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Cyclodimerisation and cyclotrimerisation during the ring-opening
reactions of ethylene sulfide (thiirane) over acidic molecular sieves
and alumina
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The transformations of ethylene sulfide were studied at three reaction temperatures (423, 473 and 523 K) on different acidic molecular
sieves (HZSM-5, HY and AIMCM-41) and alumina in a pulse system. The main reaction pathways were found to be desulfurisation,
cyclo-oligomerisation, the latter being more important. In this reaction channel mainly direct dimer (six-membered ring: 1,4-dithiane) and
trimer (1,4,7-trithiacyclononane) formation occurred. The former product was always predominant, however, 1,4,7-trithiacyclononane was
also significant, especialy on molecular sieves with larger pore openings and alumina. At elevated temperatures 2-methyl-1,3-dithiolane
(a five-membered cyclic molecule) was also detected. This molecule was formed in the highest amount on HZSM-5 among the catalysts
applied revealing that amore constrained environment is advantageous for this dimerisation type to occur.
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1. Introduction

Three-membered rings generally are very reactive, yet
they are relatively easy to prepare. Therefore, further func-
tionalisation of compounds is very often performed first
transforming it to cyclopropane (cyclopropanation) or oxi-
rane (epoxidation) derivative, then opening up the ring by
nucleophiles and/or electrophiles. Literature concerning the
preparation of these ring systems and their further transfor-
mations is vast (for reviews, see, eg., [1,2]). Many papers
describe observationsregarding the laws governing the ring-
opening reactions of cyclopropanes and oxiranes either in
the homogeneous or the heterogeneous phase. Reactionsin
the homogeneous phase may be of direct interest to syn-
thetic chemists working in the laboratory, while those tak-
ing place on solid materials may be of interest beside syn-
thetic organic chemiststo those working in fine chemical in-
dustry as well. Furthermore, these reactions are interesting
from the catalytic chemist’s point of view, since arelatively
wide variety of reactions can be studied under model condi-
tions, yet bearing the promise of applications on the larger
scale.

In view of the facts detailed above it is surprising that
investigating the chemical properties of thiirane, a three-
membered system with sulfur heteroatom in the ring, is a
neglected area of research. Its ring-opening reactions even
in the homogeneous phase were scarcely studied [3-6] and
those on solid acid catalysts are simply no man’s land. It
is awesome, because potentially thiirane derivatives bear al
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the advantages why cyclopropane and oxirane derivatives
are so frequently applied. They are easily synthesised, yet
stable enough enabling easy handling, yet should be reactive
enough to serve as synthon in preparing more complicated
functionalised molecules. They also may provide access to
sulfur-containing heterocycles. Since the reactions of thi-
irane and its derivatives were not described on solid acids
before, mapping possible transformation pathways and as-
sessing the reactivity of the ring are of value not only to a
catalytic chemist studying model systems but also to those
working in the fine chemical industry and to purely synthetic
organic chemists as well.

During previous investigations with oxygen-containing
three-membered ring systems (methyloxirane and stereoiso-
meric 2,3-dimethyloxiranes [7—9]), we found that beside
acid catalyzed singlering opening of the C-O bonds, dimeri-
sation leading to dioxolane and dioxane derivatives took
place on acidic molecular sieves. Using the experiences col-
lected in these studies we decided to extend our research ef-
forts to the sulfur-containing three-membered ring. Results
obtained are reported in this contribution.

2. Experimental

The molecular sieves used were HZSM-5 (Si/Al = 13.8),
HY (Si/Al = 30) and AIMCM-41 (Si/Al = 40). Thealumina
was obtained from Haldor Topsge.

The H-zeolites were prepared by wet ion exchange start-
ing from the Na forms. Four-fold ion-exchange was per-
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Table 1

Characterising data of the catalysts.
Zeolite doo1® BET surface areas Brensted/L ewis

(nm) (m?2/g) sitesP
HZSM-5 - 336 0.88
HY — 604 8.67
AIMCM-41 4.059 932 0.62
Alumina - 232 0.33

aCalcined samples.
b Calculated on the basis of IR spectra of adsorbed pyridine.

formed in 1 mol/dm? aqueous NH4NOsz solution. The dura-
tion of one exchangewas 12 h and it was carried out at ambi-
ent temperature. Then, the resulting ammonium forms were
deammonised by calcination in vacuum for 6 h at 873 K.

The MCM-41 derivatives were synthesised in our labora-
tory following recipes published in [16-19]. Sodium silicate
and aluminium isopropoxide were the silica and aluminium
sources, respectively. Hexadecyltrimethylammonium bro-
mide was the surfactant, NaOH and sulfuric acid solutions
were used for adjusting the pH. The resulting gel was crys-
tallised for 6 days under autogenous conditions at 373 K.
Then, it was filtered and washed by distilled water, dried at
373 K and, finaly, calcined at 773 K for 10 h to burn the
templ ate off.

Thiirane (ethylene sulfide) is a commercialy (Fluka)
available compound and was used as received. Hydrogen
was produced in a Matheson generator.

The sampleswere characterised by powder X-ray diffrac-
tometry, BET surface area measurements and FT-IR spec-
troscopy.

X-ray diffractograms were registered on well-powdered
samples with a DRON 3 diffractometer in order to check
crystallinity and to determine dygp distances for the MCM-
41 sample.

BET measurements were performed in a conventional
volumetric adsorption apparatus at the temperature of liquid
nitrogen (77.4 K). Prior to measurements the samples were
pretreated in vacuum at 573 K for 1 h.

The acid-base properties were studied by pyridine ad-
sorption followed by IR spectroscopy (Mattson Genesis |
FT-IR spectrometer, 128 scans for one spectrum, WIN-IR
software package). Self-supported wafers (10 mg/cm? thick-
ness) were pressed from the zeolite samples. They were
pretreated in the optical cell at 573 K for 2 h in vacuum.
1.33 kPa of pyridine was adsorbed on the activated samples
at 363 K for 1 h followed by cooling to room temperature
under continuous evacuation. Bands at 1540 and 1450 cm~—1
were used for calculating Bransted and Lewis acidities, re-
spectively.

Characterigtic data on the aluminosilicates collected by
the different methods are displayed in table 1.

The reactions of ethylene sulfide were studied in a pulse
reactor system applying hydrogen as carrier (45 cm3/min gas
flow). The reaction temperature ranged from 423 to 523 K.
The size of the pulse was 1 ul and 20 mg of catalyst was
used. The following pulse sequence was applied for each
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Scheme 1. Transformation pathways during the ring opening of thiirane on
solid acids.

catalyst: three consecutive pulses at 423 K, then, a pulse at
473 K and the fifth pulse at 523 K; 30 min was allowed to
elapse between the pulses. Blank experiments (experiments
without catalysts) have been performed at the temperatures
applied in catalytic experiments and no transformations of
thiirane have been found.

Analysis of the product mixture was done by a GC-
MS system (Hewl ett—Packard (HP) 5890 gas chromatograph
equipped with a HP 5970 quadrupole mass selective detec-
tor). Good separation was achieved on a 50 m long CP-
WAX 52CB coated CHROMPACK WCOT fused silica cap-
illary column by applying a temperature program (303 K for
15 min, 323 K for 20 min and 473 K for 10 min). Product
identification was based on the NBS/NIH/EPA/MSDC data
base and clean samples.

3. Resaults

As far as the overall transformation is concerned,
throughout the pul se sequencethe order of conversion on the
same amount of catalyst was asfollows: HY > AIMCM-41
> aumina > HZSM-5. Desulfurisation, dimerisation and
trimerisation with the formation of 1,4-dithiane and 1,4,7-
trithiacyclononane, respectively, were the main transforma-
tion pathways. Most of the sulfur, which was removed dur-
ing desulfurisation, was desorbed as hydrogen sulfide (this
occurred mainly on HY), however, certain amount could re-
main attached to the zeolite surface.

The mgjor transformation pathways are depicted in sche-
me 1.

OnHZSM-5, inthefirst pulse (423 K) desulfurisation oc-
curred: ethylene and H>S were produced. Beside this reac-
tion, on the other catalysts, aready the first pulse resulted in
a cyclic dimer (1,4-dithiane) and in smaller but significant
amount the cyclic trimer (1,4,7-trithiacyclononane). Cy-
clodimerisation was even the main transformation pathway
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Table 2
Composition of the reaction mixture in the ring-opening and cyclo-oligomerisation reactions of thi-
irane on acidic molecular sieves and alumina (pulse system with 1 ul pulse size, 45 cm3/min Hy as
carrier, 20 mg catalyst, 423 K reaction temperature).

Catalyst Pulse Composition (mol%)
No. Thiirane  HpS  Ethylene  1/4-dithiane  1,4,7-trithiacyclononane
HZSM-5 1 76.6 4.4 19.0 0 0
2 91.3 0.6 22 4.8 11
3 94.8 0 0.3 4.0 0.9
HY 1 25 14 16.2 78.6 13
2 6.4 2.7 10.9 78.8 12
3 6.4 2.7 10.9 78.4 16
AIMCM-41 1 10.9 0.4 12.3 66.8 9.6
2 135 0.3 12.7 62.1 114
3 14.9 0.3 12.7 61.7 10.4
Alumina 1 16.6 0 5.0 77.3 11
2 44.3 0.1 25 52.2 0.9
3 60.1 0.1 11 37.9 0.8

on these catalysts and its proportion remained steadily high
on subsequent pulses on HY and AIMCM-41. Aluminawas
gradually deactivated on subsequent pulses although even
in the third pulse it remained significantly more active than
HZSM-5 in the first pulse and produced more dimers than
HZSM-5 in its most active state toward this transformation
pathway. The dimer and the trimer appeared in the second
pulse on HZSM-5 too. The 1,4-dithiane became the major
product and the selectivity towards 1,4, 7-trithiacyclononane
was higher than it was, e.g., on AIMCM-41. Theyield, how-
ever, was the highest on AIMCM-41.

Product distributions at 423 K during three pulses are col-
lected in table 2.

On elevating the temperature after the third pulse at
423 K, naturaly, the conversion of thiirane increased and
a new cyclic product appeared, 2-methyl-1,3-dithiolane
(a compound with five-membered ring). It was first ob-
served on HZSM-5 at as low as 473 K and became signif-
icant at 523 K. On the other acidic substances it first ap-
peared at 523 K, however, in very low amount. Interestingly,
1,4,7-trithiacyclononane became the most significant on
HZSM-5 compared to the other substances at temperatures
higher than 423 K, eveniif it was not observed at all at 423 K
inthefirst pulse. Asastrongtendency, however, 1,4-dithiane
remained the most important product at the elevated temper-
aturestoo.

Product distribution at 423 K in the third pulse and at
the elevated temperatures (473 and 523 K) are collected in
table 3.

4, Discussion

Product yields reveal that the conversion level on the
solid acids applied here increases with increasing pore di-
ameter (ZSM-5: 5.3 A x 56 A, HY: 7.4 A, AIMCM-41:
40.6 A). Since the major products are cyclic compounds
with six or nine heavy atomsin the cycle, molecules clearly

significantly larger in size than thiirane, larger space is ex-
pected to be advantageous for the dimerisation and trimeri-
sation reactions to occur. Experimental observations are in
accordance with this expectation. In more constrained en-
vironment (HZSM-5) thiirane conversion was smaller and
in the first pulse cyclic oligomers were not formed at
al. On increasing pore size the yield of 1,4-dithiane and
1,4, 7-trithiacyclononane (compounds with six- and nine-
membered ring, respectively) dramatically increased verify-
ing that larger inner space is advantageousfor the formation
of these compounds. On a non-porous catalyst like alumina,
the lack of size constraint is reflected on the activity toward
dimerisation and trimerisation, however, it isalso clear that a
three-dimensional pore system is advantageousin maintain-
ing close to steady activity of the catalysts.

Oxygen and sulfur are close in their properties and anal-
ogous oxygen- and sulfur-containing compounds are ex-
pected to behave similarly. This expectation is in large
part fulfilled when the ring-opening properties of thiirane
and methyloxirane catalysed by acidic molecular sieves are
compared. Dimerisation producing cyclic compoundsis the
main transformation pathway for both molecules. How-
ever, methyloxirane gives predominantly dioxolane (five-
membered ring) derivatives [8,9], while 1,4-dithiane (six-
membered ring) is the main product for thiirane dimerisa-
tion. At moderate temperature(s) thereis no dithiolane (five-
membered ring) formation at al. At higher temperatures
2-methyl-1,3-dithiolane appeared but has never become the
main dimer.

For the formation of the six-membered ring compound
larger pores were found to be advantageous, however,
dithiolane (compound with five-membered ring) formation,
though at higher temperature, was favoured by a more con-
strained environment, exactly like that of the dioxolane
derivatives (compounds with five-membered ring) from the
ring opening of methyloxirane.

Asfar as the mechanism of 1,4-dithiane synthesisis con-
cerned on HZSM-5, C-S bond scission and the formation
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Table 3
Composition of the reaction mixture in the ring-opening and cyclo-oligomerisation reactions of thiirane on acidic molecular
sieves and alumina at increasing temperatures (pulse system with 1 ul pulse size, 45 cm3/min H» as carrier, 20 mg catalyst,
423, 473 and 523 K reaction temperatures).

Catalyst Temperature Composition (mol%)
(K) Thiirane HS CoHy  14-dithiane  2-methyl-1,3-dithiolane 1,4, 7-trithiacyclononane
HZSM-5 423 94.8 0 0.3 4.0 0 0.9
473 2.9 0.1 24.3 48.7 0.6 234
523 22.6 02 282 21.2 45 235
HY 423 6.4 2.7 10.9 78.4 0 16
473 1.0 2.0 53 90.6 0 11
523 2.9 3.3 12.3 79.3 0.5 17
AIMCM-41 423 61.7 0.3 12.7 61.7 0 10.4
473 9.8 0.4 6.0 70.3 0 14.1
523 11.0 0.5 6.2 61.6 0.9 19.8
Alumina 423 60.1 0.1 11 37.9 0 0.8
473 14.6 0.1 14 76.4 0 75
523 7.3 19 3.0 77.0 11 9.7
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Scheme 2. Mechanistic suggestion for cyclodimerisation producing 1,4-dithiane.

of new C-S bonds is thought to occur in sequence. Part of
the first pulse is suggested to remain adsorbed on the zeo-
lite and the second pulse combines with the adsorbed moi-
eties providing with the sulfur-containing heterocycles. On
the other catalysts (HY, AIMCM-41 and alumina), however,
since cyclodimers and cyclotrimers appear in the first pulse
and they keep close to steady concentration on subsequent
pulsesin the larger pore zeolitic substances, the events prob-
ably take place in concerted way or in avery rapid sequence.
A schematic representation of 1,4-dithiane formation is de-
picted in scheme 2.

Asfar as the active sites are concerned, we have no rea-
son to believe that either the Brgnsted or the Lewis centres
are exclusively responsible for the transformation to occur.
Rather, it is thought that any of the observed reaction may
proceed on any of these acid sites.

5. Conclusions

Whatever the accurate reaction mechanism s, acidic mo-
lecular sieves proved to be good catalysts for transforming
thiirane and possibly their derivatives. At the same time
thiiranes are proved to be nearly as reactive and versatile
reagents as their oxygen-contai ning counterparts.
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