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Abstract

The proton form of zeolite Y was modified with R-1,3-dithiane-1-oxide at a loading of one molecule per supercage to create a
chiral acid catalyst. The enantiomeric discrimination of this catalyst was demonstrated using the dehydration of the separate
enantiomers of butan-2-ol and over the temperature range investigated the S-enantiomer was always more reactive. This catalyst
system was then studied using computational simulation methods. The lowest energy structures for the enantiomers of butan-2-
ol docked into a model of the modified zeolite were calculated and it was found that the binding energy for the S-enantiomer is
64.7 kJ mol ™" and that for the R-enantiomer is 48.3 kJ mol ~'. This difference in the adsorption of the two enantiomers is

considered to be the origin of the enhanced reactivity of the S-enantiomer.

1. Introduction

A large number of important pharmaceuticals,
agrochemicals and food additives are chiral and
there is at present great interest in the identification
of new synthetic routes to these molecules. In par-
ticular, the identification of new catalytic routes
is being keenly investigated in a number of
research centres. To date most of the effort
involved with asymmetric synthesis has been car-
ried out in the liquid phase, often with the use of
a homogeneous catalyst. Recently there has been
a significant interest in the design of heterogene-
ous asymmetric catalysts and considerable pro-
gress has been made in an immobilised
homogeneous system {1]. In addition there has
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been considerable success with metal catalysts
modified using chiral alkaloids for the hydrogen-
ation of prochiral alkenes [2,3]. Interest in the use
of modified zeolite catalysts has also become
apparent, and recently Corma [4] demonstrated
the use of a chiral metal complex encapsulated in
zeolite Y for asymmetric synthesis. In this case
the enantioselectivity was associated with the chi-
ral metal complex, and the zeolite was used as a
convenient support for this active material. We
now report some of our preliminary results from
the use of modified zeolite Y for an asymmetric
acid catalysed reaction in which the zeolite acid
site and the chiral modifier act in concert (o create
a chiral acid catalytic site. In our previous studies
[5,6] we have shown that the addition of cyclic
sulphoxides I, that are chiral at the sulphoxide
sulphur atom, to zeolite Y leads to a significant
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enhancement in the rate of dehydration of butan-
2-ol, whereas modification with the equivalent
cyclic dithiane II leads to a decrease in activity
for the same reaction conditions.
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In a subsequent paper [7] we have used com-
putational simulation of the modified zeolite to
study the interaction between the chiral modifier
and the zeolite acid site to gain an understanding
of the nature of the active site. In this paper we
extend these studies to the investigation of the
interaction of a chirally modified zeolite with the
separate enantiomers of butan-2-ol.

2. Experimental and methodology
2.1. Catalyst preparation and testing

Zeolite Y (2.0 g, Crosfield NaY ion exchanged
with NH,NO; and calcined at 550°C) was treated
with a solution of enriched R-1,3-dithiane-1-oxide
[8] (enantiomeric excess 83%) (0.144 g) in de-
ionised water (30 ml) at 50°C for 2 h to achieve
a loading of one dithiane molecule per supercage.
The modified zeolite was filtered and dried
(100°C), pelleted and sieved to give particles
(diameter=0.6—-1 mm). Characterization by X-
ray diffraction demonstrated that the modifier did
not affect the crystallinity of the zeolite, and stud-
ies using >’C MAS NMR spectroscopy showed
that the dithiane oxide had been molecularly
adsorbed into the zeolite. The dithiane oxide was
remarkably stable inside the acidic zeolite; it did
not undergo acid catalysed elimination, hydrolysis

or rearrangement. Heating the modified zeolite in
flowing nitrogen at 180°C did not lead to any
decomposition, and the dithiane oxide could be
recovered intact in high yield by solvent extrac-
tion. Of particular importance is that such high-
temperature treatment did not result in
racemization of the enantiomerically enriched R-
1,3-dithiane-1-oxide. Decomposition of com-
pound I adsorbed on the zeolite was only observed
at temperatures well in excess of 400°C.,

The catalyst was tested for the dehydration of
R- and S-butan-2-ol in a conventional fixed bed
microreactor. Modified zeolite Y (0.1 g) was
allowed to react separately with either R- or $-
butan-2-o0l (1.77 X 102 mol/h) prevaporised in
a nitrogen diluent (5.6 X 102 mol/h). The prod-
ucts were analysed using on-line gas chromatog-
raphy using a 40-m capillary vy-cyclodextrin
column with trifluoroacetyl stationary phase, tem-
perature programmed from 25 to 70°C with a split
ratio of 120:1.

2.2. Computer simulation methods

The details concerning the methodology and
model potentials used in this study have been pub-
lished previously [7]. The atomic charge para-
meters for the enantiomers of butan-2-ol were
derived from an ab initio calculation on the iso-
lated S-butan-2-ol using a double zeta plus polar-
isation basis set. Using these charges and
consistent force field potentials, the two enantio-
mers could be energy minimised to structures
related by a mirror plane with the same internal
molecular energy.

3. Results and discussion

3.1. Butan-2-ol dehydration over modified
zeolite Y

Zeolite Y was modified with R-1,3-dithiane-1-
oxide at a loading of one molecule per supercage
as previously described [5]. R- and S-butan-2-ol
were separately dehydrated over the modified zeo-
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Fig. 1. Effect of temperature on the conversion of R-butan-2-ol and
S-butan-2-ol over zeolite Y (Crosfield NaY ion exchanged with
NH,NO; and calcined at 550°C) modified with 1 molecule per super-
cage of R-1,3-dithiane 1-oxide (0.1 g) and reacted with 1.77 X 1072
mol/h of the homochiral alcohol prevaporised in diluent nitrogen
(5.6 X 10™ > mol/h).

lite and the effect of varying the reaction temper-
ature was investigated. The results shown in Fig. 1
indicate that the two enantiomers react at different
rates over the chirally modified zeolite and that
the S-butan-2-ol is always more reactive over the
temperature range studied. Since the experiment
was conducted in a flow reactor, the first order rate

constant (k;) is related to the conversion (x) via:

1 —E,
ki=A ln(‘l—:—)—B exp(—ET—)

where R is the molar gas constant, 7 temperature,
E, the activation energy and A and B are constants.
Itis interesting to note that the energy of activation
for the dehydration of the two separate enantio-
mers, calculated from this relationship, is the same
within experimental error (101+5 kJ mol ')
over the temperature range investigated.

3.2. Computer simulation studies

In an earlier paper [ 7] we used computer sim-
ulation techniques to study the adsorption of R-
1,3-dithiane 1-oxide by zeolite Y (using an Si/ Al
ratio of 1). By comparing the thermal stability of
the molecule in the computer model with experi-
mental results we concluded that the R-1,3-dithi-
ane l-oxide molecule is stabilised by proton
transfer from the framework to the sulphoxide
oxygen atom. The energy-minimised position of
the R-1,3-dithiane 1-oxide cation in zeolite Y is

Fig. 2. Calculated low energy conformation of the protonated R-1,3-dithiane-1-oxide cation in zeolite Y. For the adsorbed molecule atoms are
distinguished by size and grey scale with oxygen, carbon, sulphur and hydrogen being shaded successively lighter. The tetrahedra are centred
on Al or Si atoms belonging to the 12-ring containing the deprotonated framework oxygen.
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Fig. 3. The lowest energy structures for the enantiomers of butan-2-ol docked into the modified zeolite. The binding energy for the S-enantiomer
is 64.7 kJ mol ! and that for the R-enantiomer is 48.3 kJ mol ~ . The zeolite cage has been cut away to show detail of the molecular positions,
the deprotonated framework oxygen is highlighted by a small sphere. For the adsorbed molecules atoms are distinguished by size and grey scale
with oxygen, carbon, sulphur and hydrogen being shaded successively lighter.

shown in Fig. 2. This structure is now used as a
model for the modified catalyst into which we
introduce the enantiomers of butan-2-ol. R- and
S-butan-2-ol were docked separately into the mod-
ified catalyst using a combination of molecular
dynamics and Monte Carlo techniques. First a
library of conformations of each molecule was
built up by performing molecular dynamics on the
isolated molecules for 1000 fs (after an equilibra-
tion period of 100 fs) at a simulation temperature
of 1000 K. During these runs molecular confor-
mations were recorded every 100 fs giving a
library of 10 conformations for each enantiomer.
For each enantiomer one conformation was then
randomly selected from its library and randomly
positioned in the modified zeolite Y unit cell. The
interaction energy between the molecule and the
zeolite was then calculated using an Ewald sum
for the electrostatic terms and an atom based cut
off of 20 A for the repulsion—dispersion interac-
tion. If this interaction energy was negative the
structure was recorded and fifty such structures
were assembled for each enantiomer. This whole
process has been automated within the Biosym
Solids Docker package [9].

The cubic P1 unit cell used in this simulation
work has a cell parameter of 25.65 A, contains
four super-cages and one R-1,3-dithiane 1-
hydroxide cation. The simulation was conducted
in this way to minimise the interactions between
periodic images of the docked molecules. At the
experimental concentration of R-1,3-dithiane 1-
oxide per supercage we expect that the butan-2-ol
enantiomers are only able to interact with one
modifier molecule at any given time and so this
difference in modifier concentration between
experiment and simulation should not be
significant.

Due to the relatively low concentration, many
of the docked structures had the butan-2-ol enan-
tiomer well separated from the R-1,3-dithiane 1-
hydroxide cation. To limit the amount of
computational effort we imposed the further
restriction that only docked structures with a sep-
aration between butan-2-ol oxygen atom and R-
1,3-dithiane 1-oxide cation oxygen of 8 A or less
need be considered. This left us with 4 R-butan-
2-ol and 5 S-butan-2-ol structures. The remaining
structures were then energy minimised using the
Discover program [ 10] with the degrees of free-
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dom for both the R-1,3-dithiane 1-hydroxide cat-
ion and the butan-2-ol relaxed and the zeolite
structure fixed. This procedure gave a set of struc-
tures with the adsorbed molecules energy min-
imised with respect to both their position within
the zeolite and their internal conformation. The
resulting lowest energy structures for each enan-
tiomer are shown in Fig. 3. The relaxed position
of the R-1,3-dithiane 1-hydroxide cation is very
similar for both enantiomers indicating that both
interact with the same chiral environment. The
alcohol OH group in each case is positioned to
counter-align with the dipole set up between the
negative deprotonated framework oxygen atom
and the positive sulphur/hydrogen atom of the
modifier SOH group. To accomplish this, the
arrangement of the rest of the molecule with
respect to the modified zeolite host is considerably
different for the two enantiomers. This results in
a binding energy difference of 16.4 kJ mol '
between the two structures, with the S-enantiomer
being more tightly bound.

4. Concluding remarks

It is apparent from the experimental studies that
the modification of zeolite Y by R-1,3-dithiane-1-
hydroxide at a concentration of one molecule per
supercage leads to the formation of an acid catalyst
that can dehydrate S-butan-2-ol at a faster rate than
R-butan-2-ol. Furthermore it is apparent that there
is no difference in the activation energy for the

reaction of the separate enantiomers over the mod-
ified zeolite. The difference in the reaction rates
must therefore be due to a difference in the pre-
exponential factor which would be expected to
arise from differences in the adsorption of the S-
and R-butan-2-ol at the active site. This effect has
then been simulated by molecular modelling and
it is found that in these studies the S-enantiomer
is more tightly bound at the active site which is
consistent with the experimental results. The
results indicate that this modified zeolite catalyst
may be capable of enantioselective discrimination
between the enantiomers of butan-2-ol in a race-
mic mixture and this will be the subject of a sub-
sequent study.
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