controlled six-port valve (Valco), with valve
positions A and B, two flame-ionization detectors (FID 1 and
FID 2), two separation columns (column 1 and 3) and a
reaction column (column 2). In valve position A, injector 1,
column 1 and FID 1 are connected, the reaction column 2 is
closed, and injector 2, column 3 and FID 2 are connected. In
valve position B, injector 1, column 1, reaction column 2,
column 3 and FID 2 are in line and injector 2 is directly
connected to FID 2. The diastereomeric mixture of 1 is

quantitatively separated in column 1 (Chirasil-b-Dex)[35] in
the first oven, in valve position A, at 60 8C.

Afterwards, either the first ((2R,5S)-1/(2R,5R)-1) or the
second ((2S,5S)-1/(2S,5R)-1) pair of epimers is trapped in
reaction column 2 in the second oven, via valve position B.
The unique elution order of the stereoisomers ((2R,5S)-1<
(2R,5R)-1< (2S,5S)-1< (2S,5R)-1) permits the experiment to
be carried out for both epimeric pairs, which are enantiomeric
to each other. For that purpose reaction column 2 is cooled
with liquid nitrogen. Reactor column 2, deactivated with
polydimethylsiloxane (1 m� 0.25 mm i.d., 0.002 mm), is
quickly heated to temperature T in valve position A, whereby
equilibration of either (2R,5S)-1/(2R,5R)-1 or (2S,5S)-1/
(2S,5R)-1, respectively, commences. After the contact time t,
reaction column 2 is rapidly cooled down with liquid nitrogen
and the epimeric mixture of 1 is transferred at the separation
temperature into column 3, in valve position B, where the
epimers of 1 are separated on Chirasil-b-Dex. The equilibrium
ratio KE/Z and the Gibbs free energy DGE/Z are calculated
from the peak areas (Table 1). Side products from decom-
position or rearrangement, if any, were not observed.

The mean values ofÿDGE/Z were plotted as function of Tÿ1,
and from the linear regression (agreement factor r 2� 0.9994)
DHE/Z was found to be 1.4 kJ molÿ1 and DSE/Z� 6.3 J K molÿ1

in the gas phase.
With these data and Equation (4), the apparent rate

constants of the forward and backward reaction (k app
1 , k app

ÿ1 �
for each pair of epimers (2R,5S)-1/(2R,5R)-1) and (2S,5S)-1/
(2S,5R)-1) were determined by computer simulation of the
experimental chromatograms of the DGC experiment be-
tween 70 and 110 8C (Table 2). Since strong overlapping arose

Table 1. Temperature-dependent determination of the epimer equilibrium
by the stopped-flow MDGC experiment. The major peak area represents
the (2R,5S)-1 and (2S,5R)-1 diastereomers, respectively. KE/Z denotes the
equilibrium constant, defined as the ratio of major to minor peak area.

T [8C] Major peak area [%] KE/Z DGE/Z [kJ molÿ1]

70.0 57.0 1.32 ÿ 0.80
80.0 57.3 1.34 ÿ 0.86
90.0 57.6 1.36 ÿ 0.92

100.0 57.9 1.37 ÿ 0.98
110.0 58.2 1.39 ÿ 1.05
120.0 58.5 1.41 ÿ 1.12

Table 2. Selected experimental data and rate constants for the epimerization of 1, obtained using ChromWin on the basis of the modified stochastic model
(SM� ).

T tM tR
[a] tR

[b] tR
[c] tR

[d] N[a] N[b] N[c] N[d] k app
a!b k app

b!a k app
c!d k app

d!c

[8C] [min] [1� 10ÿ5 sÿ1]

70 2.68 45.20 47.34 50.33 51.45 112 000 117 150 117 100 111 950 0.83 1.10 1.10 0.83
80 3.39 35.54 37.18 38.85 39.65 69 400 61 450 61450 69400 1.52 2.03 1.85 1.38
90 4.66 32.23 33.53 34.69 35.24 102 550 98 550 98500 102 550 2.14 2.90 3.10 2.28
100 5.76 27.25 28.19 28.85 29.23 83 350 85 900 85950 83300 3.57 4.89 5.00 3.64
110 6.56 22.96 23.60 23.98 24.24 63 250 58 250 63250 58250 4.80 6.68 7.31 5.26

[a] (2R,5S)-1. [b] (2R,5R)-1. [c] (2S,5S)-1. [d] (2S,5R)-1. tM: mobile phase hold-up time, measured from the (essentially unretained) methane peak.[39] tR: total
retention time of the single stereoisomers. N : number of theoretical plates calculated by ChromWin.
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in the chromatograms of the later eluted epimeric pair
(2S,5S)-1/(2S,5R)-1 at 120 8C, these values have not been
considered for the calculation of the activation parameters.

The mean values of ln(k/T) were plotted as a function of
Tÿ1 according to the Eyring equation (Figure 4). The activa-
tion parameters evaluated by a
linear regression of the Eyring
plots (agreement factor:
(2R,5S)-1/(2R,5R)-1: r2� 0.996;
(2S,5S)-1/(2S,5R)-1: r 2� 0.999)
are represented in Table 3.

The activation parameters
DG=, DH=, and DS= for the
pairs of enantiomers (2R,5R)-1/
(2S,5S)-1 and (2R,5S)-1/
(2S,5R)-1 show the same ten-
dencyÐthe first eluted epimer
has a higher activation enthalpy
and a lower activation entropy
compared to the later eluted
epimer. The activation enthal-
pies DH= increase for the later eluted epimers, which could be
interpreted as a stronger interaction with the chiral stationary
phase (CSP) and stabilization of the analyte.

The low experimental activation enthalpy DH= and the
highly negative activation entropy DS= observed for all four
stereoisomers may be considered as an evidence for a
dissociative mechanism of the inversion process. The increase
in the negative entropy is characteristic for charge separation
in heterolytic processes,[40] but not for homolytic processes.[41]

As already pointed out, it is necessary that C5 in 1 be sp2-
hybridized and hence planar for the transition state of
interconversion.

From these results, a mechanism of interconversion of 1 by
bond breakage of O1ÿC5 or C5ÿO6 at the spiro center C5 and
formation of a zwitterion/enol ether/alcohol structure, which
can be stabilized by a proton shift as a very reactive enol ether
alcohol intermediate, can tentatively be envisaged (Figure 5).

For the enantiomerization of structurally related spirobi-
naphthopyrans and spirochromenes, Mannschreck et al.[42]

and Okamoto et al.[43] also proposed acyclic intermediates,
which are stabilized by the extended p-system, therefore
lowering the enantiomerization barrier DG= to about 85 ±
105 kJ molÿ1. Unfortunately, no activation parameters were
determined by temperature-dependent measurement to sup-
port this mechanism.

To corroborate the mechanism depicted in Figure 5,
optimized structures of (2R,5R)-1 and (2R,5S)-1 (Figure 6;
the energies of the enantiomers are the same) were calculated
with the HyperChem Package release 4.0[44] using the MM�
force field[45] followed by the PM3 method.[46] To find the

Figure 6. PM3-optimized structures. Left: (2R,5R)-1. Right: (2R,5S)-1.

Table 3. Activation parameters of 1 from the DGC experiment.

DG==(298.15 K) [kJ molÿ1] DH= [kJ molÿ1] DS= [JKÿ1 molÿ1]

(2R,5R)-1 108.0� 0.5 47.1� 0.2 ÿ 204� 6
(2S,5S)-1 108.1� 0.5 49.3� 0.3 ÿ 197� 8
(2R,5S)-1 108.5� 0.5 45.8� 0.2 ÿ 210� 6
(2S,5R)-1 108.6� 0.5 48.0� 0.3 ÿ 203� 8

Figure 4. Eyring plot for the determination of DH= and DS= from the DGC experiment. Left: (2R,5S)-1 (^)/(2R,5R)-1 (&). Right: (2S,5S)-1 (^)/
(2S,5R)-1 (&).

Figure 5. Proposed mechanism of interconversion of the epimeric pair (2R,5R)-1/(2R,5S)-1 via a zwitterion/enol
ether/alcohol intermediate.
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favorable conformation, the torsion angle O1ÿC2ÿC1'ÿC2'
was varied in 108 steps from ÿ1808 to 1808, and the structures
obtained were geometrically optimized by the PM3 method.
The local minima were again geometrically optimized without
any restraints. The optimum found for (2R,5R)-1 and (2R,5S)-
1 was at a torsion angle of about 1808. The relative energy
difference DE between these structures is about 0.9 kJ molÿ1

and is within the error range of semiempirical calculation in
accordance with the experimental value, as expected for the
E/Z isomers.

In a second step, the bonds O1ÿC5 and C5ÿO6 in (2R,5R)-1
were broken and the atoms O1ÿC4ÿC5ÿC9 and
C4ÿC5ÿO6ÿC9, respectively, were constrained to a planar
sp2-hybridized C5 atom geometry. The resulting structures 2
and 4 were optimized by the MM� force field followed by the
PM3 method. Additionally, the strongly acidic protons at C4
and C9, respectively, were removed, a double bond was
formed between C4ÿC5 and C5ÿC9, respectively, and the
alkoxy groups were protonated. The resulting enol ether/
alcohol structures 3 and 5 constitute the E/Z isomers (E)-3,
(Z)-3, (E)-5, and (Z)-5, respectively, and were optimized by
the MM� force field followed by the PM3 method. The
results are depicted in Figure 7 and the energies calculated by
the PM3 method are listed in Table 4.

The difference in the total energies of (2R,5S)-1 and the
structures 2 and 4 is about 170 kJ molÿ1. The structures 2 and 4
can be stabilized as reactive enol ether/alcohol intermediates
3 and 5, which undergo ring-closure through an intramolec-
ular enol ether/alcohol addition. In this case the intermediates

(E)-3 and (Z)-3 are energetically favored relative to (E)-5 and
(Z)-5 (DDE �8 kJ molÿ1), and therefore reaction path A (cf.
Figure 5) should be preferred.

Experimental Section

The diastereomers of chalcogran 1, (2RS,5RS)-2-ethyl-1,6-dioxaspiro[4.4]-
nonane, were obtained from Boehringer Ingelheim, Germany. Enantio-
merically enriched (2S,5RS)-1 was synthesized by alkylation of 2-acetylbu-
tyrolactone with (S)-1,2-epoxybutane according to the method of Mori
et al.[12b]

Dynamic GC : The separation of 1 into the four stereoisomers was
performed on a Carlo Erba Vega gas chromatograph, equipped with a
liquid injector (250 8C), a flame-ionization detector (250 8C), and a
Shimadzu C-R 6A integrator, employing a fused silica column (50 m�
0.25 mm i.d.) coated with Chirasil-b-Dex[35] (0.3 mm film thickness).
Hydrogen was used as carrier gas. The measurements were repeated three
times at each temperature from 70 to 120 8C.

Stopped-flow MDGC : Stopped-flow MDGC was performed on a Siemens
Sichromat 2 gas chromatograph equipped with two ovens, a pneumatically
controlled six-port valve (Valco), a cooling trap in oven 2 for use with
liquid nitrogen, a liquid-injector (250 8C), an on-column injector (40 8C)
and two flame-ionization detectors (250 8C). The whole process was
monitored by a control computer. For separation of 1, two fused silica
columns (column 1 and 3) coated with Chirasil-b-Dex[35] (12.5 m� 0.25 mm
i.d., 0.4 mm film thickness, 60 8C) were employed in oven 1. As reaction
column 2, a deactivated fused silica column (1 m� 0.25 mm i.d.), coated
with polydimethylsiloxane (0.002 mm film thickness) was used. Helium was
employed as the inert carrier gas. The measurements were repeated three
times at each temperature, with reaction times of 0.5, 1 and 1.5 h to
equilibrate the ratio of epimers.

Computer simulation : Simulations of
the experimental chromatograms
were performed with the program
ChromWin,[34b] which is compatible
both with the discontinuous plate
model and with the stochastic model,
running under Windows on an IBM-
compatible personal computer. The
mobile phase hold-up time tM (using
methane), total retention times tR,

peak half-width wh, peak heights hA

and hB, and the plateau height of the
interconverting peaks hplateau were de-
termined experimentally. The initial
quantities of the epimers were calcu-
lated from the temperature-depend-
ent epimeric ratio, obtained from the
stopped-flow MDGC experiment.
The adjusting factor for the apparent
backward reaction rate k app

ÿ1 was also
calculated from the epimeric ratio
[A]/[B] of the stopped-flow MDGC

experiment. The simulation was performed for different values of the
apparent rate constant k app

1 (k app
ÿ1 being calculated from k app

1 according to
the principle of microscopic reversibility), using an improved approxima-
tion algorithm, in order to find the best agreement of the simulated and
experimental elution profiles with the stochastic model plus (SM� ) and
the theoretical plate model, applying the ªFind Barrier of Isomerization IIº
method of ChromWin. After that the elution profiles were added with the
combination tool of ChromWin.

Molecular modeling calculations : Calculations were performed with the
HyperChem package, release 4.0. The initial structures were model build
and the first energy minimizations were carried out using the MM� force
field. After that, the obtained structure was refined with the semiempirical
method PM3, using the standard parameters of the package. All atomic

Table 4. Absolute and relative energies for (2R,5S)-1 from the calculation
using the PM3 method.

Structure Absolute energy
E [kJ molÿ1]

Relative energy
DE [kJ molÿ1]

(2R,5S)-1 ÿ 183 609.6 0.0
(2R,5R)-1 ÿ 183 608.7 0.9
2 ÿ 183 437.7 171.9
(E)-3 ÿ 183 562.0 47.6
(Z)-3 ÿ 183 558.1 51.5
4 ÿ 183 439.5 170.1
(E)-5 ÿ 183 554.8 54.8
(Z)-5 ÿ 183 550.3 59.3

Figure 7. PM3-optimized structures of the intermediates.
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positions were optimized with the conjugate gradient method (Polak ± Ri-
biere) until the RMS gradient reached a value of 0.01 kcal �ÿ1 molÿ1.

For the variation of the torsion angles in 108 steps, a constraint of
10000 kcal molÿ1 was applied to the atoms O1ÿC2ÿC1'ÿC2'.

For the calculation of the proposed transition states the structures were
constrained to a planar sp2 configuration (10 000 kcal molÿ1) at the spiro
center C5.
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