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Enantioselective dehydration of butan-2-ol using zeolite Y
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Modification of zeolite H-Y by dithiane oxides (2-R-1,3-dithiane 1-oxide, R = H, CH3, C¢Hj) is shown to enhance significantly
its activity for the acid-catalysed gas phase dehydration of butan-2-ol. The rate enhancement is observed for catalysts that are pre-
pared using two commercial samples of zeolite H-Y. The origin of this effect is examined using in situ FTIR spectroscopy and >’ Al
and 2Si MAS NMR spectroscopy studies of the modified zeolite. The rate enhancement is considered to result from a specific inter-
action between the dithiane oxide modifier with both the extra-framework and framework aluminium in the zeolite.
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1. Introduction

The identification of effective asymmetric catalysts
for the synthesis of pure enantiomers continues to be a
topic of intense research interest. Most previous
research involved homogeneous catalysts, leading to the
design of chiral catalysts for such applications as the syn-
thesis of L-Dopa [1] and epoxidation [2]. More recently,
however, attention has focused on the design of hetero-
geneous asymmetric catalysts, since these may be more
suitable for use in industrial applications.

To date, three experimental approaches have been
used in the design of enantioselective heterogeneous cat-
alysts: (i) the use of a chiral support for an achiral metal
catalyst; (ii) the immobilization of an asymmetric homo-
geneous catalyst onto an achiral support; and (iii) modi-
fication of an achiral heterogencous catalyst using a
chiral cofactor. The first approach was pioneered by
Schwab in 1932 [3,4]. Using Cu, Ni, Pd and Pt supported
on enantiomers of quartz he demonstrated low enantio-
selection in the dehydration of butan-2-ol. A number of
other chiral supports have been examined, e.g. natural
fibres and chiral polymers, and this work led to the devel-
opment of polypeptides as catalysts for the enantioselec-
tive epoxidation of chalcones [5]. Most recently,
attention has focused on using zeolite 3, since it is possi-
ble that a chiral form of this zeolite could be synthesised
[6]. The second approach has been particularly effective
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for enantioselective hydrogenation reactions using zeo-
lites as supports for asymmetric Ru and Rh catalysts [7].
In addition, Wan and Davis [8] have immobilized a
homogeneous hydrogenation catalyst with retention of
both the high activity and enantioselection of the non-
immobilised catalyst. The third approach, involving the
creation of a chiral catalyst surface by the adsorption of
a chiral modifier onto an achiral catalyst, has been suc-
cessful in a number of studies, again particularly for
enantioselective hydrogenation. For example, the modi-
fication of platinum catalysts with cinchona alkaloids
for the hydrogenation of prochiral a-ketoesters [9-11],
and the modification of Raney nickel catalysts with
diethyl tartrate, used for the hydrogenation of prochiral
(B-dicarbonyl compounds [12], have been extensively
studied.

In our initial work, we have also used the third
approach, but we consider that for the optimal catalyst
design, the achiral catalyst should have a well defined
structure, and for this reason we have selected zeolites.
Modification of zeolite H-Y with chiral dithiane 1-oxi-
des has been shown to give catalysts that are capable of
enantioselection in the dehydration of butan-2-ol in the
temperature range 110-150°C [13-15]. A feature of this
catalytic system is the observation of a significant rate
enhancement for the acid catalysed dehydration reac-
tion, and we believe this to be of crucial importance with
respect to the origin of the enantioselection. In this paper
we describe infrared and NMR spectroscopic studies
and comment on the possible structure of the active
site.
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2.Experimental
2.1. Catalyst preparation

Enantiomerically pure or enriched (R)- or (S)-2-sub-
stituted-1,3-dithiane 1-oxides I, which are chiral at sul-
phur, were prepared according to standard procedures

[16].
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Samples where R = H, CH3, Ph were prepared in both
the racemic and enantiomerically enriched forms. When
R = CHj; or Ph a second chiral centre is present but the
relative configuration was always controlled and in the
materials used in this study only the trans configuration
was utilised. The achiral 1,3-dithiane II was obtained
commercially.

Two commercial samples of zeolite Y were used in
this study: (a) H-Y (Union Carbide, LZY82) with a
SiO; : Al,O3 ratio of 4.8, and (b) Na-Y (Crosfield) with
a SiO; : Al,O3 ratio of 5.52. The latter sample was ion-
exchanged three times with aqueous ammonium nitrate
(0.1 mol/#¢, 10 ml/ g zeolite), recovered by filtration, and
calcined (400°C, 8 h) to convert it into the H-Y form.

Zeolite Y (2.0 g) was treated with a solution of 1,3-
dithiane 1-oxide (0.144 g) in deionised water (30 ml) at
50°C for 2 h. The modified zeolite was filtered, dried
(100°C, 2 h), pelleted and sieved to give particles with
diameter 0.6-1 mm. This procedure achieved an average
loading of one modifier per =zeolite supercage
(determined by elemental analysis) and this loading was
used throughout this study.

2.2. Catalyst characterisation

The catalysts were characterised using powder X-ray
diffraction, NMR spectroscopy and in situ FTIR
spectroscopy. MAS NMR spectroscopy studies were
carried out using a ChemMagnetics 300 LITE spectrom-
eter and all spectra were recorded at ambient tempera-
ture. Samples were spun in standard 7 mm zirconia
rotors on a bearing of air. 2’ Al MAS NMR spectra were
obtained using a 1 s pulse delay and 1000 scans with sam-
ples spun at 7 kHz, and °Si MAS NMR spectra were
obtained using a 5 s pulse delay and 5000 scans with sam-
ples spun at 5 kHz. Infrared spectroscopy studies were
carried out as follows. Catalyst (ca. 100 mg) was com-
pressed at 80 MN m~2 between two polished stainless-
steel dies into self-supporting discs of diameter 25 mm.
These were mounted in an infrared cell fitted with fluor-
ite windows and glassblown to conventional glass
vacuum apparatus fitted with grease-free taps. The
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infrared cell could be heated to a temperature of 400°C
with the disc in the infrared beam, and contained a ther-
mocouple used for temperature monitoring. Once
mounted in the cell, the catalyst was evacuated at ambi-
ent temperature for 1 h before raising the temperature to
150°C until no further evidence of adsorbed water was
observed (approximately 2 h). The sample was then
allowed to cool to ambient temperature, before the disc
was exposed to butan-2-ol vapour. Infrared spectra of
the discs were recorded with a resolution of 4 cm™! at
varying temperatures using a Perkin-Elmer 1750 FTIR
spectrometer.

2.3. Catalyst testing

Catalysts (0.3 g) were tested in a glass microreactor,
and all reactant and product lines were heated. Butan-2-
ol was introduced into the reactor using a calibrated syr-
inge pump and prevaporized prior to dilution with a
nitrogen carrier gas. The reactor exit gases were ana-
lysed with on-line gas chromatography using a flame
ionization detector. A heated sixteen loop sample valve
was used to store samples prior to analysis. The hydro-
carbons, together with racemic butan-2-ol, were ana-
lysed using a GS-Q megabore column (30 m).

3. Results

3.1. Conversion of butan-2-ol over zeolite Y modified
with dithiane oxide

A range of catalysts was prepared by the adsorption
of 2-substituted 1,3-dithiane 1-oxides (substituent
R = H, CHj3, C¢Hs) using the two zeolite samples, and
these were used as catalysts for the dehydration of race-
mic butan-2-ol. The results for butan-2-ol conversion
are shown in figure 1, together with those for the unmo-
dified zeolites (in this case the modified zeolites were
treated with water in an analogous procedure to the zeo-
lites modified with dithiane 1-oxide) and for zeolite H-Y
modified with 1,3-dithiane (1 molecule/supercage). It is
apparent that modification of both zeolites with the
dithiane 1-oxide leads to a significant enhancement in
the butan-2-ol conversion and this is not observed when
the zeolite is modified with 1,3-dithiane. For example, at
115°C both of the unmodified zeolites are inactive,
whereas the modified zeolites demonstrate significant
activity. In addition, the rate enhancement is more pro-
nounced for the samples prepared with the ultra-stabi-
lized zeolite (LZY 82, Union Carbide). Subsequent >’Al
MAS NMR confirmed that this zeolite sample contained
markedly more extra-framework aluminium than the
ion-exchanged sample (Crosfield). The enhanced activ-
ity was maintained for many hours and turnover num-
bers of > 1200 (based on the dithiane 1-oxide) were
readily observed for the conversion of butan-2-ol over
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Figure 1. Effect of temperature on the conversion of butan-2-ol over zeolite, key: (®) Zeolite H-Y (LZY 82, Union Carbide), (+) Zeolite H-Y
(LZY 82, Union Carbide) after modification with 1,3-dithiane 1-oxide, (x) Zeolite H-Y (LZY 82, Union Carbide) after modification with 2-
methyl-1,3-dithiane 1-oxide, ([J) Zeolite H-Y (Crosfield), (x) Zeolite H-Y (Crosfield) after modification with 1,3-dithiane 1-oxide, ((0) Zeolite
H-Y (Crosfield) after modification with (S)-2-phenyl-1,3-dithiane 1-oxide, (®) Zeolite H-Y (LZY 82, Union Carbide) after modification with
1,3-dithiane; reaction conditions: catalyst (0.3 g) reacted with butan-2-ol (3.2 x 1073 mol h~!) prevaporised in nitrogen (4.3 x 10~2molh™!).

the modified zeolite, indicating that the enhanced activ-
ity is a sustained catalytic effect. Modifiers prepared by
substitution of the dithiane 1-oxide in the 2-position did
not lead to such a pronounced rate enhancement,
although the modified catalyst still gave a higher activity
than the unmodified zeolite. Following reaction, all the
catalysts were analysed by powder X-ray diffraction,
and some loss of crystallinity was apparent. The zeolites
had coked during the reaction, but the dithiane oxide
modifier could still be recovered by soxhlet extraction,
and, if used in the enantiomerically pure form, no race-
mization was observed following use in the catalytic
reaction.

3.2. Insitu FTIR spectroscopic studies

To gain an improved understanding of the observed
rate enhancement, in situ FTIR studies were carried out
to probe the interaction of the butan-2-ol with the mod-
ified zeolite. The adsorption of racemic butan-2-ol
unmodified zeolite H-Y (Crosfield) at 50°C leads to the
formation of hydrogen bonded species. Figure 2 shows
the IR spectra of zeolite H-Y at 50°C, before and after
exposure to butan-2-ol vapour. In the hydroxyl region
two stretching vibrations are observed at 3632 and
3543 cm™!, and these are denoted high (HF) and low
(LF) frequency bands respectively. Previous studies of
zeolite Y by van Santen et al. have shown that the pro-
tons associated with the LF band are hydrogen bonded
to other lattice oxygen atoms [17]. In our case, adsorp-
tion of butan-2-ol at 50°C leads to the HF zeolite
hydroxyl band decreasing in integrated intensity with
respect to the LF band, which we consider to be due to

the formation of hydrogen bonds between the adsor-
bate and the Brgnsted acidic zeolite hydroxyl group.
Direct comparison of band intensity is not valid in this
case as the extinction coefficients of bands originating
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Figure 2. FTIR spectra of zeolite H-Y at 50°C (a) before and (b) after
exposure to butan-2-ol (133 N m~2).
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Figure 3. FTIR spectra of zeolite H-Y after exposure to butan-2-ol
(133 N m~2?) at (a) 50°C and then subsequently heating to (b) 80°C, and
(c)90°C.

from hydrogen bonded species are significantly
increased compared to those of the free molecular spe-
cies [18]. The other spectral features, i.e. the broad
bands centred around 2400 and 1700 cm~!, are charac-
teristic bands formed by species strongly hydrogen
bonded to zeolites [19-21]. Heating this sample under a
static vacuum leads to a decrease in the integrated
intensities of all the absorption bands associated with

Absorbance
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butan-2-ol, indicating that some of the adsorbed butan-
2-ol desorbs. In addition, a small amount of butanone
is also formed, indicated by the presence of a new C=0
stretch band centred at 1705 cm™!. At 90°C, water is
eliminated and a surface bound butoxide species is
formed. The water loss is signified by the large increase
in intensity of the water deformation band at
1645 cm~'. At the same time, a shift occurs in the CHj3,
and CH; band positions (figure 3). For hydrogen
bonded molecules, the asymmetric and symmetric CHj
stretch bands of adsorbed butanol appear at 2976 and
2888 cm~!, and these bands are observed below 90°C.
Above 90°C, these bands shift to 2960 and 2873 cm ™!,
and this is indicative of the formation of butoxide spe-
cies [22].

When butan-2-ol was adsorbed onto the zeolite mod-
ified with 1,3-dithiane 1-oxide at 50°C, the same initial
hydrogen bonded species was formed, giving bands for
CH; and CHj3 deformations in the same position as the
unmodified zeolite. However, on heating, the elimina-
tion of water and the band shift characteristic of butox-
ide formation, described above, occurred at 70°C,
rather than at 90°C (figure 4). A blank experiment in
which the zeolite H-Y was treated with water at 50°C
for 2 hiin a procedure analogous to that used in the prep-
aration of the dithiane oxide modified zeolite did not
give this effect. Modification with higher loadings of
dithiane-1-oxide did not lead to a further decrease in the
temperature of butoxide formation. For the water-
treated zeolite H-Y, the butoxide species was still
formed at 90°C, indicating that the observed decrease in
the temperature of formation of the butoxide species
was due to the modification of zeolite Y by the 1,3-
dithiane 1-oxide. This is clear evidence that the acid cat-
alysed elimination of water from butan-2-ol is promoted
by the presence of the dithiane 1-oxide, and this is con-
sistent with the enhanced reaction rate observed for the
modified zeolites.

3100 3000

2900

Wavenumber (em")

Figure 4. FTIR spectra of zeolite H-Y modified with 1,3-dithiane 1-oxide after exposure to butan-2-ol (133 N m~2) at (a) 50°C, and then subse-
quently heating to (b) 80°C, and (¢) 90°C.
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3.3. MAS NMR studies

27Al and »’Si MAS NMR spectra were recorded for
the unmodified zeolite H-Y (Crosfield), and for the zeo-
lite modified with 1,3-dithiane 1-oxide and 1,3-dithiane
(1 molecule/supercage), and these are shown in figures 5
and 6. From the 2Si MAS NMR spectra it is apparent
that no differences are induced when the zeolite is modi-
fied by the sulphur compound. In particular, no dealu-
mination of the zeolite lattice is observed. The 2’Al
spectra show that when the zeolite is modified with 1,3-
dithiane 1-oxide, an increase is observed in intensity of
the resonance at 0 ppm, which is associated with the
octahedral (extra-framework) aluminium. This is not
observed when the zeolite is modified with 1,3-dithiane.
Since the Si NMR spectra do not show evidence of
dealumination of the zeolite, this increase in intensity is
considered to result from a specific interaction between
the extra-framework aluminium and the 1,3-dithiane 1-
oxide.

4. Discussion

The experimental data show that the modification of
zeolite H-Y with dithiane oxides leads to a significant
rate enhancement for the acid catalysed dehydration of
butan-2-ol. Our previous studies [13-15] have shown
that the dithiane oxide is molecularly adsorbed within
the zeolite, and that it is particularly stable in this envi-
ronment, and that it is not decomposed thermally below
400°C. All these data indicate that when the dithiane
oxide is added to the zeolite a new high activity site is
formed, and this involves the molecularly adsorbed
dithiane oxide. The model studies using in situ FTIR

©
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Figure 5. Si MAS NMR spectra. (a) Zeolite H-Y (Crosfield), (b) after
modification with 1,3-dithiane 1-oxide, (c) after modification with 1,3-
dithiane (1 molecule/supercage).
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Figure 6.2 AIMAS NMR spectra. (a) Zeolite H-Y (Crosfield), (b) after
modification with 1,3-dithiane 1-oxide, (¢) after modification with 1,3-
dithiane.

spectroscopy confirm this rate enhancement and indi-
cate that the effect is correlated with the formation of the
butoxide species at a lower temperature for the modified
zeolite.

The catalytic studies indicate that the observed rate
enhancement is greatest for the zeolite Y (Union
Carbide LZY 82). Thisis an ultrastabilized zeolite Y that
has been formed by steaming, and consequently contains
significant amounts of non-framework aluminium. The
rate enhancement is less pronounced, but still signifi-
cant, with the modification of the zeolite Y (Crosfield).
The proton form of this zeolite was obtained by ion-
exchange of the commercially supplied Na-Y sample.
The original Na-Y sample contained no extra-frame-
work aluminium but the ion-exchange procedure
adopted in our studies led to dealumination of the frame-
work but the extent was much less marked than for the
steamed ultrastabilized zeolite. Hence, the degree of
enhancement observed is considered to be related to the
presence of extra-framework aluminium. This must,
however, act in combination with the Brgnsted acid site
of the bridging hydroxyl group associated with the zeo-
lite framework aluminium, since the dehydration reac-
tion investigated is catalysed by Brensted acidity.
Previous work has indicated that a combination of
extra-framework (Lewis acid sites) and framework
(Brgnsted acid sites) aluminium, formed by steaming a
zeolite, can give enhanced acidity in zeolite catalysts.
For example, Haag and Lago [23] showed that steaming
zeolites at 500°C with low levels of water vapour can lead
to an increase in the activity of the zeolite for acid cata-
lysed reactions. This effect was subsequently explained
by Fritz and Lunsford [24] in terms of the initial dealumi-
nation of the zeolite by water vapour to form non-frame-
work aluminium that imparts, presumably through an
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Figure 7. Schematic representation of the structure of the high activity
site formed on addition of 1,3-dithiane 1-oxide to zeolite H-Y (Al X3
denotes extra-framework aluminium species).

electrostatic effect, strong acidity to the remaining fra-
mework Brgnsted acid sites. This leads to an increase in
acidity of the zeolite, and, for simple acid catalysed reac-
tions such as cracking, an enhanced activity is observed.
This effect is observed in the current study for the unmo-
dified zeolites (figure 1) since the zeolite Y (LZY 82),
which has the highest concentration of extra-framework
aluminium is three times more active than zeolite Y
(Crosfield) at 140°C, although both zeolites are inactive
at 115°C. When the dithiane oxide is added the rate
enhancement is much more pronounced. This high activ-
ity site is considered to be formed by the specific interac-
tion of the dithiane oxide with both the extra-framework
aluminium and the Brgnsted acid site associated with the
framework aluminium. A schematic model for this high
activity site is shown in figure 7. Supporting evidence for
this proposed model comes from the 2’A1 MAS NMR
spectroscopy studies which show that the dithiane oxide
interacts strongly with the extra-framework aluminium
atoms (figure 6). The formation of the high activity acid
sites enables these modified zeolites to be used as enan-
tioselective catalysts, since, although only one active site
per supercage is modified, it is many orders of magnitude
more active than the remaining unmodified sites. The
enantioselection arises from the chiral environment cre-
ated by the dithiane oxide, and molecular simulation
studies [14,25] indicate that preferential adsorption of
one enantiomer of butan-2-ol also plays arole.

G.J. Hutchings et al. / Enantioselective dehydration of butan-2-ol

Acknowledgement

We thank the SERC Catalysis and Interfaces
Initiative and ICI Katalco for financial support.

References

(1]
(2]

[15]

16]
(17]
(18]
(19]
(20]
(21]
[22]
(23]

(24]
(25]

W.S. Knowles, M.J. Sabacky, B.D. Vineyard and D.J. Weinkauf,
J. Am. Chem. Soc. 97 (1975) 2565.

T. Katsuki and K.B. Sharpless, J. Am. Chem. Soc. 102 (1980)
5974.

G.M. Schwab and L. Rudolph, Naturwiss. 20 (1932) 362.

G.M. Schwab, F. Rost and L. Rudolph, Kolloid Z. 68 (1934)
157.

W. Kroutil, P. Mayon, M.E. Lasterra-Sanchez, S.J. Maddrell,
S.M. Roberts, S.R. Thornton, C.J. Todd and M. Tuter, J. Chem.
Soc. Chem. Commun. (1996) 845.

M.E. Davisand R.L. Lobo, Chem. Mater. 4 (1992) 756.

A. Corma, M. Iglesias, C. del Pino and F. Sanchez, Stud. Surf.
Sci. Catal. 75C (1993) 2293.

K.T. Wan and M.E. Davis, Nature 370 (1994) 449.

H.U. Blasser, H.P. Jalett, D.M. Monti, A. Baiker and
J.T. Wherli, Stud. Surf. Sci. Catal. 67 (1991) 147.

G. Webb and P.B. Wells, Catal. Today 12 (1992) 319.

A. Baiker, Stud. Surf. Sci. Catal. 101 (1996) 51.

M.A.Keane and G. Webb, J. Catal. 136 (1992) 1.

S. Feast, D. Bethel, P.C.B. Page, M.R.H. Siddiqui, D.J. Willock,
F. King, C.H. Rochester and G.J. Hutchings, J. Chem. Soc.
Chem. Commun. (1995) 2409.

S. Feast, D. Bethel, P.C.B. Page, M.R.H. Siddiqui, D.J. Willock,
G.J. Hutchings, F. King and C.H. Rochester, Stud. Surf. Sci.
Catal. 101 (1996) 211.

S. Feast, M.R.H. Siddiqui, R. Wells, D.J. Willock, F. King,
C.H. Rochester, D. Bethel, P.C.B. Page and G.J. Hutchings,
submitted.

P.C.B. Page, M.T. Gareh and R.A. Porter, Tetrahedron:
Asymmetry (1993) 2139.

M.J.P. Brugmans, A.W. Kleyn, A. Lagendijk, W.P.J.H. Jacobs
and R.A. van Santen, Chem. Phys. Lett. 217 (1994) 117.

G.C. Pimentel and A.L. McClellan, The Hydrogen Bond
(Freeman, San Francisco, 1960).

S. Bratos and H. Ratajczak, J. Chem. Phys. 76 (1982) 77.

R.A.van Santen, Rec. Trav. Chim. Pays-Bas 113 (1984)423.
M.F. Claydon and N. Sheppard, J. Chem. Soc. Chem. Commun.
(1969) 1431.

C. Williams, M.A. Makarova, L.V. Malysheva, E.A. Paukshtis
and K.I. Zamaraev, J. Chem. Soc. Faraday Trans. 86 (1990)
3473.

W.0O. Haagand R.M. Lago, US patent 4326994.

P.O. Fritzand J.H. Lunsford, J. Catal. 118 (1989) 85.

D.J. Willock, S. Feast, D. Bethell, P.C.B. Page, F. King,
C.H. Rochester, M.R.H. Siddiqui and G.J. Hutchings,
submitted.



