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CATALYTIC SYNTHESIS OF SULFIDES,
SULFOXIDES AND SULFONES
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The present state of the synthesis of aliphatic sulfides, sulfoxides and sulfones in the presence of various
catalysts is reviewed. Details of the formation of sulfides by interaction of H,S with alcohols or alkenes,
disproportionation of alkanethiols and of the synthesis of a cyclic sulfide, thiolane, from tetrahydrofuran
and H,S in the presence of acid-base catalysts, are discussed. Under consideration are the principles for the
selection of catalysts, the effect of the reaction conditions on the direction of the transformations and the
kinetics and mechanisms of the main and secondary processes. Data are given for the preparation of
thiolane by reduction of thiophene with hydrogen in the presence of metals, metal complexes, and sulfide
catalysts. Factors have been established which affect the activity and stability of these catalysts. A survey
of studies of gas- and liquid-phase partial oxidation of aliphatic and cyclic sulfides with molecular oxygen
is presented. Under consideration is also the contribution of substrate-catalyst complex formation to the
catalyst activity in the formation of sulfoxides and sulfones. The mechanisms of reactions catalyzed by
transition metal oxides and complexes and the factors for catalyst deactivation are discussed. Details of the
catalytic hydrogenation of double bonds in unsaturated sulfoxides and sulfones are analyzed. Under
comprehensive discussion is the hydrogenation of 2- and 3-thiolene 1,1-dioxides in the presence of various
hydrogenation catalysts.

Key words: Alcohols, alkenes, catalysts, decomposition, dialkyl sulfides, ethers, hydrogenation, hydrogen
sulfide, oxidation, sulfones, sulfoxides, thiolanes, thiols, thiophenes.
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I. INTRODUCTION

Organic sulfides and their oxides have found practical application as solvents, extrac-
tants, biologically active substances and odorants as well as starting materials for the
synthesis of various compounds.'™

For preparative purposes aliphatic sulfides are most often obtained by the reaction of
alkyl halides with sodium sulfides or thiolates. To synthesize thiacycloalkanes use is
made of dihalo derivatives which are in turn obtained by multi-step syntheses. Sulfoxides
and sulfones can be prepared via sulfide oxidation with various stoichiometric oxidants.
In several cases the above methods prove to be inefficient since they require expensive
or inaccessible raw materials. More appropriate are catalytic methods since they are
highly efficient and applicable on a technical scale. For practical catalytic syntheses of
sulfur compounds it is necessary to elaborate active and sulfur-resistant catalysts.

The scientific background for the choice of catalysts for reactions with sulfurorganic
compounds involves concepts about intermediate chemical interactions between cat-
alysts and reactants. The character of these interactions depends on the chemical
properties of the catalysts and reactants.’ These concepts concerning the mechanisms of
the catalytic action are also useful for the discussion of the characteristic features of the
reactions employed for obtaining sulfides and their oxides. In this review the present
state of the art concerning the synthesis of aliphatic and cyclic sulfides, sulfoxides, and
sulfones in the presence of various catalysts is presented.

II. CATALYTIC SYNTHESIS OF SULFIDES

I1.1. Aliphatic Sulfides

11.1.1. Synthesis of dialkyl! sulfides from alcohols and H,S An important method to
obtain aliphatic sulfides is the interaction between alcohols and H,S. This reaction is
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thermodynamically possible in a wide temperature range.* The process can involve the
following reactions:

ROH + H,S — RSH + H,0
2ROH + H,S — R,S + 2 H,0
RSH + ROH — R,S + H,0
2ROH =2 R,0 + H,0
R,0 + H,S 2 RSH + ROH
R,0 + H,S - R,S + H,0
RSH + R,0 — R,S + ROH
2RSH 2 R,S + H,S

In the absence of catalysts the reaction rates are low. The process can be accelerated by
amorphous silicates, zeolites, alumina unmodified or modified by mineral acids, and
transition-metal oxides and sulfides. The reaction temperature is 200-450 °C. The rate
of formation of sulfides increases with contact time and temperature. The selectivity for
sulfide formation increases with decreasing H,S:alcohol ratio. The activity and selec-
tivity are greatly dependent on the catalysts’ acid-base characteristics.*'

The most comprehensive study of the factors operative in the synthesis of sulfides has
been carried out for the interaction of methanol with H,S."**

For a better understanding of the heterogeneous catalytic reaction mechanism it is
necessary to acquire data concerning the adsorption of surface reactants on catalysts.
Therefore the present state of studies on the adsorption of methanol and H,S and also
their products—dimethyl ether, methanethiol, and dimethyl sulfide, will be considered
here.

11.1.1.1. Adsorption of reactants and products on catalysts Methanol is adsorbed on the
surface of solid catalysts to form various surface-bonded species. Hydrogen-bonded
forms can be formed due to the interaction of acid hydroxyl groups of catalysts with the
oxygen atom of methanol (1), interaction between the hydrogen atoms of hydroxyl
groups of alcohols and surface basic OH groups (2), and to their interaction with
structural oxygen (O°") of a catalyst (3). Also possible is the formation of a coordina-
tively bonded alcohol structure with the participation of the catalyst cation and an
oxygen atom of an alcohol (4) and sometimes additional bonds of a hydrogen atom to
surface oxygen (basic OH groups or O~ )}(5):

HBC—(:)-H H3C~0—|':'I HBC-O’-IE! HSC-(:)-H Hz(.;.-(?-H

! R S .
0 -M- -M- -6-M-
-M-

) (2} (3) 14) (5)

Structures 1-5 were found in methanol adsorption largely at temperatures below
150°C and high surface coverage (6 = 1). Atlow 6 and temperatures above 150 °C the
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associatively bonded methanol species decomposes and the surface is methoxylated
(structures 6 and 7):

Hi¢ MG
° o
M= —M M-
(6) (7)

The methoxylation process is likely to occur as a concerted substitution with the
participation of neighboring basic sites,” e.g.,

H-Q-CHy W H-0
i 0
i SN\ H -H,0
o i oo w2 oe
-M-0 O 6  -M-0 -M-0
pIVIA

The process involving the participation of structures 2-4 is similar. Surface methoxy
groups can interact with a second adsorbed methanol molecule, e.g. in the form of 2 and
3, to form dimethyl ether. This ether can also be obtained during interaction between
2 and 3.

At high temperatures methanol adsorption on oxide catalysts leads to the formation
of surface carboxylate (8) and carbonate (9) structures:

Experimental evidence for the existence of the various structures on catalysts was
obtained in a great number of physico-chemical studies (IR spectroscopy, calorimetry,
temperature-programmed desorption, NMR, and others).

For example, the presence of structures 1-7 was established by analysis of changes in
the IR spectra in the region of stretching vibrations of OH groups (3000-3600 cm™ "Yand
stretching and deformational vibrations of CH;, C-H and C-O groups (2960-2820 and
1050-1090 cm~'). The presence of carboxylate and carbonate structures was confirmed
by absorption near 1640-1350, 1260-1290, and 1020-1070 cm™'.

Hydrogen-bonded forms of methanol 1-5 have been found, in particular, for meth-
anol adsorption on TiO,, MoO,, Fe,0,, Cr,0;,” HY, NaY, NaX, HZSM-5 zeolites,
and amorphous aluminosilicate. On the same catalysts and also on Al,O;, MgO,
Cr,0,/Al,0,, NaOH/AL, O,, K,CO,/Si0, and TiO, + K*=' surfaces methoxy groups
are formed. Carboxylate and carbonate structures have been observed on HZSM-5 and
on Ti, Mo, Fe, and Cr oxides.>**?3 It has been established® that the surface of
HZSM-5 contains various forms of methoxyl groups:
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si
CH,...0 T_ CH,~0-Al CH,—O-Si
Al

On dehydrated NaY zeolite methanol adsorption is observed (as evidenced by the
appearance of absorption bands in the IR spectrum. The absorption bands, however,
vanish after desorption at 200 °C. Weak adsorption of methanol was also observed on
NaX where methanol is adsorbed with participation of a Na* ion.”"?

Dimethyl ether obtained from methanol is adsorbed on the surface to form various
structures. Acid hydroxyl groups participate in the formation of the hydrogen-bonded
ether structure 10. On Lewis acid centers dimethyl ether forms a coordination bond (11)
and also an additional bond (12) of a hydrogen atom of the CH, group with a basic
center can be formed:

CM3OCHy  CH3OCH3  CH3O-Chy  CHyO CHy
lii -M- M-0— -M-0

0
]
—M-

(10} (11) (12) (13)

Structures 10-12 are mainly formed at low temperatures. As the temperature increases,
they decompose to form surface methoxyl groups (13). Decomposition of structure 13
can lead to the formation of carboxylate and carbonate structures 8 and 9.

Associatively bound dimethyl ether structures were observed in IR spectroscopic
studies of adsorption on high-silica zeolites® and Al,0,* at 150-200°C. Structures 12
and 13 are assumed to be formed after dimethyl ether adsorption on a sodium zeolite?
and Al,O,,* respectively.

Thus, the same surface structures are produced by the adsorption of both dimgethyl
ether and methanol. At 200-450°C similar conversion products of methanol and di-
methyl ether are observed in the presence of 7-Al,0,.*

Hydrogen sulfide is adsorbed on catalysts in various forms. Interaction of the sulfur
atom with a proton center (14) and of a hydrogen atom of H,S with a basic center (15)
can produce hydrogen-bonded structures. Lewis acid centers participate in the forma-
tion of a donor-acceptor complex (16) at acid-base regions of centers, i.e. structures
17-18:

H-S-H H-SH H-S-H H-$—H H-S-H

.1'4 0 -M-  -mM—0 O-H-0
|

0 -M-

|

—M_

(14 (15) () (17) (18)

Associatively adsorbed H,S forms exist at relatively low temperatures and high surface
coverage of H,S. With increasing temperature and diminishing extent of surface
coverage, the dissociatively adsorbed H,S species 19 and 20 appear.
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H S-H HSH
1 1o
0—M- 0-M-0
(19} {20)

The most important evidence in favor of the formation of the above structures was
obtained by IR spectroscopic studies. The IR spectrum of gaseous H,S exhibits bands
at 2611 and 2682cm~', due to stretching vibrations of SH groups, and a band at
1290 cm ™' attributed to the deformational vibrations of H—S—H groups. During the
adsorption of H,S on catalysts the above bands shift towards 2560-2580 and 1334cm™",
respectively. The simultaneous presence of these bands and their disappearance after
heating of the catalyst at 100-200°C is considered as evidence of the presence of
undecomposed H,S on the surface. The band due to HSH has low intensity and can be
absent. Observation of only the S—H band is believed to be an argument for the
presence of undecomposed H,S only when accompanied by simultaneous changes in the
region of hydroxyl group vibrations, i.e. an intensive decrease for the bands of basic OH
groups (3780-3750cm™') and increase for the bands “acid” OH groups (below
3600cm™"). The formation of structure 19 is evidenced by the disappearance of the
bands of SH and “acid” OH groups during thermal desorption at 200-300 °C, whereas
the surface sulfide (structure 20) is not decomposed even upon heating at 500°C.
Extensive decomposition of H,S (structure 20) is evidenced by the high intensity of
absorption in the region of ““acid”” OH group vibrations, the presence of bands belonging
to adsorbed water (1600 cm™'), the data of catalyst analysis for the sulfur concentration
before and after H,S adsorption at elevated temperatures and also the measured
concentrations of catalyst active sites. The available data on H,S adsorption on specific
catalysts**> are considered below.

H,S adsorption on SiO, involves the participation of ‘“‘acid”” Si—OH groups forming
a weak hydrogen bond with a sulfur atom (structure 14).%**7** The same structure is
formed during H,S adsorption at 20-200 °C on the H,PO,/Si0O, sample with stronger
proton-donor centers with the participation of P—OH groups. At different surface
coverages the IR spectra exhibit bands typical for undecomposed H,S and the shifted
band of P-OH groups. Pyridine adsorption data indicate that in this case the proton-
donor centers are completely blocked. Vacuum treatment of this sample at 200 °C leads
to the disappearance of the bands belonginging to adsorbed H,S and to the complete
liberation of proton centers.”® These results have been confirmed by high-resolution
solid-state '"H NMR studies of H,S adsorption.’** It was established that at different
surface coverages the spectrum exhibits only lines with § = 0.8 ppm, which indicates
associative adsorption of H,S. In a similar way H,S adsorption takes place on amor-
phous aluminosilicate and HNaY and HZSM zeolites*”* containing a large number of
surface proton centers. Moreover, these catalysts contain strong Lewis acid and
moderately basic centers. At low temperatures and high surface coverages by H,S Lewis
acid centers take part in the formation of structure 16 of adsorbed H,S. On paired
centers structure 17 is formed. At low surfaces coverages H,S mainly dissociates to SH
and OH groups (structure 19). NMR studies indicate® that at low surface coverages
dissociative chemisorption of H,S takes place since there appears a signal with a
chemical shift 5 = — 1.6 ppm, attributed to the SH™ species bound to a coordinatively
unsaturated Al atom. At high coverages adsorption takes place without H,S dissocia-
tion.
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On K, C0,/SiO, containing strongly basic and weak Lewis acid centers (K* cations)
H,S adsorption at 20-200 °C leads to decomposition with the dissociation of one or two
S—H bonds (structures 19 and 20). IR spectroscopic studies of deuterochloroform
adsorption showed® that the process is accompanied by the blocking of basic centers.
The NMR spectrum of the sample with adsorbed H,S exhibits a signal with
0 = — 3.5ppm belonging to an SH species bound to an alkali metal ion. At high
surface coverage of this sample by H,S there exist forms of undecomposed H,S.

On an NaX zeolite at 20-120°C and low surface coverage the extent of H, S dissocia-
tion to S~ and 2 H* (structure 20) with the participation of strong Lewis centers is very
small. H, S largely decomposes at one S-H bond to form acid OH groups and SH species
bound to Na* 3414 NMR studies revealed SH species bound to Na* (6 = 3.7 ppm).
NaY also contain these structures, but only to a very small extent.** On NaY, CaY and
MgY the dissociation largely takes place at both H—S—H bonds (structure 20).* In
accordance with the IR spectroscopic data it was suggested that on Y-zeolites with Cd,
Cu, Ni, Ag and Co cations and on amorphous aluminosilicates modified with Cu and
Ag ions cations take part in the formation of a metal ion-SH bond; protons interact with
oxygen anions of the zeolite crystal lattice to form acid hydroxyl groups and a small
amount of surface sulfides. Different chemisorption mechanisms of H,S on the above
catalysts and NaY, MgY, and CaY zeolites are interpreted in terms of the concepts of
hard and soft acids and basis (HSAB). Cd, Cu, Ni, Ag and Co cations are soft to
moderate acids; they possess increased affinity towards H,S which is a soft base. At the
same time the interaction of hard acids (Na, Ca, and Mg) with H,S is disfavored.*

On Al,O, H,S is adsorbed in various forms. According to the IR spectroscopic data
it can be suggested that at high surface coverages H,S adsorption takes place without
decomposition to form structures 14 and 15.* Associatively adsorbed forms of H,S have
also been found.™* In the NMR spectra these structures give rise to signals with
& = 1.2-1.8ppm.* A thermodesorption curve obtained by heating the sample with
adsorbed H,S at 200°C has a maximum peak near 127 °C, belonging to structure 16.”
After heating of an Al,O, sample with adsorbed H,S on its surface, a maximum peak
is observed near 287°C and attributed to H,S dissociatively chemisorbed with the
participation of Lewis acid and basic centers (structure 19). The amount of H,S decom-
posed on the surface is approximately the same as that of its associatively bound form.’
Al-SH structures were identified in the NMR spectra as responsible for signals at
§=—16+ — 2.0ppm*

It has been established from the IR spectra of adsorbed CO and CDCl, * that vacuum
treatment of Al,O; with adsorbed H,S on its surface at 200°C leads only to partial
liberation of basic and Lewis acid centers and, apparently, surface structures of the type
Al-S are formed. Temperature increase to 450-500 °C leads to almost complete removal
of strongly bound H,S."

Upon introduction of 0.3-4.0wt.% Na*, Mg?*, and Zn** into Al,O, the total
amount of adsorbed H,S per unit surface increases since cation insertion into the Al,O,
lattice to form a surface spinel increases the number of surface adsorption sites.”” The
ratio between the associative and the dissociative adsorption forms of H,S on the
modified surface is practically the same as for Al,O,. But since in the modified samples
the Lewis acid centers are weakened, the temperature peak referring to dissociatively
chemisorbed H,S shifts by 40-60°C. IR spectroscopic studies* indicate that with an
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increase of [Na*] from 1 to 4.5 wt.% the intensity of the bands from SH groups increase,
thus confirming the existence of Na* —SH bonds. The total amount of adsorbed H,S
increases.

Introduction of additives decreasing the concentration and strength of basic centers
(HF, H,50,, Mo0;) into Al, O, reduces the adsorption capacity of the sample and the
content of dissociatively chemisorbed H,S. With high concentration of MoQ,; on Al,O,
the amount of structures of type 20 increases.”’

On TiO, just like on Al,O,, both dissociative adsorption of H,S to form thiolate
structures and reversible adsorption without decomposition take place.*

Methanethiol is adsorbed on the catalyst like H,S and generates the following struc-
tures:

CHy=S-H  H-S-CHy- CHy-S-H  CHy-S-H H,0—$-H

H 0 -0-M-0- =~0-M-0- =0-M-0

<:) -0-M-0-
-0-M-0
21 (22) {23) (24} (25)
0 A G
-0-M-0 -M—0 -0-M-0
(26) (27) (28)

Associative adsorption has been observed on SiO, and Al,O; at large surface
coverages by H,S$***%% and Ti0,.” It is suggested that a hydrogen bond between the
sulfur atom of methanethiol and surface hydroxyl groups is formed (structure 21).%
It was noted®* that in this case the S—-H bond strength is higher for methanethiol than
for H,S.

At small surface coverages on Al,O; and TiO, methanethiol is dissociatively ad-
sorbed®** due to its coordination to AI’* or Ti** structures 23-25 decompose to
structure 26. IR spectroscopic data show bands typical for CH,S and OH groups, and
this process occurs with the participation of moderately strong Lewis acid centers. On
strong acid centers of Al,O; extensive methanethiol decomposition takes place to
produce Al-S. In the course of methanethiol adsorption on Al,O; dimethyl sulfide and
H, S evolve into the gas phase and their yield rises from 7 to 50% when the temperature
is increased from 35 to 100°C.%

Dimethyl sulfide is adsorbed on the surface with the participation of various centers.
Under the effect of acid hydroxyl groups it is protonated on the sulfur atom (structure
29), with Lewis acid centers a donor-acceptor complex 30 is formed. Also possible is an
additional bond between the CH, groups and a basic center (structure 31):

CH3-§-CH3 CHB-:S-CH3 (:l-|3-§-0:l'03 CHS? (|3H3 CHST C|l-l3

|;-| ‘ -0-M-0- =0-M-0- -M-0 —M-S
o]
]

-M-

(29 (30) (3n (32) (33)
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Table 1. Thermodesorption of dimethyl sulfide adsorbed on metal oxides at various temperatures®

Adsorption Relative yield of thermodesorption products

temperature %

of dimethyl Dimethyl! sulfide Gaseous decomposition products

sulfide (°C) AL O, MoO, V; O; Al O, MoO, V, 05
70 90 70 50 16 8 6
100 80 60 40 17 9 8
150 50 40 5 18 11 10

200 20 10 0 19 14 12

250 0 0 0 22 17 16

Structures 29-31 exist at temperatures below 100-200°C. At elevated temperatures
and small surface coverages dimethyl sulfide decomposes with cleavage of the C-S bond
to form CH,S and CH,O groups.*>** On metal sulfides only CH,S structures (33) can
form.

The existence of structure 29 has been confirmed by studies of dimethyl sulfide
adsorption on SiO,, Al,O;*** and TiO,.* Arguments in favor of the formation of
dimethyl sulfide coordinatively bonded to the surface through a sulfur atom (structures
30 and 31) have been obtained for Al, Cr, Ti, Mo, Mn, and V oxides.*™**** On these
oxides dissociative adsorption of dimethyl sulfide to structures 32 and 33 also takes
place.”®**%® The higher the adsorption temperature of dimethyl sulfide on these oxides,
the lower the amount of intact sulfide produced under thermodesorption and the higher
the content of decomposition products. At temperatures above 200 °C the surface of
these catalysts contains no intact dimethyl sulfide structures® (Table 1).

I11.1.1.2. Catalytic Reaction of Methanol with H, S

Methanol interaction with H,S has been studied in detail'**' in the presence of catalysts
with different acid-base properties.

The acid and basic centers on the catalysts were identified by means of the IR spectra
of the adsorbed test compounds. Pyridine or ammonia, CO and pyridine, and deuteroch-
loroform, respectively, were used as test compounds for proton, Lewis acid and basic
centers, respectively. The concentration of these centers C (in umol/g or m’) was
determined by measurement of the ratio of the integral intensity of the bands of the
adsorbed test compounds to the integral absorption coeflicient. The strength of proton-
donor centers was deduced from the proton affinity towards CO (PA (kJ/mol)), that of
Lewis acid centers was characterized by the reaction enthalpy for their interaction with
CO determined from the displacement of the bands for CO adsorbed at low temperature
(Qco (ki/mol)). The strength of the basic centers was characterized on a PA scale
(kJ/mol) according to the IR band shift of the CDCl, hydrogen-bonded to basic surface
centers. The acid-base characteristics of a number of catalysts are given in Table 2, cf.
also.l],15,16

The main products of methanol interaction with H,S in the presence of all studied
catalysts are methanethiol, dimethyl sulfide, dimethyl ether, and water. Under certain
conditions small amounts of decomposition products, i.e. CO, CO,, CH, and H,, are
formed.
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Table 2. Acid-base properties of catalysts'>'*'¢

Catalyst Proton centers Lewis acid cen- Basic centers
ters

PA C Qco C PAP C

kJ umol kJ umol kJ umol

mol m? mol m’ mol m’
Sio, 1390 28 — 0 — 0
30% H,PO,/SiO, ~ 1300 0.6 — 0 — 0
HNaY 1180 0.15 54 0.1 800-900 1.9
NaY — 0 20 36
HZSM-5 1180 0.45 42 0.1
(Si/Al = 60)
y-Al, 04 1410 0 34 23 800-900 4.0
3% HF/AL, 0O, <1300 0.25 42 2.0 < 800 24
2.3% Cr,0,/ <1300 0.15 36 2.4 900 28
Al O,
3.5% NaOH/ — 0 26 1.0 830 23
Al O, 930 0.6

960 1.0
10% Na, WO,/ — 0 32 1.1 800 24
AL O, 900 0.6
930 0.5

10% K,CO;/Si0, — — 0 925-970 2.1

oo

MgO —

*accurate to +20kJ/mol.

One of the ways for methanethiol and dimethy! sulfide formation is the interaction of
dimethyl ether formed from methanol and H,S:

(CHy) 5,0 (g)

CHOH
CHOH — [cHy0]  —— ns —
2
(CHy), O (ad) (b
a CHSSH
H,S
. 2 7
—s i
CHysH [ (CHy)pS
e

But like methanol, dimethyl ether is dissociatively chemisorbed on the catalyst to form
CH, O groups and under steady-state conditions the catalyst surface is methoxylated.
More probable is the formation of methanethiol and dimethyl sulfide with the participa-
tion of methoxy groups rather than dimethyl ether.
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CHZOH |
[cH0]—
SH
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[CHaS] ¥2
7

The acid-base characteristics of the catalysts are responsible for the predominance of a
specific reaction route.

Studies of methanol reaction with H,S catalyzed by NaX, NaY, NaZSM-5, HNaY,
and HZSM-5 zeolites at 350-400°C show that these catalysts differ in their activity
towards methanethiol and dimethyl sulfide formation.'®?' Comparison of these catalysts
with respect to product yields obtained at constant contact times and extensive,
sometimes complete, methano! conversion, did not permit to establish a scale of relative
activities of zeolites.'™'"” A quantitative comparison of the activities of various zeolites
was performed with the kinetic data of.?' The experiments were carried out at atmo-
spheric pressure in the kinetic region, methanol concentrations C = 17 and 28 mmol/h
and with substoichiometric and excess ratios of H,S to methanol (molar ratio
H,S:CH;OH = 0.6 and 1.6). In the presence of each catalyst the dependence of meth-
anol conversion, product yields and selectivity on the contact time, 7, (t = V, [V,, where
V. is the catalyst volume (ml) and V, is the total gas flow rate (ml/s)) was determined.
A measure for the catalyst activity was the rate of the total methanol decomposition or
its conversion to reaction products per 1g or I m? catalyst W (mmol/h) at the same
methanol conversion X (%) for various catalysts. The selectivity (%) is measured as the
ratio of product yield to methanol conversion.

In the presence of HZSM-5, HNaY, NaX, and NaY zeolites variations in methanol
conversion and the product yields were determined at T = 260-420 °C, contact time
0.1-20s. The methanol conversion was in the range 4-100%.

At constant temperatures and initial reactant concentrations in the presence of all the
zeolites the conversion and the yield of dimethyl sulfide rise with increasing contact time.
The methanol yield rises to a certain limit, then it slightly decreases, that of dimethyl
ether falls (Table 3). On NaX and NaY zeolites the methanethiol yield is higher at all
contact times than that of dimethyl sulfide, particularly with excess H,S. On HNaY and
HZSM* with substoichiometric and excess H, S, the yield of dimethyl sulfide is consider-
ably higher than that of methanethiol. With increasing methanol conversion, up to
approximately 60%, the selectivity towards thiol and suifide on all zeolites is constant.

*HZSM zeolite type HZSM-5.
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Table 3. The effect of the contact time on methanol conversion and on the selectivity towards the reaction
products, T = 360°C*

Zeolite X 7(s) Selectivity (%) T (8) Selectivity (%)
(%) at H,S:CH,0H = 0.6 at H,S:CH,0H = 1.6
CH;SH (CH,),S (CH;),0 CH;SH (CH,),S (CH,),0
NaX 20 1.0 60 34 6 0.2 90 10 0
40 2.5 60 35 5 0.7 90 10 0
60 4.5 60 37 3 1.6 88 12 0
80 7.5 56 44 0 4.0 83 17 0
NaY 40 16 62 32 6 35 80 20 0
60 30 63 37 0 5.5 77 23 0
80 45 58 42 0 — — — —
HNaY 40 1.0 8 30 62 0.5 15 37 48
60 2.5 10 33 57 0.75 17 38 45
80 7.5 14 55 31 1.2 19 40 41
90 15 5 78 17 1.7 17 46 37
HZSM 40 036 10 85 5 0.13 15 85 0
60 0.6 10 87 3 0.2 18 82 0
80 09 6 91 0 0.3 19 81 0
90 1.1 11 89 0 04 20 80 0

At higher conversion degrees, the selectivity towards dimethyl sulfide increases slightly
and that towards methanethiol decreases (Table 3).

It can be concluded that methanethiol and dimethyl sulfide are the main products
obtained from methanol and that their formation follows independent routes. At high
methanol conversion the thiol formed can undergo further conversions, e.g., following
the reactions given on p. 281. The kinetic data, however, suggest that the contributions
of these reactions producing dimethyl sulfide are small on all zeolites examined.

With increasing methanol conversion the selectivity towards dimethyl ether decreases.
On all zeolites, except HNaY, at X = 20-60% it is lower than towards the thiol and the
sulfide. The decrease of the selectivity towards the ether with increasing conversion can
be due to its consumption along routs 4-6 in Scheme 1 with the formation of dimethyl
sulfide and methanethiol and also partly to the decrease in the concentration of surface
CH, O groups interacting with H,S or of SH™, CH,SH and CH;S™ (Scheme 2), since
in this case the reaction rate of methoxyl groups with methanol decreases.

An increase of the ratio H,S:CH,OH from 0.6 to 1.6 in the presence of all zeolites
examined increases the total rate of methanol conversion, e.g. at X = 40-60% the total
rate grows 2-5 times. In this case the selectivity towards methanethiol grows 1.5-2 times,
that towards dimethyl sulfide on HNaY and HZSM rises 1.2 times, whereas on NaX and
NaY it decreases by a factor of 2.5-3.5. The selectivity towards dimethyl ether decreases
with increasing ratio H,S:CH;OH.

The reaction rate increases with rising temperature. For example, some results ob-
tained on HZSM-5 with Si/Al = 45 are given in Table 4. As can be seen over the total
range of temperatures and contact times the yield of dimethyl sulfide and the corres-
ponding selectivity are much higher than those for methanethiol. At all temperatures the
selectivity towards dimethyl ether (#,) is considerably high only at low methanol conver-
sions. For example, at X < 5% we have 5, = 80-90% and at X = 10-30 and 100%,
e = 20-40 and 0%, respectively.
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Table 4. Interaction of methanol with H,S at various temperatures and contact times in the presence of
HZSM zeolite (H,S:CH;0H = 0.6)”

T (°C) 7(8) CH,;0H
conver- Yield (mol. %)
sion (%) CH,SH (CH,),S (CH,),0
260 1.2 9 < 0.1 4 5
3.0 18 0.2 12 6
280 1.2 12 0.2 6 6
2.2 21 1.0 15 5
300 0.12 4 < 0.1 0.3 36
0.4 9 < 0.1 5 4
1.2 28 1 20 7
360 0.2 20 2 15 3
1.0 87 2 85 0
400 0.02 6 0 3 4
0.04 14 0.2 10 4
0.12 32 2 20 10
1.2 100 10 88 2
420 0.02 8 0 4 4
0.04 17 0.2 11 6

With rising temperature one can observe an increase in the total rate of methanol
formation, and the formation rates of methanethiol and dimethyl sulfide, but the
formation rate of dimethyl ether drops. The selectivity towards the thiol and the sulfide
grows and that towards the ether falls. A linear logarithmic dependence of the constant
reaction rate (at X = 20%) on 1/T can be seen. The apparent activation energy is
79 + 4kJ/mol, IgK, = 9.03.

A comparison of the activities and selectivities for zeolites was made at the same
methanol conversion, e.g. X = 50% (Table 5). As can be seen, the catalytic properties
of zeolites depend on their composition and hence the acid-base characteristics of their
surfaces.

The surface of the decationated HZSM zeolites examined contains a great number

Table 5. Catalyst activities in the reaction of CH;OH with H,S, T = 360°C, X epuna = 50%*'

Catalyst Rate (umol/g-h) Selectivity (%)
CH,OH CH,SH (CH;),S (CH;),0 CH,SH (CH,),S
[H,S} = 17 mmol/l, [CH,OH] = 28 mmol/l
NaX 27.0 16.2 10.3 0.5 60 38
NaY 3.0 1.8 1.1 0.1 60 36
HNaY 61.0 49 19.5 36.6 8 32
HZSM* 175 8.5 150 6.5 S 86
HZSM"® 115 . 4.8 72 43 4 63
HZSM*¢ 100 2.0 58 40 2 58
[H,S] = 28 mmol/l, [CH,0H] = 17 mmol/l
NaX 52.4 46.1 6.3 0 88 12
NaY 7.1 54 1.7 0 76 24
HNaY 92.4 14.7 332 442 16 36
HZSM?* 280 56.0 224 0 20 80

20 8i0,/AL 0O, = 45, 100, and 500, respectively.



13: 00 25 January 2011

Downl oaded At:

292 A. V. MASHKINA

(100-300 umol/g) of proton centers with PA* ~ 1200kJ/mol, one-two orders of mag-
nitude less strong Lewis acid centers, AI’* cations localized outside the lattice and some
basic centers, oxygen anions of the zeolite lattice (O’~), and basic OH groups.*®%62
HNaY zeolite has approximately the same strong proton centers as HZSM, but their
content is higher (about 800 umol/g). The content of strong Lewis acid centers is also
higher. The concentration of basic centers is higher as well and amounts to about
1500 umol/g.%* IR spectroscopic data show that the initial Na zeolites contain practically
no proton centers, have weak Lewis acid centers, Na™ cations, and basic centers (0*),
whose amount is 100-300 umol/g.**

Highly siliceous zeolites HZSM are active in the methanol reaction with H,S and
highly selective towards dimethyl sulfide, but possess low selectivity towards methaneth-
iol. The formation mechanisms of the sulfide have been suggested to be different
(Scheme 2). A certain probability of route 6 cannot be ruled out, but since the content
of Lewis acid centers in HZSM is slightly lower than that of proton centers, the surface
coverage by SH fragments is small and cannot sustain the high formation rates of the
sulfide as observed in the experiments. It is more probable that a major part of the
dimethyl sulfide formed on HZSM is obtained from the reaction of CH;O groups with
H,S, either gaseous or associatively adsorbed on HZSM (route 3, Scheme 2).

As the ratio SifAl in HZSM increases, the reaction rate and the selectivity towards the
sulfide drop, whereas the selectivity towards dimethyl ether rises, since the concentration
of strong proton-donor centers responsible for the surface methoxylation decreases.®
On other catalysts with weaker proton-donor and basic centers the formation rate of
sulfur-containing compounds is low and the selectivity towards dimethyl ether is in-
creased. For example,'*'” in the presence of SiO, with weak surface proton-donor centers
(cf. Table 2), the main reaction product at 360 °C is dimethyl ether with only traces of
methanethiol and dimethyl sulfide, even with long contact times. The addition to SiO,
of phosphoric or sulfuric acid leads to the appearance of stronger surface proton-donor
centers compared to Si0,. In this case no other centers are found (Table 2). The reaction
rate rises compared to SiO,, but the yield of dimethyl sulfide is very low and the main
product is dimethyl ether. The yield of the sulfide cannot be increased by temperature
variations. With increasing contact time from 8 to 42 s in the presence of a H,PO, /SiO,
catalyst, the methanol conversion increases, the selectivity towards the ether drops from
100 to 75%, that towards the sulfide rises, but even at X = 100% the selectivity is less
than 25%. The total activity of these catalysts compared to HZSM is an order of
magnitude or even more lower. Apparently, this is due to the fact that these catalysts
have weaker acid and basic centers. The total ratio of methanol per proton center (W, )
decreases in the sequence:

HZSM > H,PO/SiO, > SiO,
W, 0407 0.1 0.002

The same sequence is observed for the decrease in the strength of proton-donor centers
and catalyst basicity (Table 2).

In the presence of HZSM the rate of methanethiol formation is low and the selectivity
towards the thiol changes only slightly with varying SifAl. The kinetic data imply that
the formation of methanethiol on HZSM follows a different route than that of dimethy}-
sulfide. Without ruling out a possible participation of molecular H,S in the thiol
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synthesis according to Scheme 2 (route 2)'*" it can be assumed that a more energetically
advantageous route is route 5 of Scheme 2 with the participation of SH fragments bound
to strong Lewis acid centers. Since the content of these centers in HZSM is low, the
surface coverage by SH™ structures is not high and this accounts for the low rate of
methanethiol formation.

The HNaY zeolite contains a larger number of strong Lewis acid centers than HZSM.
This promotes an increase of the surface coverage by SH fragments and hence a certain
increase in the selectivity towards methanethiol as compared to HZSM. The high
concentrations of strong Lewis centers in HNaY may also be responsible for the
increased catalyst selectivity towards dimethyl ether as compared to HZSM. A partial
consumption of methanol for the formation of methanethiol and dimethyl ether ac-
counts for the decreased (by a factor of 2-3) selectivity towards dimethyl sulfide on
HNaY as compared to HZSM. A reason for the decrease (by a factor of 2-4) in the total
reaction rate of methanol on HNaY is unclear. Apparently, it can be ascribed to the
deactivation of this catalyst by coke formation.

The sodium forms of zeolites are less active compared to decationated ones. For
example, the total activity of NaY is lower by a factor of 10-20 (depending on the
reactant concentrations) than that of HNaY and that of NaX is half that of HNaY. The
selectivity towards the sulfide on sodium zeolites is the same as on HNaY, but they are
considerably (5-8 times) more selective towards methanethiol formation (Table 5).

The original Na zeolites possess practically no proton centers, but such centers can be
formed under the effect of the reaction medium (cf. p. 285). The NaX zeolite is readily
protonated by H, S, whereas on NaY this process is hindered at adsorption temperatures
up to 100°C, but can be induced at higher temperatures. The proton centers generated
can take part in methanol activation to produce CH,O groups. These groups react with
molecular H, S to form the sulfide, i.e. the reaction follows the same mechanism as that
on decationated zeolite. Therefore the selectivity towards the sulfide on Na zeolites and
e.g. HNaY is approximately the same. As mentioned above, the yield of methanethiol
from this process is low even with excess H,S in the system. It is more probable that
methanethiol is produced by the reaction of CH,O groups with SH fragments (Scheme
2, route 5) bound to sodium cations. The concentration of SH fragments on Na zeolites
is higher than on HNaY containing largely proton centers, which accounts for the
increased selectivity towards methanethiol on Na zeolites. The total concentration of
surface active sites on Na zeolites is lower than on HNaY, hence they have a decreased
total activity in the reaction of methanol with H,S.

The total activity of NaX zeolites is 7-9 times higher than that of NaY, but the
selectivity of these catalysts towards the thiol and the sulfide is approximately the same.
It can be suggested that during interaction of methanol with H,S an important role is
played by delocalized sodium cations, which are more numerous on NaX than on
NaY.* Besides, NaX possesses a higher basicity than NaY.® As a result, the total
activity of the former is considerably higher than that of the latter. The similar selectivity
towards the formation of methanethiol and dimethyl sulfide on NaX and NaY indicates
the same mechanism of the reaction of methanol with H,S on these catalysts.

SiO, samples with acid Cr,0,;, MoO,, and WO, additives contain, besides strong
proton centers (C = 30-100 umol/g), weak Lewis acid centers (Qco ~ 28 kJ/mol,
C ~ 200 umol/g), and basic centers of moderate strength (PA ~ 800kJ/mol). The
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Table 6. Catalyst activity and selectivity in the reaction of methanol with H, S
T = 360°C, H,S:CH;0H = 0.6-1.6, Xpomanet = 70-80%"*"

Catalysts H,S:CH;0H = 0.6 H,S:CH,OH = 1.6
Activity, v Activity, v
mmol (S;‘ljctivity mmol (S;lc;ctivity
g'h CH,SH (CH,,s &b CH,SH (CH,),S
Sio, S 2 6 2 25 6
Si0, + 6-30% H,POy; 5-34 1-5 3-10 4-6 1-3 20-30
5% H, S0,
AlSi, HNaY 6-7 1-5 70-90 15-20 6-7 20~-60
HZSM 214 4 96 250 20 80
NaX 8 44 56 4 17 83
Si0, + 1.0-2.5% Cr,0s; 5-40 20-40 50-70 15-30 30-70 20-60
4-15% MoO;; 7-10%
v-, #-Al, O and 200~-1000 10-20 70-80 600-1100 25-50 30-60
ALO, + 1-5% Cr,0,;
4-20% MoOy; 10% V,0;;
4-24% WO,
ALO; + 4-20% K,CO,; 24 65-83  17-35  4-17 70-98 i-18
4.5% Na,CO,; 5% KOH;
1-4% NaOH; 10-25%
K,WOQO,;
10-15% Na, WO,
Si0, + 4-20% K,CO;; 2-4 70-96 8-35 3-8 82-98 8-15

25% K, WO,

activity of these catalysts is higher than that of the NaX zeolite (Table 6). The depend-
ence of the selectivities towards the different products indicates that the consecutive
reactions follow Scheme 3 with the participation of CH,0, SH, and CH;S fragments

(Figure 1):

[CH,0] &%), CH,SH + H,O

. (3
[CH,0] €22 (cH,),S + H,0

2.%
100

60 i~

20

10 30 50 70 90 x,%,

Figure 1. The influence of the degree of methanol conversion on Cr,0,/Si0, selectivity towards dimethyl
ether (1), methanethiol (2), and dimethyl sulfide (3) at 360°C."
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Figure 2. The logarithmic dependence of the catalyst activity (v- 10 mmol/g-h) per one Lewis acid center
on this center strength, T = 360°C, H,S:CH;0OH = 0.6 (1) and 1.6 (2).""

An increase in the reaction rate is also observed on catalysts with paired acid-basic
centers: y- and #-Al,O,, Cr,0,/Al,0;, M00,/Al,0,, V,0,/AL,O;, and WO,/AL,0O;.
Their surfaces contain considerable concentrations (C = 400-800 umol/g) of strong
Lewis acid centers (Qqo = 33-42kJ/mol) and moderately basic centers (C = 100~
800 umol/g, PA® = 800-900 kJ/mol). They also contain strong proton-donor centers
with PA* < 1300kJ/mol, C ~ 50 umol/g, except Al,O, where no such centers can be
found according to its pyridine adsorption. An increase in the strength of the Lewis acid
centers and in their surface concentration increases the total activity of catalysts (Table
6). The total reaction rate of methanol per Lewis center rises with increasing Lewis acid
strength of these sites (Figure 2). The quantitative correlation is less than satisfactory,
apparently due to the fact that the participation in the reaction of centers having
different strengths and a certain contribution to processes at some other active centers,
e.g. proton-donor and basic ones, are not taken into account.

Experiments with compact oxides confirm the participation of acceptor centers in the
acceleration of the reaction. As can be seen from Figure 3, the total reaction rate of
methanol per m” surface of the samples grows with increasing ionization potential of the
cations, i.e. it depends on the cation acceptability.

The role of moderately basic centers contained in the catalysts along with acid ones
has been established by comparison of Al,O, and HF/Al, O, samples.'*'"" In the fluorine
promoted sample the concentration and strength of the basic centers are decreased; it
has a certain amount of strong proton-donor centers; besides acid centers, e.g. those like

20 40 60 Uev

Figure 3. The activity of bulk samples per unit surface (v- 10°mmol/m?-h) vs. ionization potentials.’



13: 00 25 January 2011

Downl oaded At:

296 A. V. MASHKINA

in Al,0,, there appear stronger Lewis acid centers (Table 2). The total reaction rate on
HF/AL,O, is one third of that on Al,O,. The selectivity towards dimethyl sulfide also
diminishes, whereas that towards dimethyl ether rises. For example, at a methanol
conversion of 75%, the selectivity towards the sulfide equals 14 and 55% on HF/AL O,
and Al,O;, respectively. Only when the methanol conversion reaches 95%, which is
achieved with a contact time three times higher than that on Al,O,, the selectivity on
HF/Al, O, becomes the same as on Al,O, (90%). These data indicate the importance of
the presence of strong centers in the conjugated acid-base pair promoting the dissocia-
tive chemisorption of the reactants to form SH~, OH~, and CH;O~ species.

The introduction into the catalyst of additives decreasing its acidity and increasing
considerably its surface basicity is unfavorable for the catalyst activity in the formation
of dimethyl sulfide from methanol and H,S."*""” Upon the introduction into Al,O; of
potassium or sodium hydroxide, cgrbonate, and tungstate, the proton centers are
suppressed, the concentration of Lewis acid centers decreases (C = 100-400 umol/g),
and their strength diminishes (Qcc = 28-31kJ/mol). Besides basic centers like in Al, O,
with PA® ~ 800-900 kJ/mol, there appear stronger ones with PA® ~ 920-900 kJ/mol
(C = 100-70 umol/g) and with PA® = 925-970kJ/mol (C = 200-500 umol/g)."® Stu-
dies of Al, O, samples modified by bases (2 wt. % of alkali or alkaline earth metal oxides)
revealed a rate decrease in the reaction of methanol with H,S. The greatest effect is
produced by alkali metal oxides,” which has also been confirmed by some other auth-
OI'S.l()‘”

The sharpest decrease in Al,O; activity is observed® upon introduction of very small
amounts of additive, e.g. about 0.1wt. % NaOH (Table 7). y-Al,O; has no strong
proton-donor centers since pyridine adsorption gives no pyridinium ions according to
the IR spectrum. If one uses ammonia as test compound, i.e. a stronger base than
pyridine, the IR spectrum exhibits bands typical for asymmetric deformational vibra-
tions of NH; (~1460cm™") formed by interaction of ammonia with proton centers
(OH groups with a band at about 3770 cm™"). Acid OH groups are also found according

Table 7. The effect of alkali metal additives on Al,O; activity in the reaction of methanol with H,S;
T = 360°C, methanol conversion 60%

Concentration of H,S:CH;0H = 0.6 H,S:CH,0H = 1.6

additive to A, O,

(wt.%) (mg-at/g) Contact Relative Contact Relative
time activity* time activity*
(s) v/vo (%) (s) v/vo (%)

0 0 0.064 100 0.06 100

0.1 25 0.1 25 0.1 30

0.4 100 1.0 6.5 0.7 8.6

1.0 250 25 2.6 1.9 31

3.0 750 20 0.3 10 0.6

12.0 3000 50 0.1 15 0.4

K, WO, /Al O,

25 153 1.7 3.7 1.2 5.0

5.0 307 4.2 1.5 3.2 20

10.0 614 20 0.3 7.0 09

*y and v, are the activities of a given sample and of unpromoted Al,O;, respectively.
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to the CO adsorption, but in smaller concentrations (C = 0.2-0.3 umol/m?). The ad-
dition of alkali metal (K, Na, Li) hydroxides decreases the concentration of proton
centers. In this case a hydrogen ion of a surface hydroxyl group is substituted by an
alkali metal ion. Apparently, the surface of Al, O, is simultaneously hydroxylated by OH
groups of the alkali. As a result there form surface structures

([)Na ?H

-Al-O-Al-

With small amounts of alkaline additives (less than 75 umol/g) only proton centers are
affected. Larger amounts of additives also affect Lewis acid centers.* It is possible that
small additions of alkali suppress very strong Lewis acid centers which are present in
Al,0, in low comcentration. The presence of acid centers in Al,O, is important for
surface methoxylation, since upon their suppression the concentration of CH,O groups
decreases, which diminishes the reaction rate.

Depending on the nature of the additive and its concentration, the total activity and
that towards methanethiol (at a conversion of 70-80%) decreases compared to Al,O,
1-1.5 orders of magnitude and by 2-4 orders of magnitude towards dimethyl sulfide. The
selectivity towards the sulfide decreases to 15-35% compared to Al, O, (70-80%). Thus,
catalysts direct the reaction towards the formation of methanethiol (Table 6).

As the content of potassium carbonate or tungstate on Al, O, rises, the surface acidity
and the activity in dimethyl sulfide formation diminish.'*'® The selectivity of tungstate
samples towards the sulfide slightly increases if instead of sodium tungstate Na,WQ,,
polytungstates, hexa-, dodeca- or metatungstate Na,W,0,,, Na,,[H,W,,0,], and
NacH,[H,W,,0,,], respectively (with the concentrations: [W] = 30.7, [Na] = 23.3,
25.7 and 15.4mg-at.%) are used. Addition of sodium carbonate to the polytungstate
sample corresponding to a sodium content [Na] = 61.4mg-at.% produces a catalyst
whose activity and selectivity towards the formation of dimethyl sulfide is close to that
obtained by the application of sodium tungstate. The differences in the activity and
selectivity of polytungstate samples is thus due to the different concentrations of sodium.

W, mmol /q-h

e

2r \2
L XN .

20 60 100
mg-atom °/, K

Figure 4. The effect of WO,/Al, O, modification with K,CO, on the formation rate of methanethiol (1) and
dimethyl sulfide (2) (360°C, 1 = 4.25).'
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Upon addition of potassium carbonate to the acid catalyst 7% WO, /Al, O, with
strongly acid and moderately basic centers its selectivity towards the sulfide decreases
(Figure 4).

The type of the alkaline additive exerts a certain effect on the acid-base and catalytic
properties of the samples.'® Catalysts modified by potassium or sodium at the same
atomic concentrations differ slightly in the concentration and strength of Lewis acid
centers. A certain effect is caused by the nature of the anion: the concentration of Lewis
acid centers decreases in the sequence: carbonate > hydroxide > tungstate. The same
order is observed for a slight increase in the strength of the acid centers. With increasing
concentration of alkaline additives the strength of the acid centers slightly decreases,
whereas their concentration remains almost unchanged.

Moderately basic centers are present in similar concentrations in all samples exam-
ined, but their strength in K,CO,/Al,O; and KOH/AL, O, (PA° = 850-860 kJ/mol) and
in NaOH/ALO, (PA® = 830kJ/mol) is higher than in the rest of the samples
(PA® = 800 kJ/mol). The concentration of the basic centers with PA’* = 800-850 kJ/mol
diminishes with decreasing concentration of the alkali metal in the catalysts. The
surfaces of all samples possess basic centers with PA® = 925-930kJ/mol and their
concentration at the same atomic content of alkali metals in NaOH/Al,O; and K, WO,/
Al O, is 1.5-2 times higher than in the remaining samples. Tungstate samples contain
basic centers with PA = 900-910kJ/mol absent in the other catalysts. Al,O, modified
with sodium or potassium carbonate or hydroxide contains strongly basic centers
(PA* = 950-970 kJ/mol) not detected on tungstate samples.

Thus, the strongest basic properties are observed for Al,O, promoted by potassium
or sodium carbonate or hydroxide and the samples containing potassium are slightly
more basic than sodium-containing catalysts. Tungstate samples contain less basic
centers. The total concentration of basic centers with PA = 900-970kJ/mo! is, how-
ever, approximately the same for all catalysts examined possessing an equal atomic
content of atkali metals. '

Slight changes are also observed'®'” in the catalytic properties with variation of the
type of alkaline modifiers. The total activity of sodium- or potassium-containing sam-
ples is practically the same. No noticeable effect of the nature of the anion is observed
either, but the selectivites towards dimethy! sulfide differ slightly. The samples contain-
ing sodium are slightly more selective towards the sulfide than the potassium catalysts.
Hydroxide- and carbonate-containing samples which are of higher basicity possess a
higher selectivity than tungstate catalysts. Besides strongly basic centers these catalysts
possess weak Lewis acid centers. The activity of the Lewis acid centers drops more
sharply than could be expected from the 1Ig W vs. Qo curve (Figure 2).

In order to establish the feasibility of the methanol reaction with H, S under the effect
of strongly basic centers, SiO, samples modified by alkali metal compounds have been
examined.'® The surface of these catalysts contains basic centers with PA® = 800-900
and 960-970 kJ/mol (C = 300-400 umol/g) and also weak Lewis acid centers, sodium
or potassium cations. Compared to SiO,, the activity of catalysts containing e.g.
4-20wt. % K,CO, or K,WO, on SiO, increases: the total activity 1.4-4 times, that
towards the sulfide 2-10 times and that towards the thiol 5-10 times and an increased
selectivity towards sulfur-containing products compared to the original support is
observed (Table 6). This effect is stronger the higher the concentration of the alkali metal
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Figure 5. The influence of methanol conversion on the selectivity towards dimethyl sulfide (1), methanethiol
(2), and dimethyl ether (3) at H,S:CH;OH = 0.6. (a) Cr,0,/Al,0;, T = 320°C, (b) K,WO,/Al,O;,
T = 360°C."

compound on Si0O,. Under various experimental conditions the main product on these
catalysts is the thiol; the selectivity towards dimethyl sulfide is as high as 35%, i.e. the
same as in the presence of Al,O; modified by alkali metal compounds.

The reaction of methanol with H,S also takes place on compact Na, WO, and K,CO,
samples without acid centers and the main reaction product is methanethiol.'® The total
activity of these catalysts per unit surface (W = 0.2-0.3 umol/m?) is higher than that of
samples containing 3wt. % NaOH or 10-15wt. % potassium or sodium tungstate on
AL O, (W = 0.04 umol/m?), though the latter samples contain, besides basic, acid
centers as well.

As seen from the curves of the selectivity towards products vs. methanol conversion
(Figure 5), the primary sulfur-containing product on alkaline catalysts is methanethiol
and its further reaction leads to dimethy! sulfide formation. The methanol activation can
involve the participation of strong basic, weak Lewis acid or proton centers generated
on the surface of the Al, O, catalyst due to H,S decomposition on acid-basic pairs of
centers (“‘strongly basic—weakly acid centers”). It can be suggested that in the presence
of basic catalysts as well as of acid catalysts methanethiol formation follows Scheme 2,
route 5, i.e. it occurs via the interaction of SH fragments with the methoxyl groups
formed from methanol or ether. Further methanol conversion requires their dissociative
chemisorption to form CH;S fragments whose reaction with CH, O groups will produce
dimethyl sulfide (Scheme 2, route 7). At a relatively low concentration of basic centers
the surface can preserve a certain amount of acid centers taking part in thiol activation.
In the absence of acid centers the thiol is activated by basic ones. On the latter the
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process is hindered due to the lower acidity of the thiol compared to H,S. Therefore, on
catalysts with strongly basic centers the main product is methanethiol rather than
dimethyl sulfide. It is still probable that the sulfide is formed according to Scheme 2,
routes 3 and 4, in the reaction of CH, O groups with weakly activated H,S or thiol. But
as mentioned above, this process is energetically less favorable than that with the
participation of more reactive SH fragments. Thus, the low formation rate of dimethyl
sulfide on catalysts having strongly basic and weak Lewis acid centers is due to the slow
activation of methanethiol and the predominant reaction of CH;O groups with SH
fragments which are present on the surface in considerable concentration. Sulfide
formation is more favorable in the presence of surface pairs of “strongly acid—
moderately basic centers”.

Additional data on the formation mechanism of dimethyl sulfide from methanol and
H,S on Al,O; catalysts were obtained from kinetic studies. Under the effect of acid
Al, O, catalysts increasing contact time leads to an increase in methanol conversion and
dimethyl sulfide yield, the yield of dimethyl! ether drops and that of methanethiol rises
to a certain value and then falls. The analysis of the selectivity vs. methanol conversion
curves shows that the primary sulfur-containing reaction product is methanethiol and
the secondary one is dimethyl sulfide (Figure 5).

The process can be described by the scheme:

/CH3 /CH3
H-0 H-SH  H O .
I P ] P -H0
o-M —— 0-M- 0-M-0-M-0-M=0 —— CHySH

CH
/CH3 H o/ ’ SCH3 H @
-0 H-SCH
¢ s | 2] -H0
—0-M — O-M- 0-M-0"M-0-M— 0 —(CH,4),$

Interaction of the methoxyl groups with SH fragments produces methanethiol. The
latter is a stronger base than H,S and is predominantly adsorbed on the catalyst to form
OH™ and CH,S™ fragments whose reaction with CH; O~ produces dimethyl sulfide. As
a result of the above sequence of reactions on Al, O, catalysts it is impossible to obtain
methanethiol with high selectivity, whereas the dimethyl sulfide forms with almost 100%
selectivity. A similar reaction is also observed on Al,O; catalysts modified by alkali, but
step 2 of Scheme 4 is hindered.

When a kinetic equation to describe the formation of methanethiol and dimethyl
sulfide on Al,O; catalysts is required it is suggested to follow Scheme 4.

Methanethiol is obtained as a result of the following elementary steps:

Z + CH,OH = Z[CH,OH] 1, = kPeyon'0 — k_,0cn0m
Z+HS 2 ZHS] 1, = Pyl — k_,0s
Z[CH,OH] + Z[H,S] - Z[CH,SH] + Z[H,0] 1, = kyfcuonbio (5
ZICH,SH] = Z + CH,SH 1, = K0cusn — k_4Posud
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Z[H,0] = Z + H,0 Is = KsOu,0 - k_sPy,00
(6 = surface coverage)

Here Z is an active center, [CH,OH] and [H,S] are dissociatively chemisorbed meth-
anethiol and H,S with the formation of CH,O, OH and SH fragments. The first two
steps are the sum of several fast steps including the dissociation of the initial reactants.
Assuming that the limiting step is the interaction of surface groups to form methanethiol
and water, the following equation for the reaction rate of methanol conversion to
methanethiol is obtained:

KPey,onPr,s
(I + b Peyon + byPus + byPoysn + b4PH;0)2

where b, = k,/k_; b, = ky/k_,; by = k_,/ky; by = k_s/ks; K = ky(k,/k_ ) (k,/
k_,).

Dimethyl sulfide formation from methanol and methanethiol takes place through a
similar sequence of elementary steps. The kinetic equation is the same as that for the
methanethiol formation, but with other numerical constants.

The reaction of methanol with H,S in the presence of Al,O, modified by alkaline
additives is described by similar equations.

The suggestion of participation of surface methoxy groups and activated H,S in the
formation of methanethiol and dimethyl sulfide is supported by IR and NMR stu-
dies'18.19,34‘36

Upon admitting H,S to HNaY sample with adsorbed methanol on its surface one can
observe changes in the IR spectrum: the intensities of the bands typical for adsorbed H, S
(SH™, 2560-2580cm ™' and acid OH, 3550-3650cm™") and for CH,O groups (2850,
2940, and 1460 cm™") decrease. At the same time there appear bands typical for ad-
sorbed methanethiol and dimethyl sulfide (2880, 3020, 1425, and 1275c¢cm™"). Similar
results were obtained in studies of methanol interaction with H,S catalyzed by HZSM,
Al,0,, Cr,0,/Al,0,, NaOH/Al, O, and K,CO,/SiO,.

In accordance with the NMR data, on SiO,, H;PO,/Si,O and NaY catalysts at
various degrees of surface coverage and on HZSM, NaX, and Al,O, at monolayer
coverage methanol is adsorbed without decomposition: the '*C and 'H NMR spectra
exhibit signals at 6 = 54 and 6 = 2.0, 4.5ppm (CH,; and OH groups, respectively). At
low surface coverages on HZSM, NaX and Al,O, one can also observe dissociative
adsorption of methanol to form methoxyl groups (a signal with 6 = 60 ppm in the *C
NMR spectrum). On Al, O, this adsorption is predominant. Upon admitting H, S to the
sample with preadsorbed methanol one can observe first broadening of the signal from
the adsorbed undecomposed methanol without noticeable changes in chemical shifts or
appearance of new signals (e.g., on NaY). After temperature ¢levation one can observe
a decrease in the intensity of the signal belonging to CH,;O groups and of those typical
for molecular H,S and SH groups (lines with § = 1.0 and 1.6-3.6 ppm, respectively, in
the 'H NMR spectrum). Simultaneously there appear signals of the products formed:
dimethyl ether (a signal with § = 3.0 ppm in the '"H NMR spectrum) and methanethiol
and dimethy! sulfide (signals with § = 6 and 18 ppm, respectively, in the *C NMR
spectrum).

Much less comprehensively studied is the reaction of H,S with methanol homologs.

W =
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In the presence of Al,O; at atmospheric pressure and contact times of 5-6s the
interaction of H,S with ethanol and n-octanol with excess concentration relative to
alcohol (2.9-7.7, respectively) at 317°C, takes place mainly with the formation of
ethanethiol. The selectivity towards the thiol is 46-34%, the yield of sulfide is as high
as 2 mol. %, the reaction produces ethers and olefins. The total rate of octanol conver-
sion is higher than that of ethanol.” Under the same conditions on Al,O modified with
potassium tungstate the rate of octanol formation is also higher than that of ethanol.
The selectivity towards the thiol increases compared to that observed on Al,O;, up to
68-77%. The yield of the sulfide rises up to 5mol. % and those of olefin and ether are
lower than on Al,O,. With temperature elevation the alcohol conversion increases and
the yield of the sulfide drops whereas that of olefin rises. Under similar conditions the
yield of olefin from octanol is higher than from ethanol.’ Similar results are also
obtained on Al, O, catalysts modified with K, Na, and W oxides (sulfurized with H,S
at 350 °C for 12 h) in the interaction of n-propanol with H, S at 300 °C and contact times
of 0.1-1s. Under these conditions the main products are 1-propanethiol, dipropyl ether
and propylene. The selectivity towards dipropyl sulfide is as high as 5 mol. %.% Ethanol
conversion has been studied® in a methane and H,S medium catalyzed by NaX, NaY,
CaX, HY and REY zeolites at 350°C and P = 0.6-3.0 MPa. With large excess of H,S
relative to alcohol the main product is ethanethiol, no sulfide formation was observed.
In the presence of NaX, NaY, HNaY, NaZSM-5, and HZSM-5 zeolites at 250 and
350°C, a ratio H,S:alcohol = (1-4):1 and contact times of 1-3s the main product of
the H, S reaction with ethanol and propanol was the thiol and the yield of the sulfide was
considerably lower. The selectivity towards the combined yield of thiol and sulfide from
ethanol is higher than that from propanol.®’” The reaction with ethanol also produces
ethanethiol and diethyl sulfide, that with propanol also produces, besides 1-propanethiol
and dipropyl sulfide, ethanethiol, 2-propanethiol and dimethyl sulfide. According to
their activity the zeolites examined are arranged in the sequence:

NaX » NaY > HNaY ~ HNaZSM-5 ~ NaZSM-5 ~ HNaX

This means that NaX is considerably more active than the rest of the zeolites. It is

suggested that alcohol thiolation is promoted by the presence of surface SH and acid OH
groups formed by the dissociative chemisorption of H,S, and the presence of sodium
cations in the zeolite. The low activity of the remaining catalysts towards sulfide and
thiol is due to alcohol decomposition. It has been concluded® that sodium cations are
active centers with respect to thiol formation while proton centers make an essential
contribution to sulfide formation.

Thus, with increasing molecular weight of the alcohol the total reaction rate of the
alcohol rises, but the selectivity towards the sulfide drops due to alcohol dehydration.

A first step in the alcohol reaction with H,S is the formation of surface alkoxide
groups reacting with H, S to form thiol and sulfide according to Scheme 6, similar to that
for methanol. In the case of higher alcohols, still another reaction route, i.e. decomposi-
tion of the alkoxyl group is possible:”
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,CHaCHy
O $H  OCHCHy H
C HgOH + Hy§—=0-M-0-M-0-M - 0~+(C,Hg),5+2H,0

(6)

CHS /CHZ\ Hzc = CHZ
H :

H
: ! L +CoHg
0 0 (o] o) (o] o o 2"
/
M/ \M/ \M/ \M/

The olefin formed by the alcohol dehydration can react with H,S to produce the thiol
and the sulfide.

The addition of H,S to alkenes to form sulfides has been comprehensively studied in
solution under the effect of strong mineral acids: hydrochloric, sulfuric, phosphoric,
hydrofluoric and alkanesulfonic acids; Friedel-Crafts catalysts: AICl;, BF,, TiCl,,
SbCls, ZnCl,, and SnCl,; bases: amines, potassium and sodium hydroxide. Apart from
the major reaction, secondary reactions such as isomerization, cracking, and polymeri-
zation of the initial olefin also take place.®**

This heterogeneous process takes place at 150-400°C. It is promoted by phosphoric,
sulfuric, molybdeno-, phosphoro- or silicotungstic and borotungstic acid supported on
S8i0,, Al,O;, and carbon. Also effective are compact or supported nickel, tungsten,
molybdenum, cobalt, and iron sulfides. The reaction is also promoted by alumosili-
cate.'®

In the presence of solid catalysts the addition of H,S to aikenes follows the Markov-
nikov rule. The process is promoted by increasing degree of alkene branching, pressure
and alkene-to-H,S ratio. Under certain conditions a quantitative yield of the sulfide can
be obtained.

Apparently, the formation of the dialkyl sulfide follows a consecutive mechanism via
thiol formation:

TC=CT +H,$ —» RSH =5, R,

since the addition of a thiol to an alkene to form a sulfide is activated by the same
catalysts as alkene thiylation with H,S.® It has been noted®® that the sulfide is obtained
at higher temperatures than the thiol.

It has been suggested™ that under the effect of proton centers of a solid catalyst the
reaction takes place via the formation of a carbocation which interacts with H, S or thiol:

— - H+ — +
C=C_ == “CH-C_

RSH - + - |
== [/CH—C—S—HR] = /CH—(':—SR + H*
M

where R is alky! or H.

The view on the activation mechanism of alkenes can, however, be different.2”!
Alkene interaction with acid hydroxyl groups first produces a complex with a hydrogen
bond. Then the two-point adsorption of the alkene and its displacement to a neighboring
basic centers take place, which results in the formation of a surface alkoxide:
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HC3 CHy '_cua\ H3(i
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On catalysts with Lewis acid centers the alkene forms a m-complex whose further
conversion also yields a surface alkoxide. Interaction of alkoxide with H,S or thiol
produces the dialkyl sulfide according to the above Schemes 2-4 for thiol and sulfide
synthesis from alcohols and H,S.

I1.1.2. Synthesis of Dialkyl Sulfides from Alkanethiols

11.1.2.1. Disproportionation of thiols to sulfides and H,S Decomposition of alka-
nethiols to sulfides and H,S is thermodynamically possible, and this disproportionation
reaction is reversible:

2RSH 2 R,S + H,S

The equilibrium yield of the sulfide grows with decreasing temperature and molecular
mass of the thiol (Table 8).

The disproportionation reaction takes only place in the presence of catalysts. Under
the effect of y-Al,O; at 370 and 410°C and a contact time of 6 s methanethiols convert
to dimethyl sulfides and H,S in a yield close to the thermodynamically possible value.'?
In the presence of Al, O, or NaX zeolite at 100-400 °C ethanethiols decompose to diethyl
sulfides and H,S.7 76808

Butanethiols activated by alumosilicate are partially decomposed to yield sulfides
whose formation rate grows in the sequence: normal > iso-secondary > tertiary sul-
fides. The reaction takes place at 350 °C and long (about 16s) contact times. Therefore
the main reaction is cracking of the thiols and the yield of sulfides is as high as 4 mol. %.
Besides di-n-butyl sulfide, n-butanethiol gives a certain amount of ethyl tert-butyl
sulfide. In addition to disproportionation, one can also observe isomerization of e.g.
n-butanethiol to secondary and tertiary butanethiols. The selectivity towards sulfides
slightly increases in the case of AlSi modified with sodium sulfide.” Interaction of
methane- and ethanethiols with metal and oxide films of Al, Cu, Fe, Pd and Ni at

Table 8. Equilibrium conversion depths for thiols in the reaction 2 RSH « R,S + H,S8”

T (K) Equilibrium conversion depth (%)
CH,SH C,H;SH C;H,;SH
300 88 87 83
400 80 79 74
500 74 73 69
600 70 69 65
700 67 66 62
800 65 63 60
900 63 62 59

1000 62 61 58
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67-127°C and long contact times produces sulfides. The reaction is accompanied by
cracking of the thiols and the concentration of the sulfides in the mixture is low: 4-36 %
and up to 2.5 % for methanethiol and ethanethiol conversion, respectively.”

The most detailed study was carried out for methanethiol disproportionation cat-
alyzed by various catalysts.” At constant temperature and initial concentration of thiol
the yield of dimethyl sulfide from methanethiol grows with increasing contact time and
reaches an equilibrium value (Table 9). On several catalysts (Al, O, without additives and
modified by HF, HCl, H,SO, and Mo, Cr, Mg, Na, K, and Ti oxides) and also on
HZSM-5 and SiW/SiO, at 200-350°C, methanethiol destruction with elimination of
hydrocarbon is not observed and the selectivity towards dimethyl sulfide is 100 %, even
at the equilibrium extent of methanethiol conversion. At elevated temperatures, in
addition to the formation of dimethyl sulfide, one can also observe the yield of methane
to increase with increasing contact time. But even at 500 °C and 90 % of the equilibrium
value of the conversion of thiol the selectivity towards the sulfide is 95 %. This high
selectivity towards dimethyl sulfide was also found'? in the disproportionation of meth-
anethiol: at 90-95 % of the equilibrium value conversion (contact time 6s) the selectivity
of Al, O, towards dimethyl sulfide is equal to 99 and 95 % at 370 and 410 °C, respective-

ly.

Table 9. The influence of the reaction conditions on the conversion of methanethiol to dimethy! sulfide™

Catalyst S T CH,SH T Dimethyl sulfide
(m?/g) (°C) (mmol/l) (s) Yield Selectivity
(mol.%) (%)
Cr,0,/AL0, 230 200 20 0.71 2 100
250 2.0 0.07 25 100
250 2.0 0.14 50 100
250 2.0 0.28 73 100
350 1.9 0.01 44 100
350 1.9 0.02 58 100
350 2.1 0.14 68 99
400 3.5 0.02 55 100
400 3.5 0.04 65 96
400 3.2 0.28 48 70
500 16 0.004 65 100
500 16 0.19 63 94
500 15 0.40 50 70
ALO, 200 25 1.8 0.43 36 100
225 2.0 1.0 48 100
350 1.8 0.006 30 100
350 2.0 0.012 49 100
AlSi 430 350 2.0 0.66 7 100
350 2.0 29 18 86
350 2.0 4.6 22 37
HNaY 800 350 1.9 0.73 28 100
350 2.0 36 22 40
Cr,0, 330 350 2.0 0.08 26 81
350 2.0 0.23 30 50
350 2.2 2.3 0 0
K,WO,/ALO, 220 250 2.1 1.2 40 100
350 2.2 0.05 48 100
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The total conversion of methanethiol in the presence of various catalysts rises with
temperature. One can observe a linear logarithmic dependence of the rate constant on
I/T. For Cr/Al,O, the apparent activation energy is 69kJ/mol and IgK, = 8.5.

As it follows from the dependence of the selectivity towards the products of the
conversion,” the decomposition of methanethiol on the above catalysts at 150-500°C
follows a consecutive mechanism. It means that methanethiol disproportionates to H,S
and dimethyl sulfide at higher conversions obtained with increasing contact times. The
sulfide formed decomposes to methane and H,S:

CH3SH 1——-2 (CH})zs + st
T TTTTT——CH, + H,$

In the presence of some catalysts (HNaY, NaX, AlSi, SiW/AlL,O,, and Cr,0,) the
disproportionation is accompanied by the formation of methane at low temperatures
and far from equilibrium (Table 9, Figure 6). The reaction follows a parallel-consecutive
mechanism:

(CH;),S + H,S

7\

CH,SH — CH, + H,S

The catalyst activity in the methanethiol disproportionation depends on the composi-
tion, in particular on the acid-base properties of the catalyst surface.” The experiments
were carried out at 350°C, 1.8 umol/l methanethiol in helium on 0.25-0.5 mm catalyst
grains in the kinetic region. For each experiment a fresh catalyst sample was used which

x |
o e2
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Figure 6. The influence of thiol conversion on the selectivity towards dimethyl sulfide (a), diethyl sulfide (b)
and diisopropyl sulfide (c) over Cr,0,/Al, O, at the temperatures: 200 (1), 225 (2), 250 (3), 320 (4), 350 (5),
and 400°C (6).”
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Table 10. The activities of catalysts for the disproportionation of methanethiol to dimethyl sulfide and H,S
at 350°C”™

Catalyst Disproportionation rate, v

mmol/g-h umol/m? -h
SiO, 0.3 0.8
30% H,PO,/SiO, 0.3 3.0
25% SiW/SiO, 7.0 34
1% WO0,/SiO, 5.5 15
2.5% Cr,0,/Si0, 4.3 12
AlSi 1.2 3
HNaY 6.0 8
HZSM 300 600
NaX 8 10
NaY 0.2 0.3
MgO 1.1 20
AL O, 750 3200
10% HCIfAL O, 400 2000
5% H,S0,/Al,0, 380 1900
3% HF/AL O, 325 1630
2.3% Cr,0,/Al,0, 540 2720
1.5% MoO,/ 400 2000
AL O,
1% WO,/ALO, 390 1850
0.25% NaOH/ 87 400
Al, O,
0.5% NaOH/ 10 48
Al O,
2% NaOH/AIL O, 2 10
2% K, WO, /AL O, 14 70

had been presulfidized with H,S (4 vol. % H,S in helium) at 350 °C for 30 min. Excep-
tions were HNaY, AlSi, HZSM-5, H,PO,/SiO, which were not sulfurized. The catalyst
activity was estimated from the total rate of methanethiol conversion (v (mmol/h)) per
lg or 1 m? catalyst and in several cases per one active surface center at the same
methanethiol conversion. This was achieved by experiments with varying contact times.
The selectivity (#, (%)) is equal to the ratio of product yield to thiol conversion.

The acid-base properties of the catalysts examined were determined by evaluation of
the IR spectra of adsorbed test molecules (cf. p. 287 and Table 2).

The catalyst activities at T = 350 °C and 20% methanethiol conversion (about 30%
of its equilibrium value) are given in Table 10. As can be seen the activities depend on
the acid-base characteristics of the catalysts.

SiO, whose surface contains only very weak proton-donor centers, is of low activity:
20% conversion is obtained at long (12 s) contact times, the selectivity towards dimethyl
sulfide is 50%, and the reaction products contain methane. It is possible that a certain
activity is associated with the fact that SiO, contains admixed Al and Fe elements acting
as Lewis acid centers. The activity of one proton center of SiO, is low and amounts to
0.3 umol/h. Modification of SiOQ, with phosphoric acid leads to the appearance of
stronger proton-donor centers whereas Lewis and basic centers are not observed. This
catalyst has the same per weight activity as SiO,, but the activity of one of its proton
centers (6 umol/h) is an order of magnitude higher. Modification of SiO, with the
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stronger acid H,SiW, 0y, * leads to the formation of strong proton-donor centers whose
amount is 1.5 umol/m’. Lewis acid centers cannot be detected,” but very weakly basic
centers can be formed. Methanethiol decomposition catalyzed by SiW/SiO, takes place
with 100% selectivity towards dimethyl sulfide up to equilibrium yields of the sulfide.
The catalyst activity per 1 g or 1 m? surface is much higher than with SiO, and H,PO,/
SiO,. The activity of one proton center equals 23 umol/h, which is also much higher.
These results indicate that under the effect of proton-donor catalysts thiol dispropor-
tionation is smooth provided they contain strong proton-donor centers.

In the presence of HNaY zeolite whose surface has basic centers, a certain number of
strong Lewis acid centers, and a large number of strong proton-donor centers, the weight
rate is similar to that on SiW/SiO,. The activity per unit surface is lower and that per
the number of proton centers is practically the same. With long contact times on HNaY
besides dimethyl sulfide methane is formed, apparently due to decomposition of meth-
anethiol. Similar results are also obtained in the presence of amorphous AlSi whose
surface has similar acid-base surface characteristics.

The high-silica zeolite HZSM-5 contains a large number of strong proton-donor
centers, moderately basic centers, and very strong Lewis acid centers. This catalyst has
a very high activity per 1g and 1 m” surface. The activity of one proton center is two
orders of magnitude higher than that to the above catalysts and equals 2000 umol/h. The
disproportionation of methanethiol is very selective: at conversions equal to the equi-
librium value the selectivity towards dimethyl sulfide is 100%. Apparently, the increased
activity of HZSM-5 is due to the fact that the surface of this catalyst contains very strong
Lewis acid centers.

Al,O, has a considerable concentration of strong Lewis acid and moderately basic
centers, but no strong proton-donor centers. Its activity per 1 g or 1 m?® is considerably
higher than that of HZSM-5 with a lower concentration of strong Lewis acid centers.
Hence it can be concluded that the rate of methanethiol disproportionation is so high
due to the strong Lewis acid centers. If the catalyst contains insufficient amounts of
strong Lewis acid centers, a decreased rate of thiol disproportionation to sulfide results.
This can be exemplified by the 1.6% Cr/SiO,, 1% WS, /SiO, catalysts with both strong
proton-donor and Lewis acid centers with a strength lower than in Al,O; and hence the
disproportionation rate is much lower than on Al,O, or HZSM-5. Low activities are also
observed for other catalysts containing weak Lewis acid centers. For example, the rate
of methanethiol disproportionation to dimethyl sulfide is low in the presence of NaX
and NaY zeolites and of MgO. These catalysts contain no proton centers, but such
centers can be generated during the reaction under the effect of alkanethiol or H,S
formed (cf. p. 285). They contain a considerable number of moderately basic centers and
strong Lewis acid ones. The activity of NaX and MgO per unit surface is of the same
order of magnitude. The lower activity of NaY is ascribed to the smaller number of
non-localized sodium cations acting as Lewis acid centers in Na zeolites. Besides, as has
already been noted, the basicity of NaY is lower compared to NaX, MgO.

The necessity for the presence of not only strong acid centers but also of basic ones
of sufficient strength is confirmed by the comparison of the activities of Al,O, catalysts
unmodified and modified, respectively, by acid oxides (Cr,0,, MoO, and WO,) and

¢ Silicotungstic acid is conventionally symbolized as SiW.
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Table 11. The activity of NaOH/AI,O; catalysts in the disproportionation of methanethiol to dimethyl
sulfide at 350 °C. The methanethiol conversion is 20% and its concentration 2 mmol/1”

Concentration of NaOH S, Contact vivy Strength of
in y-Al,0, (m?/g) time (%) Lewis acid
(Wt.%) umol/g (s) centers
QCO
(kJ/mol)
0 0 200 0.0035 100 34
0.0t 2.5 0.0036 97 34
0.02 5.0 230 0.0044 80 30
0.05 12.5 0.005 70 29
0.1 25 207 0.0085 42 29
0.25 62.5 0.03 12 29
0.5 125 230 0.25 1.5 29
1.0 250 0.9 0.4 28
3.0 750 234 1.6 0.2 26
5.0 1250 2.9 0.1 18
10.0 2500 200 5.0 0.07 —

acids (HF, H,80,, HCI). As seen from Table 10, the disproportionation rate of meth-
anethiol is lower as compared to the initial Al,O;. Upon modification of Al,O, with acid
additives there appear strong proton-donor centers and the concentration of Lewis acid
centers decreases, but their strength increases slightly, basic centers with PA* = 800
900 kJ/mol are sharply suppressed, and there remain more weakly basic centers.

Alkaline and alkaline-earth additives to Al,O, suppress or destroy proton centers and
diminish the concentration and strength of Lewis acid ones. On the surface there appear
basic centers considerably stronger than in Al,O,. The catalyst activity decreases with
increasing concentration of added alkali (Tables 10 and 11). A comparison of these
results with the data for Al,O, modified by acids suggests that the presence of conjugated
acid-basic pairs promotes sulfide formation from thiol. In this case the strength of the
Lewis acid centers is more important than that of the basic ones.

Thus it can be concluded that the catalyst activity in the methanethiol disproportiona-
tion to dimethyl sulfide depends on the presence of conjugated acid-basic centers. The
combination of basic with strong proton-donor centers is less favorable than their
pairing with strong Lewis acid centers.

As it follows from the data for thiol adsorption on catalysts, the generated surface
species are similar to those found for methanol adsorption (cf. p. 281). Experiments with
methanol conversion on catalysts possessing different acid-basic properties showed that
for the reaction

2 CH,;OH = (CH,),0 + H,0

the catalyst activities follow the same sequence as for the methanethiol conversion at
T = 350°C (Table 10):

Al,O, > HZSM-5 > SiW/Si0, > MgO > H,PO,/SiO;, > NaX
v, umol/m?-h 8000 1200 450 55 6 2
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It can be suggested that the reaction mechanism for the methanethiol disproportiona-
tion is similar to that postulated for the alcohol decomposition.?**

In the presence of catalysts only containing proton centers, e.g., H;PO,/SiO,, the
reaction follows a carbocation mechanism:

CH,SH + H* = CH,SH,*

9
CH,SH,* + CH,SH - H* + (CH,),S + H,S

with the participation of methanethiol in the gas phase or weakly adsorbed on the
catalyst.

When the reaction is catalyzed by catalysts with paired centers, under the effect of
either preformed or reaction-generated proton centers, its first step will be thiol protona-
tion which promotes the formation of an additional bond between alkyl and catalyst
basic centers. Decomposition of the product complex to yield H,S produces surface
CH, O species. During the second step CH,O groups interact with a second thiol
molecule adsorbed on the basic center. As a result sulfide is formed and the catalyst
surface regenerated:

H
H-5-CHy S Hys CHy

" + CHySH—=H — H CHy —=== o o
o 0 S o S 6 Ny
\M/ ) (2

M M

(10)
CHy- $
] CHy
GHy H CHy S H

/o\M/o + CHySH—=0, 0 TH THy(CHy),S + 0 N

M ,0 3 M

~

M’o

Apparently, the sulfide formation can also follow a concerted mechanism involving
simultaneous activation and regeneration of several chemical bonds in the adsorbed
molecule:

. ciy CH3 w
CHi-§  H-§=CHy 8 ‘'
0. 0 +2CH,ySH 0 b
M’/ 3 M7 \M/O
(1)
HiyC CH
35 M
5o
O\M,O M \

The participation of proton centers in methanethiol activation is confirmed by the
sharp decrease of Al,O; activity upon after modification with very small quantities of
sodium where only proton surface centers are blocked (Table 11). The preliminary
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treatment of Al,O, or Cr,0,/AL, 0, with H,S or methanethiol at 450°C for 30 min
increases their activity by a factor of 3-6 over the initial activity.

Kinetic studies of the reaction on Al, O, catalysts show that the rate of methanethiol
decomposition to dimethyl sulfide and H,S at low conversion degrees of thiol is des-
cribed by an equation of pseudo-first order with respect to thiol, since the effect of
variations of the thiol concentration (2-20 mmol/l) on the conversion is small and there
exists a linear logarithmic dependence of I/ — X on 7 (X = conversion, T = contact
time). The reaction is assumed to involve the following elementary steps:

1. 2Z + 2CH,SH = 2 Z[CH,SH]

2. 2Z[CH,SH] - Z[(CH,),S] + Z[H,S] (12)
3. ZI(CH,),S) & Z + (CH,),S

4. Z[H,S] @ Z + H,S

with a rate of limiting decomposition of the surface complex (step 2). In a general form
the reaction is described by the equation:

_ K'PZCH,CH
(1 + bPcysu + bPcnyys + bSPH28)2

v

As follows from the experimental data the inhibiting effect is produced only by meth-
anethiol, hence the above equations reduces to

v = K.P(ziHJSH
a1+ b'pcn,sn)2
and at low conversions of methanethiol it transforms into a first-order equation:
v = K-Peysn

At high conversions, one should take into account that the process is reversible.

This disproportionation reaction also takes place with methanethiol homologs.

Ethanethiol disproportionation to diethyl sulfide and H,S at 50-400 °C is catalyzed
by Al,O; and NaX. In the presence of H;PO,, AlSi, and HNaY catalysts and cation
forms of zeolites, one can observe only ethanethiol decomposition to ethylene and H,S.
On SiO,, MgO, and CaO ethanethiol undergoes no conversion.””"*#% From the
dependence of the yield on the contact time at 200-450 °C it has been concluded that
ethanethiol conversion follows two different routes. It produces diethyl sulfide and H,S
as well as ethylene and H,S are eliminated.

IR spectroscopic studies of ethanethiol adsorption” 76347 show that on SiO,, CaO,
and NaY at 20-50 °C only reversible adsorption takes place. On Al,O;, HY, CoY, and
ZnY ethanethiol adsorption at room temperature leads to a broadening of OH vibration
‘bands due to hydrogen bond formation and the appearance of new OH groups. The
spectra exhibit bands corresponding to alkyl groups (~ 2950, 1450, and 1380cm™') and
a band typical for the -CH,-S-M  structure (~ 1260cm™"), but there are no bands
assignable to SH groups (~2560cm™"). At adsorption temperatures above 50 °C there
appear bands corresponding to CH,-CH, groups which are, apparently, responsible for
the decomposition to ethylene. Desorption products of ethanethiol adsorbed on Al,O,

SR—B
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contain ethanethiol as the main constituent at desorption temperatures 200-250°C. At
higher desorption temperatures, besides ethanethiol, the products contain considerable
quantities of ethylene and H,S. It has been noted that the IR spectra of Al,O, acid
centers adsorbed ethanethiol and diethyl sulfide are similar.

It is suggested that on Al, O, and NaX, acid-basic pairs of acid centers (Al’* or Na™
cations) and basic centers (O*~ or OH ™) take part in the disproportionation of ethaneth-
iol. The participation of basic centers is confirmed by the decrease of disproportionation
after addition of phenol. The reaction follows the scheme:

H,C—CHa
o sz‘“%"z—ucﬂz“,‘
2cymgsn 20 © P o ~lCoHslaS+H28 (13)

O‘AI/O‘AVO\A‘l O

More detailed kinetic studies” of ethanethiol conversion catalyzed by Al,O, shows
(Figure 6) that under certain conditions only ethanethiol disproportionation takes place
and no formation of ethylene. For example, at 280-350°C 100% selectivity towards
diethyl sulfide is observed at 30-35% conversion of ethanethiol, i.e. 50% of the equi-
librium value. At high conversion degrees the diethyl sulfide formed decomposes to yield
ethylene and H,S. Kinetic curves of selectivity towards products (Figure 6) suggest that
ethanethiol conversion follows a consecutive mechanism. At high temperatures some
ethylene and H,S is obtained due to ethanethiol decomposition. Thus, the total scheme
of the decomposition can be represented as

C,H;SH = (C,H,),S + H,S
{
~ C,H, + H,S

In the presence of Al,O;, NaX at 400°C and Al, Ni, Cr, Co, or Fe fluoride 2-pro-
panethiol decomposes only to propylene and H,S.>7*% At lower temperatures a limited
disproportionation to diisopropyl sulfide and H,S is observed,” but with low selectivity.
For example, at 225°C and a thiol conversion below 25% the selectivity is as high as
30%. With increasing reaction temperature, however, the selectivity towards the sulfide
drops sharply (cf., e.g., Figure 6).

Decomposition to the alkene can be observed for both the initial thiol and for the
sulfide formed by disproportionation. Some characteristic properties of these reactions
are considered below.

I1.1.2.2. Catalytic decomposition of alkanethiols The decomposition of thiols to yield
alkenes and H,S:

RSH - H,S + R'CH=CH,

is thermodynamically possible in a wide temperature range.”

The reaction occurs without catalysts at above 400 °C (with ¢-butanethiol at 250 °C).
Its rate increases with diminishing strength of the C~S bond in the starting thiol #29%
The process is accelerated in the presence of various catalysts containing proton centers
(H;PO,, AlSi, and HNaY)"274828587.8 and Lewis acid centers (Al,O,, phosphates, fluo-
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rides, sulfates, and cation forms of zeolites).” 764478 Basic catalysts (CaO and MgO)
or catalysts containing weak proton-donor centers (Si0,) do not affect the decomposi-
tion of thiols to any appreciable extent.”274#

The activity of proton-donor catalysts in the decomposition of thiols depends on the
concentration of surface proton centers a decrease of which (due to, e.g., increasing
catalyst calcination temperature, catalyst modification with alkalies, or introduction of
pyridine into the reaction mixture) diminishes the reaction rate.”**® On AlSi a linear
logarithmic dependence between the rate constant for the elimination of thiols with
R = G, Gy, -Gy, Cy, s-C,) and the enthalpy change of the hydride ion abstraction from
the corresponding alkanes was observed.®? This suggests that the reaction follows a
carbocation mechanism through an easily occurring surface proton addition to the
sulfur atom of the thiol, a slow decomposition of RSH, to the carbocation
(RSH; — R* + H,S), and fast interaction of the latter with an anion to yield an
alkeneand H*:R* + A~ 2 (R—H) + H* A~ —AISi, (R —H) is an alkene). The activ-
ity of NaY zeolites at 350°C in the decomposition of butanethiol to butene and H,S*
rises by a factor of 7 with increasing decationation degree of zeolites (from 7 to 80%),
which points to an important role of proton centers. But it is likely that the decomposi-
tion of thiols is also assisted by Lewis acid centers since the elimination of butene from
butanethiol also takes place in the presence of zeolites in various cation forms.* It has-
been found that zeolites with 60% decationation fall into the following activity sequence:

CuY > NiY > CoY > MgY > HY > CaY > Li¥Y > NaY > KY

The difference between the first and the last member of this sequence is larger than two
orders in magnitude. This sequence corresponds to the increase in the acceptor functions
of cations. At 450-500 °C butanethiol decomposes to hydrocarbons and H,S under the
effect of oxides and sulfides of period 3-6 elements. The catalyst activity is determined
by the acceptor properties of the cations. In the presence of several catalysts thiol
decomposition to hydrocarbons and H,S is accompanied by a parallel cyclization to
thiophene.**%

The activity of the sodium forms of X and Y faujesite in the elimination of ethylene
and H,S from ethanethiol in a methane medium at 350°C and P = 0.6 MPa is 2-5 times
higher than that of decationated forms, and the reaction is assumed to follow a radical
mechanism.* C,-C, thiols decompose to yield hydrocarbons and H,S in their interac-
tion with metal and oxide films of Fe, Pd, Ni, Al, Cu, and W already at — 80 °C. With
increasing temperature their decomposition rate rises. It is suggested that on metal films
thiols decompose by cleavage of the S-H bond to form RS and H' radicals. On oxide
films the dissociation takes place with the dissociation of one more bond, the C-S bond,
to form RS, SH, OH, and R radicals. The formation of hydrocarbons takes place via
the reactions:

RSH(g) — RSH(ad) — RS(a) + H(a)
RS(a) + H(a) — RH(g) + S(a)
The interactions of RS structures produces sulfides
RS(a) + RS(a) — R,S(a) + S(a)

The reversibility of the thiol conversion to sulfides has not been established.”
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The reaction mechanism for thiol decomposition involving the participation of ca-
tions is evidenced by studies of the activity of metal-containing zeolites and also of some
metal phosphates and fluorides as well as Al,Q;.7>"#%% For MeY zeolites (Me = Ni,
Co, Zn, Cd, Cu, Ag, Pb, Mn, Al, Ba, Cr, Mg, Na, and Fe) the catalytic activity in
ethylene elimination from ethanethiol depends on the electronegativity of the cations in
the catalysts. For ethanethiol the reaction is suggested® to follow the scheme:

T“z‘f”z
SH
H .
ny 0] Nubsk
CoHgSH —70‘5(0\ L0~ CHa +HS (14)

But is it possible that the ethylene elimination from ethanethiol takes place, similar to
ethanol dehydration,” via formation of ethoxyl groups and their further conversion:

" C, Hg-§-H

~

) I -H,$§
O_ 0 + CHyCHpSH—= H —22, 'CHECH._,’—-—
L o_,0 0

(15)

I1.1.2.3. Catalytic decomposition of dialkyl sulfides 1t is thermodynamically probable
that the conversion of dialkyl sulfides follows two routes: the formation of thiols or
alkenes or of H, S and alkenes.” Sulfide dissociation via the former route is less probable
than via the latter, for which the equilibrium of sulfide dissociation at 600-700 K is close
to 100%. The former reaction route is favored by decreasing temperature.®*’-*

The decomposition of dialky! sulfides in the presence of amorphous AlSi zeolites has
been studied in detail.”***""'% The decomposition of sulfides with unbranched (C,-C,)
or branched chains (C,~C,) where the sulfur atom is linked to either a primary or a
secondary carbon atom has been studied in the presence of AlSi.*"* The degree of sulfide
decomposition increases with increasing temperature, contact time, and molecular
weight. The reaction rate depends on the sulfide structure. It is highest for the sulfides
whose sulfur atom is linked to a secondary carbon atom. Higher conversion rates are
observed for branched sulfides than for unbranched ones. Considerable amounts of
thiols are obtained at 200-300 °C and 60-80% sulfide conversion the selectivity towards
thiol equals 80-90% with 50-70% vyield of thiols. At higher temperatures noticeable
amounts of alkenes and H,S are formed. Sulfides also decompose to yield hydrogen
which can take part in the hydrogenolysis of thiols and sulfides. Kinetic data suggest the
following mechanism for the formation of the reaction products:
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—— H,S + R'-CH=CH,
[H] R'H
RCH,SCH,R ———— R'SH + R’CH=CH,

L ™, R'SH -» H,S + R'H

In the case of the conversion of sulfides whose sulfur atoms are linked to secondary
carbon atoms the primary product is a thiol and its decomposition in turn produces
alkenes and H,S. When the reaction involves the participation of sulfides whose sulfur
atom is linked to primary carbons atoms the formation of thiols and the decomposition
of sulfides to H,S and olefins take place independently. At higher temperatures and
longer contact times thiols also decompose to H,S and alkenes. In the presence of AlSi
at 250-400 °C the conversion of dibutyl sulfide follows a parallel-consecutive scheme.”
At 200-300 °C by and large two independent reactions yield thiols and H, S, respectively.
At higher temperatures the process becomes more complicated. The selectivity towards
thiols rises with increasing temperature and decreasing conversion degree of sulfides: at
70% conversion the selectivity towards butanethiol equals 87% at 300-350°C and is
only 32% at 400 °C. AlSi modification with sodium sulfide diminishes the conversion
degree of sulfides. In this case the yield of both thiols and H,S decreases, whereas the
selectivity towards thiols remains practically unchanged.

In the presence of NaA, NaX, and NaY zeolites and amorphous AlSi, dipropyl sulfide
decomposition has been studied'® at 250-450°C and a contact time of 30-40s. With
increasing temperature the thiol yield increases, the selectivity towards the thiol de-
creases and the products contain gaseous C, and low amounts of C,-C,. The catalyst
is covered by sulfur and coke. The maximum yield of propanethiol (70%) was obtained
on MgNaY with 22% exchange. The catalyst is stable for 40 h of continuous operation
and after deactivation it can be regenerated. The sulfide conversion to thiols at 250°C
on this catalyst rises from 45 to 65% when going from C, to Cq. Its selectivity is 84-88%.

Dimethyl sulfide conversion is more difficult.”’'”' In the presence of Al,O, at 400-
500°C, atmospheric pressure, 30-45vol.% concentration of sulfide in helium, and
contact times of 0.6-10.0 s dimethyl sulfide decomposition produces methanethiol, H,S,
methane, and small quantities of C, hydrocarbons. The decomposition rate rises with
increasing temperature, contact time, and dimethyl sulfide concentration. The selectivity
towards the thiol drops as the conversion degree rises, which indicates further conver-
sion of the methanethiol formed. The maximum yield of methanethiol is 23 mol.% and
the selectivity 37%. At 16% conversion the maximum selectivity towards methanethiol
is 63%. It is possible that the decomposition of sulfides and thiols to form methane is
aided by hydrogen arising from their extensive cracking. As the duration of the experi-
ments increases both the total dimethyl sulfide conversion and the yield of products
drop, but the selectivity towards the thiol changes only slightly. The process is first order
with respect to dimethyl sulfide. The catalyst stability characterized by the time required
for the initial concentration to decrease by 50%, diminishes with increasing temperature
and sulfide concentration and with decreasing contact time. This implies that the catalyst
deactivation is largely caused by the decomposition of the sulfide rather than by that of
its conversion products.
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The catalyst surface becomes covered with sulfur, but this does not affect its activity.
Carbon accumulation on the catalysts in excess of 10 wt.% leads to a drop of their initial
activity. The concentration of the coke deposited grows with increasing conversion of
the dimethy! sulfide.

Electron microscopic and EPR studies of coke formation on y-Al,O, '? show that at
small surface coverages by carbon the condensation degree of the coke is low, but rises
with the coke concentration. In the process of coke deposition the accessible catalyst
surface decreases and its active sites are blocked. It is possible that the coke deposit
contains sulfur but the sulfur does not enter into the conjugated system of the polymeric
carbon structure and is localized in its peripheric aliphatic part. This conclusion was
made in accordance with the fact that the g-factor in the EPR spectra of coke deposits
is close to that of a free electron. Apparently, the surface of alumina like that of other
oxides, can contain strongly adsorbed sulfur-containing structures produced by che-
misorption of H,S, dimethyl sulfide, and methanethiol, e.g., SH™, CH;S™, S and
CH, SO, . Electron microscopic data indicate that the amorphous deposits cover some
isolated crystallites of y-Al, O, at low concentrations of coke. When its concentration
grows the coke deposits connect the y-Al,O, crystallites. EPR studies revealed that at
low concentrations (below 13 wt.%) of coke it has a low-condensed structure and the
catalysts pores are open. As the concentration of the coke deposited on the catalyst rises,
its degree of condensation grows and the separate agglomerates merge to form a
monolithic coverage.

Thus the main reason for the catalyst deactivation in dimethyl sulfide decomposition
in inert media under the effect of y-Al,O; at T = 400-500 °C and atmospheric pressure
is carbon deposition on the catalyst surface. Deactivated catalysts can be regenerated by
treatment with air at 500-550°C. The regeneration is easier with samples containing
low-condensed coke on their surfaces.

The decomposition of dimethyl sulfide to methane is sharply inhibited by added H,S,
since in this case the predominant reaction becomes disproportionation:'*

(CH,),S + H,S 2 2 CH,SH

This reaction is accelerated by acid type catalysts: unmodified Al,O; and Al, O, modified
with Cr, Mo, Co, and W oxides and sulfides, phosphoric and phosphorotungstic acid,
zeolites, and phosphates. In the presence of Al,O; modified with NaOH or KOH the
reaction rate is low (at 280-370 °C and molar ratio H,S:(CH,),S = 1.5-2.0) compared
to unpromoted Al, O, and 2-100 times lower as the alkali concentration increases from
0.1 to 2.5wt.%. These catalysts contain strongly basic and sharply inhibited Lewis acid
centers. Catalysts containing largely strong proton-donor centers (40wt.% phos-
phorotungstic acid on SiO,, AlSi, and HNaY) are more active compared to the former.
The highest activity is observed for aluminium oxide catalysts: unmodified Al,O and
Al,O; modified by acid additives (0.3-3.0 wt.% HF, 3wt.% H,SO,, and 5wt.% WS,).
In the presence of alumina catalysts with approximately the same concentrations of
Lewis acid centers the rate of methanethiol formation increases with the strength of the
Lewis acid centers. IR spectroscopic studies show that treatment of Al,O, or HF/Al, O,
catalysts with dimethyl suifide leads to a complete blocking of Lewis acid centers as
detected by the CO adsorption method (cf. p. 287). This supports the assumption that
dimethy! sulfide conversion in the presence of H,S is affected by Lewis acid centers.



13: 00 25 January 2011

Downl oaded At:

SULFIDES, SULFOXIDES, SULFONES 317

the reaction is reversible its mechanism is likely to be similar to that of the above-
mentioned disproportionation of alkanethiols to dialkyl sulfide and H,S.

In the absence of H,S, at 400-500°C the disproportionation of dimethyl sulfide
homologs to hydrocarbons and H,S readily takes place under the effect of various
catalysts.

Diethyl sulfide decomposition'® is promoted by proton-donor catalysts: aluminum,
magnesium, and zirconium silicate and SiO, either unmodified or promoted by phos-
phoric acid. According to the activity of one proton center at 500 °C the catalysts can
be arranged in the following sequence:

AlSi > Z1Si > MgSi > H,PO,/SiO, > SiO,
kyo.mlfs 0.5 0.4 0.25 0.1 ~0.01

The same sequence is observed for the decrease in the strength of the proton-donor
centers of the catalysts. These results show that proton centers do take part in sulfide
decompositions.

It is suggested®®®' that on AlSi the decomposition of sulfides occurs via formation of
R,SH* and its further conversion to R* and thiol, which in turn undergo further
decomposition. The fact that the reaction involves sulfide protonation can be argument-
ed’*"8 by the activity decrease of AlSi modified by alkalies. For example, the addition
of about | wt.% KOH to AlSi decreases the rate constant of diethyl sulfide decomposi-
tion by 50%. There is a linear logarithmic dependence of the rate constant on values
characterizing enthalpy changes for hydride ion abstraction from the corresponding
alkene. According to their reactivities in the decomposition at 200-350 °C on AlSi and
at 400°C on H,PO,, dialkyl sulfides can be arranged in the sequence:

n-Bu,S > »n-Pr,S > Et,S > (CH;),S

corresponding to the basicities of the sulfide sulfur atoms.

At the same time, catalysts with acceptor centers only, e.g., Al,O; unmodified or
modified by alkalies, are more active in the decomposition of sulfides to hydrocarbons
and H,S. A number of clues indicate that the reaction takes place through the formation
of a donor-acceptor complex with the participation of a sulfide sulfur atom and a cation.
The extent of charge transfer from the sulfur atom to aluminum in AlBr; and the
strength of the Al-S bond are higher than the corresponding values for TiCl,. For
example, the dipole moments for the complexes of dialkyl sulfides with AlBr, equal 7.08
Debye and their formation heat is 74 kJ/mol. In solutions containing AlCl, the decom-
position of sulfides is more rapid than in the presence of e.g., SnCl, or ZrCl,. The
catalytic activity of Al,O, in the decomposition of diethyl sulfide at 500 °C is 75 times
higher than that of TiO,.

The consideration'® of stability trends for complexes with sulfur-containing ligands
such as methionine, cysteine and o-(ethylthio)benzoic acid, shows that although the
complex stability depends on the nature of the ligand, the order of its variations for each
sequence remains approximately unchanged. The activity of metal oxides or sulfides in
the decomposition of dialkyl sulfides varies approximately in the same sequence as the
complex stabilities.

There is a correlation between catalytic activities and stability constants for the other
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Figure 7. Quantitative correlation of the logarithmic rate constants for diethyl sulfide decomposition at
500°C (K -10° ml/m® ‘s) with e/r values over metal oxides (1) and sulfides (2)."*

complexes as well. The activity of the catalysts examined changes symbatically with the
charge to radius ratio e/r of the cations and also with the symbatically associated
ionization potentials and electron affinities of the metal ions. This correlation exists
irrespective of the fact that neither metal oxides nor sulfides are used as catalysts (Figure
7.

When the activities of the catalysts are quantitatively correlated with the e/r values it
appears that the correlation coefficient is 0.63, the dispersion of the empirical correlation
coefficient 0.12, and the root-mean-square deviation from the regression line 0.08. With
no less than 0.99 probability it can be stated that a correlation between IgK and efr
exists. A similar correlation has also been established for the decomposition of dibutyl
sulfides to H,S and hydrocarbons. This correlation implies that the catalyst activity is
mainly due to the acceptor activity of the cations entering in the catalyst.

A symbatic dependence is also observed between the activities of catalysts in elimina-
tion reactions and the electronegativity difference between metals and oxygen or sulfur
which characterizes to a first approximation the ionic character of the metal-chalcogen
bond, and also on the metal-non-metal distance in the crystal lattice of the catalyst. This
can be ascribed to the fact that the above properties go parallel with the acceptor
strength of the cation.

The reactivities of sulfides with different structures and the conversion on this catalyst
are determined by their donor strengths (Figure 8). This also confirms the suggested
mechanism implying that the reaction takes place via the formation of a donor-acceptor
complex whose reactivity depends on both the Lewis acidity of the cation and the donor
strength of the sulfide sulfur atom.!%

gk
92
| .3.4

Figure 8. The logarithmic dependence of the rate constants for sulfide decomposition at 300 °C over y-Al, 05
on the inductive constants in Taft’s equation. 1 — diethyl; 2 — ethyl butyl; 3 — diisoamyl; 4 — di-n-octyl;
5 — cthyl phenyl, and 6 — diphenyl sulfide.”®
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Another important feature is, apparently, the presence in the catalyst of not only
acceptor centers but also associated basic ones. This can be seen e.g. by comparison of
Al O, and HF/AI, O, catalysts. The fluorinated sample has strong Lewis acid centers,
but is of low basicity and its activity is an order of magnitude lower than that of Al,O,.

Studies of the adsorption of dialkyl sulfides on catalysts show that the dissociative
adsorption of sulfides produces structures of the same type as those formed in the
adsorption of methanethiol and dimethyl sulfides (cf. p. 286). It can be assumed that the
decomposition of sulfides yielding thiols, H,S, and alkenes takes place under the effect
of conjugated acid-base pairs of centers similar to the decomposition of thiols discussed
above. Since a sulfur atom in a sulfide has a higher donor ability than that in a thiol the
dissociative adsorption of sulfides with the dissociation of the C-S bond and with the
formation of a surface alkoxyl group and the formation of thiols is easier on these
centers. Under certain conditions alkoxyl groups decompose to yield alkenes and then
the thiols decompose and produce H,S and alkenes (vide supra). The decomposition of
e.g. diethyl sulfide can be described by the scheme:

02H5"5:'CZH5 _Csz:.S\ /CH3
! ] o
O_ ,0 +(CoHs)35 o 0 o 0
\\h‘/ \\hﬂ/ \'ﬂl,
C2HsS
23  -CaHsSH (16)
— H gzﬂs ——  Cahs
6\M/ /O\M/°
CH =
CHz, HyC=CHp
CoHs HC Y H H
,o\M,o — o\M,o ——/o\M,o —=CHq +,o\M,o

Elimination of alkenes and H,S from thiols also takes place through the formation of
an alkoxyl group (cf. p. 314, Scheme 15). It is obvious that the formation of the above
products can also take place during the simultaneous activation of the bonds in a sulfide
molecule.

A generalization of the results given in Section II.1.2. suggests that the dispropor-
tionation of thiols to sulfides and H,S and the decomposition of these compounds to
alkenes take place with the aid of the same active centers of the catalysts. The direction
of this process depends only on the reaction conditions. The disproportionation of thiols
to sulfides is favored by decreasing temperatures and contact times, whereas the decom-
position of thiols and dialkyl sulfides to yield hydrocarbons is favored by corresponding
increases. The concentrations of the reactants affect the yields of the end products only
to a limited extent.

A comparison of the rates for the decomposition to hydrocarbons and H,S of some
thiols and dialkyl sulfides in the presence of aluminosilicate catalysts at the same
temperature shows®**? that the rate constant of sulfide decomposition is one-two orders
of magnitude higher than that for the decomposition of the corresponding thiols.
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Apparently this is true for the other catalysts as well. The decomposition rates for thiols
with branched structure are two orders of magnitude larger than for those with unbran-
ched structures. Hence it can be suggested that in the case of sulfide formation from
l1-alkanethiols a secondary reaction forming an alkene takes place largely from the
sulfide, whereas in the case of secondary alkanethiols alkenes can be formed from both
thiols and sulfides.

I1.2. Cyclic Sulfides

I1.2.1. Synthesis of thiolane from tetrahydrofuran and H,S Five-membered cyclic sul-
fides and their alkyl substituted derivatives can be obtained by exchange of oxygen,
nitrogen, or selenium atoms in the ring by sulfur supplied as H,S (Yuriev’s reaction,
1936). Without catalysts no recyclization takes place and thus their presence is required
in this reaction.

The most comprehensive studies have been carried with the formation of thiolane
from tetrahydrofuran (THF) and H,S.

‘ I +,nzs——| |+H20

0 S

Thermodynamic calculations show that at temperatures in the range 25-725°C the
equilibrium conversion of tetrahydrofuran to thiolane is 100%.

The recyclization processes are carried out in the presence of various catalysts at
25-450°C. Yuriev et al.'” """ applied Al,O, both unmodified and modified by chromia,
thoria, and iron oxides. The patent literature''>'" reports the use of alumina modified
with aluminum and magnesium phosphate, silicic acid, phosphoro- and silicotungstate
heteropolyacids and their potassium salts as catalysts. The application of HY, NaX, and
NaY zeolites as catalysts has been suggested in.''®'"” A qualitative comparison of the
activities of the above catalysts is difficult since the synthetic conditions were different.
Some rules for the selection of catalysts for thiolane synthesis from tetrahydrofuran and
H,S have been established''*''"® on the basis of detailed studies of this reaction in the
presence of various catalysts.

The catalytic activity is characterized by the rate of the total decomposition of
tetrahydrofuran per 1 g catalyst (“weight activity”) or per active center (“specific activ-
ity”). The selectivity is the ratio of thiolane yield to tetrahydrofuran conversion.

Proton-donor catalysts Si0,, H,PO,/SiO,, SiW/SiO,, amorphous aluminosilicate
(AlSi) and HNaY, HZSM zeolites accelerate the recyclization reactions. The yield of
thiolane depends on the synthetic conditions and the catalyst composition (some data
are given in Table 12).

At constant contact time and a temperature increase from 300 to 400 °C the conver-
sion of tetrahydrofuran increases, the selectivity towards thiolane decreases, and the
yield of thiolane changes only slightly, whereas that of C,-C, hydrocarbons rises. In all
experiments a great imbalance with respect to carbon (50-80%) is observed. The
catalysts are unstable in the reaction. For example, at T = 360°C and 7 = 1s, as the
reaction time on HZSM rises from 30 to 150 min, the conversion of tetrahydrofuran and
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the yields of thiolane and hydrocarbons drop by a factor of 3-5, but the selectivity
towards thiolane changes only slightly and equals about 20%. With increasing tetrahyd-
rofuran concentration the catalyst stability decreases. After preliminary treatment of
HZSM for 30min with 4vol.% THF in helium the initial activity in the reaction of
tetrahydrofuran with H,S at 360 °C drops by approximately a factor of 20.

In the absence of H,S tetrahydrofuran decomposes and polymerizes under the effect
of inorganic acids (HCl, H,S0,, HCIO,, and heteropolyacids) in solution'"'*!*' or in
the presence of proton-donor catalysts. e.g., AlSi.'?*'%

The reaction product, thiolane, also deactivates HZSM catalysts, but to a lesser degree
than tetrahydrofuran. After preliminary treatment of HZSM at 360 °C for 30 min with
3vol.% thiolane in helium the initial activity of the catalysts in the reaction of tetrahyd-
rofuran with H,S at 360 °C decreases only 50%. It is known’"'?’ that on catalysts with
strong proton-donor centers, e.g., AlSi, at 250-400 °C thiolane decomposes to yield H,S,
alkenes, and condensation products. The analysis of alumosilicate deactivated during
the reaction of tetrahydrofuran with H,S shows''"®'"* that its surface contains resinous
deposits with a ratio C:H = 1:2. GC-MS data for the product washed out from the
surface with acetone show that they can be unsaturated organic compounds containing
4-6 carbon atoms and apparently 1 oxygen atom. Thus, the observed imbalance with
respect to carbon in the reaction products and the low selectivity towards thiolane is
associated with the decomposition of tetrahydrofuran and the partial decomposition of
thiolane accompanied by the deposition of condensation products on the catalyst
surface.

In the presence of all examined proton-donor catalysts at 360°C and a ratio
H,S:THF = 1:5 with increasing contact time the conversion of tetrahydrofuran and
the yield of thiolane increases. The selectivity towards thiolane on the H,PO,/SiO,
catalyst is insignificant, that on HNaY is 50% and on the remaining catalysts it is
20-30% (Table 12). When the conversion of tetrahydrofuran is less than 60% the

Table 12. The influence of the contact time on tetrahydrofuran conversion in H,S medium at T = 360 °C,
[H,S] = 12.5mmol/l and [THF] = 2.Smmol/l''"*!"

Catalyst Contact Tetrahyd- Thiolane Selectivity

time, rofuran yield, towards

S conversion, mol. % thiolane,
% %
Si0, 2.7 19 4 21
49 38 9 24
8.1 52 12 23
8.1* 70 12 17
30% H,PO,/SiO, 0.7 17 1 6
144 84 0.8 |
HZSM 0.2 13 3 23
0.8 54 11 20
1.3 93 17 18
0.1%* 39 7 18
AlSi 0.4 29 8 28
1.2 65 12 8

*T = 395°C; **T = 410°C.
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Figure 9. The selectivity towards thiolane vs. tetrahydrofuran conversion at 360 °C, H,S:C,H,O = 5 over
HZSM (1) and y-AL O, (2)."®

selectivity towards thiolane and hydrocarbons remains unchanged, which shows that the
recyclization and the decomposition of tetrahydrofuran follow independent routes. At
higher conversions of tetrahydrofuran the selectivity towards thiolane decreases because
of decomposition (Figure 9):

C,H,S + H,0

H S
C,H, O ———

CH, + CH; + H,0 + coke

The experimental results at low conversions of tetrahydrofuran on catalysts with pro-
ton-donor centers can be described by a pseudo-first order equation with respect to
tetrahydrofuran. The scattering of the rate constants for the first-order reaction cal-
culated for various contact times is as high as 20 rel.%. One-parametric experiments in
the presence of HZSM under gradientless conditions show that at a constant-flow
concentration of H,S (14 mmol/l) and with 1.4-8.0 mmol/l variation of the tetrahyd-
rofuran concentration the total reaction rate remains practically unchanged, i.e. the
order with respect to tetrahydrofuran is zero. At a constant-flow concentration of
tetrahydrofuran (3 mmol/l) and 1-14 mmol/l variation of the flow concentration of H,S
the conversion rate of tetrahydrofuran increases and the order with respect to H,S is
approximately unity. Thus, the total order is first order, in agreement with experiments
at different contact times. The process has been found to be inhibited by water and
thiolane. The weight activity of the proton-donor catalysts determined at 360 °C, a ratio
H,S:THF = 1:5, and the same conversion of tetrahydrofuran (Table 13), depends on
the acid-base characteristics of the surface. Amorphous SiO, and silicates whose surfaces
contain a large number of weak proton-donor centers possess low weight activities in the
reaction of tetrahydrofuran with H,S (W = 1-2 mmol/g-h). The activity of one proton
center equals 1-2 umol/h. The slightly higher activity of SiO, is due to the fact that it has
a certain amount of admixed cations with acceptor properties. The weight activity of
H,PO,/SiO, with a higher proton acidity is of the same order of magnitude as that of
Si0,, but the activity of one proton center is an order of magnitude higher and amounts
to 20 umol/h. The selectivity towards thiolane drops to 6% for H,PO,/SiO, compared
to Si0, with 20%. These results testify to the participation of proton centers in both the
thiolane formation and the decomposition processes. The activity of SiW/SiO, with
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Table 13. The activity of proton-donor catalysts in the reaction of tetrahydrofuran with H,S at
T = 3600C118.119

Catalyst 20% Conversion 50% Conversion Wpe,
W, Selectivity, W, Selectivity with res-
mmol towards thio- mmol towards pect to pro-
gh lane, % gh thiolane, ton centers
% umol
g
Sio, 2.5 21 2.1 22 2
Silicalite 1.0 30 0.7 50 1
30% H,P0O,/SIO, 22 6 1.0 3 20
5% SiW/SiO, 37 22 33 22 55
HZSM 7.5 22 10.4 20 200
(Si/Al 100)
HZSM 27 32 22 30 170
(SifAl 45)
HNaY 33 60 22 48 200
AlSi 11 30 11 22 200

stronger proton-donor centers is higher than that of the above catalysts calculated per
both weight (W = 3.5mmol/g-h) and number of proton centers (55 umol/h). The
weight and specific activity of alumosilicates (amorphous AlSi and crystal HNaY and
HZSM) are higher than those of other proton-donor catalysts. But this cannot be
ascribed only to the participation of proton centers since these catalysts have strong
Lewis acid and basic centers as well (Table 2}. The contribution of these centers to the
activity of catalysts for the reaction of tetrahydrofuran with H,S can be considerable,
since they promote H,S activation. At the same time alumosilicates, like the catalysts
containing only proton centers, are of low selectivity towards the formation of thiolane.
Apparently, this is due to the participation of the available strong proton centers in the
decomposition and polymerization of tetrahydrofuran.

Interaction of tetrahydrofuran with acid solutions leads to a donor-acceptor complex
with the participation of the tetrahydrofuran oxygen atom.'”!? This results in ring
opening and the formation of a carbenium ion which can be in equilibrium with other

species:
H+
+

0 ol.Ht

It is likely that a similar process takes place in the presence of solid acids, e.g, zeo-
lites.'m‘m

Adsorption studies of H,S on proton-donor catalysts show that at 20-300°C it is
weakly adsorbed on the surface (cf. pp. 283, 284) without noticeable activation. Taking
into account the above facts the reaction on proton-donor catalysts can be suggested to
take place via tetrahydrofuran adsorption on proton centers and further interaction with
gaseous or slightly activated H,S to produce a surface intermediate product of H,S
addition to an oxonium compound. Decomposition of this product yields thiolane and
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water and this step is rate determining. The corresponding kinetic equation takes the
following form:
K'PHZS

VT T +5P 16, +b,P,0)

where P, Py, Py, are the partial pressures of tetrahydrofuran, thiolane, and water,
respectively; K, b,, b,, and b, are coeflicients.

When the inhibition of the process by the products is taken into account this equation
transforms to:

_ K.Pst
~ (I + b,P; + byPyy)

At low conversions of THF the products do not inhibit the process and the rate equation
changes to first order with respect to H,S. Thus, the kinetic data agree with the suggested
mechanism for the reaction of tetrahydrofuran with H,S on proton-donor catalysts.

The above results permit us to conclude that the application of solid proton-donor
catalysts for the synthesis of thiolane is impractical since H, S is not activated by proton
centers and its reaction with tetrahydrofuran chemisorbed on the surface is suppressed.
Besides, in the presence of strong proton-donor centers tetrahydrofuran and thiolane
decompose and polymerize, which reduces the selectivity towards thiolane and deac-
tivates the catalysts.

Catalysts whose surfaces contain basic and Lewis acid centers are more effective than
proton-donor catalysts. NaX and NaY zeolites whose surfaces contain such paired
centers enhance the formation of thiolane from tetrahydrofuran and H,S. The selectivity
towards thiolane is 100% at T < 350°C and decreases slightly at higher temperatures.
X zeolites in their sodium forms are more active than Y zeolites. Their activity is 2-5
times higher at 420 °C*'%!"7 and 20 times as high at 360 °C."'® The reaction rates on NaX
are slightly dependent on the partial pressure of tetrahydrofuran and grow with increas-
ing partial pressure of H,S. The reaction orders are 0.2 and 0.7, respectively.''® Cation
involvement in the process is evidenced''® by the increase of the reaction rate with
increasing cation density:

NaX > KX > LiX > RbX > GCsX

v

and a decrease by a factor of 4-15 when decationated zeolites are used. The reaction on
NaX is suggested'"® to follow the scheme:

Nat0Z +Hy$ —= Na*SH™ + HY0Z™

w¥oz + D — [Uz[—‘ ]+oz'
° 0 on’ 7)
it | natsw r]
H,0 + Na' +

S

The proton centers on the NaX surface due to the dissociative chemisorption of H, S (cf.
p. 285) take part in the activation of tetrahydrofuran to form a surface oxonium
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Table 14. The activity of catalysts with paired centers in the synthesis of thiolane (at 80% conversion of
tetrahydrofuran; [C,H;O] = 17 mmol/l, [H,S] = 83 mol/)""®

Catalyst S, W,
m’/g mmol/g-h
NaX 800 51
NaY 800 7
Al 0, 200 690
1-Al,0, 300 850
3% HF/AL O, 200 680
1.5% Cr,0,/AL0, 290 570
15% MoO;/AlL O, 265 380
10% K,CO,/Si0, 140 0.1
3.7% NaOH/AL O, 280 13
6.4% K,CO,/AILLO, 280 24
25% K,WO,/Al0, 154 5

which forms thiolane by interaction with SH fragments. The participation of acid-basic
pairs of centers in the H, S activation is confirmed by the fact that addition to the system
of pyridine or HCI suppresses the acid and basic centers, respectively, and drastically
decreases the formation of thiolane.''® The interaction of an oxonium compound with
SH fragments takes place at a higher rate than the competing polymerization and
decomposition of tetrahydrofuran. Therefore NaX is more selective towards thiolane
than proton-donor catalysts. It is likely that the reaction mechanism on NaY is the same
as that on NaX. The differences in the rates are associated with the higher basicity of
NaX compared to that of NaY and with the presence of a large number of delocalized
sodium cations on NaX acting as acid centers.

More effective than Na zeolites are catalysts containing strong Lewis acid centers

Table 15. Thiolane formation from tetrahydrofuran and H,S on y-Al,0;'"*'?

T, °C Concentration, Contact time, Conversion, v,
mmol/l s % mmol/g-h
C,H,0 H,S

100 0.6 3.6 33 9 0.12
150 0.8 39 2.6 21 0.46
150 0.7 0.4 3.5 16 0.23
200 0.7 35 1.3 66 2.6
200 0.7 0.8 2.2 44 1.0
300 0.8 2.7 0.010 76 500
300 0.6 5.3 0.014 95 360
320 7.4 37.3 0.04 42 650
360 0.6 0.7 0.01 22 108
360 0.5 1.5 0.004 31 450
360 0.5 3.8 0.0025 29 620
360 0.5 10.3 0.001 18 900
360 34 9.4 0.003 14 1400
360 6.8 9.8 0.01 22 1600
360 7.5 37.3 0.04 65 990
360 7.2 37.4 0.11 92 514
360 7.2 37.4 0.16 100 500

400 73 373 0.04 86 1200
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paired with basic ones, e.g., coordinatively unsaturated AI’* ions in alumina. The
reaction of tetrahydrofuran with H, S starts at about 100 °C. The yield of thiolane grows
with increasing temperature and contact time and depends on the concentration of
reactants.''®''® The weight activity of Al,Q, is an order of magnitude higher than that
of NaX (Tables 14 and 15).

H,S is dissociatively chemisorbed on Al,O, to form surface SH fragments bound to
Al. Alumina has weak proton centers as determined by ammonia adsorption. Due to the
dissociation of H,S stronger proton-donor centers are formed. They can participate in
the activation of tetrahydrofuran to produce an oxonium compound which reacts with
SH fragments to form thiolane. But this reaction mechanism does not account for the
very high reaction rate on Al,O, compared to that on NaX for which a similar mechan-
ism has been suggested. Apparently, the reaction on Al,O, involves the participation of
basic and strong Lewis acid centers.

In solutions tetrahydrofuran coordinates to Al, Ga, Sn, B, Ti, and Fe halides
form a donor-acceptor complex C,H;O—Al<. A similar process is also possible on
Lewis acid centers of solid catalysts. For example, the adsorption of tetrahydrofuran on
AL, O, is accompanied by a decrease in the concentration of Lewis acid centers as
determined by the spectral test molecule method.!'®'"

Oxonium compounds can decompose at the C-O bond and produce decomposition
products. Under the effect of strong Lewis acid centers tetrahydrofuran can be poly-
merized.'?'?""'33 But, as in the above processes on Al,O, when they do take place, their
importance is small due to the high rate of the interaction between reactive SH fragments
and surface oxonium compounds. This lends to the high selectivity towards thiolane
(Figure 9).

The formation rate of thiolane on alumina depends on the partial pressures of the
reactants and is inhibited by the products.

The reaction rate follows the equation:

B KPPy
© (1 +bPr+ bzpnzo)z

128,132 to

v

where P, Py g, Pr, Py, are the partial pressures of tetrahydrofuran, H,S, thiolane and
water, respectively.

The kinetic data agree with a fast adsorption of the reactants (to form a surface
oxonium compound with an aluminum cation and SH and OH groups on acid-basic
paired centers) and a slow interaction between these surface species to form thiolane and

water:
| | HZ(.:‘CHZ-CHZ.‘.CHZ
|_I| 0 S|H T |.'| .(_)"‘H”'§. ——
0—-Al-0—AI-0 ~ 0-AI-0-Al-0-
(18)
HZC— CHy

i i
) Hzc\ /CHZ l |
H-0-H  §

3 ——=H0 + 3
0-Al — 0—Al~0
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This scheme is similar to Scheme 17, but the oxonium compound is formed with the
participation of Lewis acid centers. Besides, this scheme provides a more detailed
description of the participation of SH fragments in the process. This participation is
confirmed by NMR studies of adsorption at temperatures below 200 °C. Joint adsorp-
tion of tetrahydrofuran and H,S on Al, O, is confirmed by the disappearance of a signal
assigned to SH fragments (6 = — 1.7 ppm) and tetrahydrofuran associatively bonded to
the surface (6 = 3.63 and 1.79 ppm).

Modification of alumina with acid promoters (chromium, molybdenum, boron ox-
ides, or mineral acids) results in increasing strength of the Lewis acid centers, but their
concentration slightly decreases. There appear low concentrations of strong proton-
donor centers and the basicity of the catalysts diminishes (Table 2). The activity of these
catalysts in thiolane formation is only slightly lower than that of alumina (Table 14).
This testifies to the more important role of the strength of Lewis acid centers in acid-base
pairs for the activity of catalysts for the formation of thiolane from tetrahydrofuran and
H,S.

A K,CO,/SiO, catalyst does not contain acid centers, but has only strongly basic
centers on its surface (Table 2). Its activity is lower by a factor of 30 than that of the
support, i.e. silica. Modification of alumina with potassium or sodium hydroxide,
carbonate, or tungstate'® leads to the formation of strongly basic surface centers
(PA® = 930-970 kJ/mol). The selectivity towards thiolane on these catalysts is 100%,
but the activity of the catalysts is lower than that of Al,O,. With varying concentration
of sodium hydroxide on Al, O, (Table 16) the total content of strongly basic centers
changes slightly. No straightforward relationship with the activity has, however, been
found. With low concentrations of alkalies added to alumina the proton centers are
primarily suppressed, whereas the Lewis acid centers remain unaffected. The weight
activity of the catalysts varies slightly with increasing NaOH concentration up to
0.1 wt.%. This suggests that the proton-donor centers of alumina catalysts do not
contribute to the synthesis of thiolanes. As the NaOH concentration in Al, O, rises, the

Table 16. The influence of NaOH additives to Al, O, on its activity in the reaction of tetrahydrofuran with
H,S at T = 360°C, 50% conversion of tetrahydrofuran, and a ratio H,S:THF = 1:5'"*

NaOH additive S, Concentration of Catalyst
to y-AlL O, m?/g centers, umol/g activity,
Wt.% umol/g Lewis acid Basic mmol/g-h
Qco = 34-20 kJ/mol PA® > 900 kJ/mol

0 0 200 550 814 530

0.01 2.5 200 500 816 550
0.02 5.0 230 — e 530
0.05 12.5 220 880 580 474

0.1 25 210 830 770 500
0.25 62.5 200 — — 386
0.30 75 210 810 800 343

0.5 125 230 970 — 224

1.0 250 - 750 580 128

3.0 750 230 460 780 32

5.0 1250 220 280 740 17

10.0 2500 200 — 100 10
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Figure 10. The logarithmic dependence of the catalyst activity in thiolane formation from tetrahydrofuran
and hydrogen sulfide (v-10°mmol/g-h) per one Lewis acid center on this center strength, T = 360°C,
H,S:C,H,0 = 5.'"°

strength of the Lewis acid centers decreases and the weight activity of the catalysts drops.
The activity of one Lewis acid center diminishes as its strength drops (Tables 14 and 16,
and Figure 10).

These results indicate that thiolane formation requires the presence of strong Lewis
acid centers on the surface of alumina catalysts. These centers take part in the formation
of an oxonium complex of tetrahydrofuran and paired with basic centers they promote
H,S activation. Compared to proton-donor catalysts, samples having strong Lewis acid
centers, especially paired with basic ones, are more effective, since on their surface
tetrahydrofuran is considerably activated and reactive SH fragments are formed readily
from molecular H,S. These fragments interact with oxonium compounds to form
thiolane.

In the course of the reaction the initial activity of the alumina catalysts decreases,
although more slowly than that of proton-donor samples. Their surfaces accumulate
carbon deposits. Apparently, their deactivation takes place under the effect of the
products of tetrahydrofuran deoxygenation. According to,"* on Al,0, and Al-Co-Mo
catalysts in nitrogen at 400 °C tetrahydrofuran decomposes to yield mainly propylene
and butadiene and also butenes. The butadiene has been suggested to be formed from
tetrahydrofuran chemisorbed via its oxygen atom on AI’* cations with subsequent
dissociation of both C-O-C bonds. When the first C-O bond is dissociated, the structure
formed can further decompose to produce butene or, which is more probable, propylene
and formaldehyde-like O—-CH, structures. The resinous deposits are formed by buta-
diene polymerization or by condensation of surface O-CH, structures and unsaturated
hydrocarbon moieties. NMR studies of tetrahydrofuran interaction with Al,O, show
that at temperatures below 200 °C it is associatively adsorbed by the catalyst. At higher
temperatures the adsorption is accompanied by tetrahydrofuran decomposition to yield
butenes (6 = 0.83 and 1.0ppm) and CH, (§ = 0.96ppm). At 400°C the reaction
produces aromatic and olefinic compounds (6 = 7.3 and 4.4 ppm). In the presence of
AL O; at T = 100-200°C in helium tetrahydrofuran decomposes at high rates and
yields mainly C, hydrocarbons. The decomposition rate rises with increasing tem-
perature, up to 300°C. Besides C;, the products contain the same amount of C,
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hydrocarbons and also a small amount of C,. A carbon deficit (30-40%) in the material
balance and a decrease in the catalyst activity with time (e.g. 20% decrease after 30 min)
are observed. Evolution of gaseous hydrocarbons and catalyst deactivation are also
observed in experiments with low concentrations of H,S and a ratio H,S:C,H;0 < 1.

Thus, the selective formation of thiolane on alumina catalysts and the stable operation
of the contacts require moderate reaction temperatures and excess H,S relative to
tetrahydrofuran.

I1.2.2. Catalytic hydrogenation of thiophenes Thiolanes can be obtained from more
readily available thiophene derivatives. For this purpose noncatalytic reduction of
thiophenes with the systems: zinc-proton acid, triethylsilane-trifluoroacetic acid, etc. has
been suggested.'**'** These methods require a large excess of reactants, the reduction
rate is low, and the reactivities of the thiophenes are greatly dependent on their struc-
tures. A more efficient method is the reduction of thiophenes with molecular hydrogen,
which requires catalysis.

Thiophenes can coordinate with catalysts both with involvement of their n-electrons
and of the sulfur atom. Molecules activated via n-bonding can be saturated by hydrogen
activated by the same catalyst.

Hydrogenation catalysts are substances capable of forming complexes with unsaturat-
ed compounds and with hydrogen: group VIII metals, their complexes, and transition-
metal sulfides."’’

The activity of the platinum group metals in hydrogenation is largely associated with
their “dative’ ability, i.e. the metal-to-reactant transfer of electron density. The metals
activate unsaturated compounds by forming n-alkene complexes. Hydrogen activation
takes place by transfer of electron density from an occupied metal atomic orbital to a
vacant antibonding molecular orbital of hydrogen. Certain thiophenes and thiolanes
coordinate to metals with formation of M-S bonds. This leads to a decrease in the
number of active centers and to a change in their electronic properties and hence makes
the reaction difficult. In the case of vigorous interaction with a catalyst, thiophenes and
their saturated derivatives decompose with elimination of H,S or sulfur and of alkenes
which deactivate the catalyst:

[ 2

S

gy D S (19)
0\
; $7 S CaHx:

Hydrogenation of unsaturated organic compounds can also take place in the presence
of transition-metal sulfides.® Hydrogenation mechanisms on metal sulfides have been
studied in less detail than those on metals. XPS and quantum chemical data'® suggest
that metal sulfides possess acceptor centers formed by displacement of electron density
from the metal to sulfur atoms of the catalyst. It is this displacement which is responsible
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Figure 11. The temperature dependence of the equilibrium depth of thiophene hydrogenation to thiolane
(1), thiophene and thiolane hydrogenolysis (2, 3), and thiophene hydrogenation and hydrogenolysis (4).'*

for an activation different from that on metals, i.e. the complex formation takes place
due to transfer of electron density from hydrogen and alkenes to a cation. The donation
of electrons to a hydrogen orbital which occurs on platinum group metals weakens the
bond between the hydrogen atoms more intensively than a donor-acceptor interaction
where hydrogen electrons are transferred to vacant metal orbitals in sulfides. This can
be the reason for the more difficult course of hydrogenation on sulfides than on metals.
Besides, the distance between the metal atoms in sulfides is greater than that in metals.
For a certain type of molecules (when structural correspondence is important) this
implies a decrease in the concentration of active centers. All this makes the reaction more
difficult and it must be carried out under more severe conditions, in particular at elevated
temperatures. There are also some other difficulties associated with the mechanism of the
activation of the substrates. For example, the donor-acceptor interaction of thiophenes
with metal sulfides involves the participation of both carbon atoms of a C=C group and
the sulfur atom of a thiophene. This decreases the number of active centers with respect
to hydrogenation and increases the probability of thiophene ring cleavage.
Calculations show that thiophene hydrogenation can be complicated by hydrogenoly-
sis since both of these reactions are of high thermodynamic probability. With a stoic-
hiometric hydrogen-to-thiophene ratio the equilibrium yield of thiolane in the reaction

" ||+2Hz.:| l

S s

increases with decreasing temperature (Figure 11). With 10-100 times excess hydrogen
relative to thiophene and at increased pressures the equilibrium yield of thiolane is 100%
at T < 830K. But under these conditions the hydrogenolysis of thiophene and of
thiolane is even more probable:

C,H,S +4H, @ H,S + CH,
C,HS +2H, = HS + CH,

Hence at certain temperatures, even with a 100-fold excess of hydrogen, the equilibrium
yield of thiolane cannot exceed 50% since the following reaction
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C.H,S + 6H, 2 1 C,HS + $ H,S + $ CHy

takes place. This does not mean, however, that a high yield of the product of thiophene
saturation (thiolane) cannot be obtained. The mechanisms of these two processes are
different. It is most probable that the hydrogenolysis taking place at increased tem-
peratures and occurs in several steps. One of these steps requires the formation of a
surface complex involving the participation of the thiophene sulfur atom with further
dissociation of the C-S bond in the chemisorbed molecule, whereas for thiophene
saturation to thiolanes a dative bond must be realized due to the formation of a surface
n-alkene complex. Thus, hydrogenation and hydrogenolysis involve the participation of*
different active centers of the catalysts. Hence it is possible by proper choice of the
catalyst and the reaction conditions to direct the process towards the saturation of a
thiophene to a thiolane.

The response of the hydrogenation to the reaction conditions has been established for
thiophenes and their close homologs as examples. Some attempts have been made to
realize this reaction on various catalysts in both liquid- and gas-phase processes.

I1.2.2.1. Gas-phase hydrogenation Gas-phase hydrogenation has been studied in detail
in connection with the elaboration of the complete hydropurification processes. In
several cases the hydrogenolysis of thiophenes on catalysts containing molybdenum,
cobalt, nickel, tungsten, and chromium sulfides at 200-350 °C produced thiolanes'**-'*
with 1-3 and 10-34% yield at atmospheric and increased pressure, respectively.

In the presence of CaA, CaX and CaY zeolites modified with nickel or cobalt,
thiophene reduction takes place. On nickel-containing CaY zeolites at atmospheric
pressure, T = 250-300°C and contact times of 1.5-3 s, the thiolane yield is 90-98 %, but
the catalysts are deactivated. For the duration of the steady-state process (0.5-1.0h)
0.35g thiolane per 1g catalyst is obtained.'* On NiHNaY zeolites prepared via ion
exchange with nickel ammoniate and with highly dispersed nickel in their intracrystal
cavities, at T = 250-325°C and 0.1-2.5 MPa hydrogen pressure the yield of thiolane
from thiophene is 70%. In the course of the experiment the catalyst activity decreases.
The main reason for the catalyst deactivation is the formation of coke deposits which
diminishes the catalyst surface accessible to the reactants. The catalysts can be partly
regenerated by treatment with air.'*'* More stable in gas-phase processes is palladium
sulfide supported by alumina. At temperatures T = 190-220°C and 0.1-5.0 MPa pres-
sure the yield of thiolanes can be as high as 60 mol.% with a selectivity of 80-90%. The
catalyst activity does not decrease during 90 h operation and no less than 20 g thiolane
is obtained per 1g catalyst.'¢'®

11.2.2.2. Liquid-phase hydrogenation Liquid-phase hydrogenation of thiophenes takes
place under the effect of various catalysts.

Metallic rhodium (1.2% Rh/AL,O,) at 20°C and atmospheric pressure is of low
activity and stability. For example, with excess catalysts with respect to thiophene the
yield of thiolane equals 5-6 mol.%. The hydrogenation ceases after the formation of
0.035 g thiolane per 1g catalyst.'® Rhodium complexes with anthranilic or N-phenyl-
anthranilic acid dissolved in N, N-dimethylformamide at atmospheric pressure are of low
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Table 17. Hydrogenation of sulfur compounds on 5% Pd/C at 20°C and 0.1 MPa in methanol solution

Compound Reaction Product yield 100% yield
rate, before cat- of
v-10%, alyst product at
mol/g Pd-h deactivation, catalyst
mol/g Pd- 10? content
(% of sub-
strate
weight)
C,H,S 3 1 2500
CH,SCH=CH, 7 2 200
CH, =CH-CH,SH 30 5 150
C,H,S0, 120 1500 0.1

activity in homogeneous hydrogenation.'® More active are palladium catalysts. Hyd-
rogenation of thiophenes and their derivatives has been carried out'' at 20°C and
0.2-0.4 MPa for 0.5-2.0 h in a solution of methanol modified with 1 wt.% H,SQOy,, in the
presence of 5% Pd supported on catalyst a 100% yield of thiolane is obtained after 0.5h
with a formation rate of 1.6 g/h per 1 g Pd. With a small amount of catalyst the reaction
rate is low and the process remains incomplete due to catalyst deactivation. The reaction
rate is much lower (by a factor of 2-40) compared to that for the liquid-phase hydroge-
nation of other unsaturated sulfur compounds (Table 17). Apparently, aromatic C=C
bonds are more difficultly activated than olefinic ones.'*>!%

The formation rate of thiolane is slightly dependent on the quantity of palladium and
on its dispersity on various carriers (AlSi, SiO,, Al,O,, and carbon)(cf. Table 18). With
the pressure rising from 0.1 to 5§ MPa a five-fold increase in the reaction rate at 20°C is
observed. The hydrogenation partly takes place via the hydrogen adsorbed by the
palladium’*? (Table 19).

Thiophene reduction in polar solvents (alcohols, N, N-dimethylformamide) is easier
than in hydrocarbons.'” When the hydrogenation temperature rises from 20 to 80°C at
0.5 MPa, the formation rate of thiolanes increases slightly. At higher temperatures the
formation rate increases considerably, but under these conditions palladium sulfuriza-

Table 18. Hydrogenation of thiophene in the presence of supported metallic palladium in alcohols, hydro-
carbons, and thiolane 1,1-dioxide**'**

Catalyst T, P, W, Thiolane yield,
°C MPa mol thiolane
i-h

per

g acces- mol per g-at.

sible Pd g 5% Pd/C accessible Pd
1-10% Pd on 20 0.1 0.2 0.006 0.4 0.01
Al O,, SiO,, 60 0.1 0.4 0.012 0.8 0.02
coal 20 5.0 0.9 0.03 2.0 0.05

80 5.0 1.1 0.04 43 0.1
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Table 19. Hydrogenation of thiophene on Pd/carbon catalyst (20°C, 5 MPa, solvent: thiolane 1,1-dioxide
with 1% H,S80,)'*

Amount of Reaction Hydrogenation Yield of

thiophenes medium time, thiolane,

taken for min mol.%

hydrogenation,

g

0.1 Hydrogen 10 29
Hydrogen 15 36
Hydrogen 30 40
Hydrogen 45 45

0.1 Hydrogen 30 1

0.1 (additional} Nitrogen 10 9
Nitrogen 15 10
Nitrogen 30 11
Nitrogen 45 10

tion takes place depending on the reaction medium.'”® Metal palladium catalysts are

extremely unstable at T = 20-80°C.""* Apparently, their deactivation mainly takes
place by interaction of the palladium with thiolane to form a donor-acceptor bond
Pd « S . This bond is stronger than that of palladium with thiophenes coordinating
over the n-electron system. The catalyst toxicity of sulfur compounds rises with increas-
ing donor ability of their sulfur atoms. For example, saturated thiols are weaker electron
donors than thiolanes and their bonds with palladium are weaker. Under the reaction
conditions thiols are partly desorbed from the surface and hence the stability of the
catalyst is an order of magnitude higher than that in the hydrogenation of thiophenes
to thiolanes.

The relative catalyst toxicities of sulfur compounds were found to lie in the following
sequence:

R,S > RSC(H, > H,S > (C(H,),S > C,H,S
17 6 4 2 1

In the presence of organic sulfides the stability of palladium hydrogenation catalysts
increases with increasing donor ability of the sulfur atoms.'*

A further reason for catalyst deactivation, besides its blocking by thiolane, can be the
formation of surface PASR and PdS, compounds. As a consequence the stability of a
palladium catalyst in thiophene hydrogenation is three orders of magnitude lower than
in the hydrogenation of alkenes which do not contain bivalent sulfur (Table 17).

Irrespective of the substrate type, the palladium content on it, and the hydrogenation
conditions (solvent, acidity, temperature, pressure, and thiophene content in the initial
solution) complete deactivation of palladium catalysts in thiophene hydrogenation takes
place after the formation of no more than 4.5 moles of thiolane per 1 g-atom of accessible
metal. This corresponds to approximately 0.1 g thiolane yield from 1g 5% Pd substrate
catalyst (Table 18). The deactivation of metallic palladium cannot be prevented.'*

Thiophene reduction is catalyzed by metal complexes. It takes place under the effect
of dicobaltocarbonyl at T = 180-190°C and P = 20-28 MPa. Such catalysts are deac-
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tivated by sulfurization.’”® Metal complexes of palladium with alizarin C (0.5 wt.%)
supported on AL O, enhance thiophene hydrogenation (200°C, 16 MPa, 4-7 h contact
time, 0.04-0.2 mol.% with respect to substrate). The yield of thiolane rises depending on
the type of solution used. The maximum yield of 10-11.4mol.% was obtained in
2-propanol and methylcyclohexane. The effect of the solvents is attributed to their ability
to solvate the reactants on the catalyst surface.'”’

Palladium complexes supported on SiO, catalyze the hydrogenation of thiophene to
thiolane at 20°C and 0.1-5.0 MPa. Their activity is of the same order of magnitude as
that of metallic palladium. With the temperature increasing to 80°C at SMPa the
hydrogenation rate grows by a factor of 16, but at the same time the structure of the
complexes changes. With respect to their stability these complexes are close to metallic
palladium (Table 20).'%'5

The reason for the deactivation of SiO,-supported pailadium complexes was esta-
blished by hydrogenation of a compound which is not toxic for these catalysts. 3-
Thiolene 1,1-dioxide was added to solutions of thiophene or thiolane."®'® In the
presence of the latter the initial activity of these complexes decreases, and an especially
strong poison is thiolane. The formation constant of the adsorptive thiophene-catalyst
complexes is a factor of 3 smaller than that for thiolane complexes. As follows from
desorption data the deactivation by thiophenes is partly reversible, whereas the toxic
effect of thiolanes is irreversible. In N, N-dimethylformamide which is a good complex
formation agent in competition with sulfur-containing poisons the stability of the
complexes towards the poisoning effect is higher than in isopropanol (at a poison to
catalyst ratio of 100:1). The stability of mononuclear complexes of Pd(II) depends on
the donor ability of internal ligands and is represented by the instability constants of

Table 20. Hydrogenation of thiophene in the presence of palladium complexes'>'*’

Catalyst T, Py v, Stability,

°C MPa mmol mol
g-at. Pd-min g-at. Pd

Supported Pd 20 0.1 6 0.4

(AL O, Si0,, C) : 20 5.0 30 20
80 5.0 35 43

Mononuclear complexes of Pd(11): 20 0.1 2-4 04-14

Si—(CH,); L'PdL”

_NH, 20 5.0 5-16 1.4-2.0
~-C¢H

(LG 4C§NOH

NHCS,Na, C,H,NS, 80 5.0 30-80 2-8

L” = Cl, OAc, OH)

of Pd(0): 20 0.1 11 2.0

Si-CH,CH,PPh,Pd(PhCH=CH),CO

Polynuclear complexes of Pd: 20 0.1 4-40 04-3.4

S _— CH,CH,PPh,~—__ PdL

~CH,CH(CH,)CH,PPh,~

(n = 2-6, L = OAc, Q) 20 0.1 24 20

Si-CH,CH,PPh,Pd, (n = 2, 3) 80 5.0 63 44

PdS/AL O, 20 0.1-5.0 0 370
200 5.0 170
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these complexes. With their decrease the strength of the Si-L-Pd bond increases and the
ability of the palladium to coordinate with a poison to form Si-L-Pd « S<Zdiminishes.
The stability of polynuclear complexes depends on both the strength of the Pd bond with
internal ligands and on steric factors. The contribution of the latter increases with the
nuclearity. Due to the small size of the cluster framework, not all the palladium atoms
are accessible for the formation of bonds to the poison, but they are all accessible for
hydrogen activation.

According to XPS data mononuclear complexes of Pd(II) treated with thiolanes
undergo changes. In the spectral region Pd-3d one can observe a decrease in the bond
energy from 337.2 to 336.7¢V at B = 3.4-3.5¢V, which testifies to a decreased valency
of palladium. The intensity changes only slightly (0.23-0.21). In the region S-2p and S-2s
the spectrum exhibits sulfur lines. UV spectra of samples treated with a poison exhibit
a shoulder at 34000-24 000cm ™", typical for a Pd(II) bond to sulfur. XPS spectra of
Pd(0) complexes, untreated and treated with thiolanes, respectively, exhibit constant
bond energies with line half-widths of 336.1 and 4.4-4.1 eV respectively. The intensities
of the lines Pd-3d/Si-2p decrease from 0.36 down to 0.26, which can be ascribed to
screening of the palladium signal by adsorbed poison molecules. The UV spectra also
show preservation of the complex structure after treatment with thiolane (bands at
28000, 22000 and 16 000cm™'). Treatment of Pd(0) complexes with high quantities of
poisoning substances at elevated temperatures destructs the initial structure according
to XPS data which show a decrease in the bond energy, the half-widths of the lines, and
the signal intensities. This is also confirmed by the disappearance from the UV spectra
of bands typical for the initial complexes. Apparently, the complex destruction is
accompanied by the formation of the Pd «S<Zbond.

Thus SiO,-supported palladium complexes are deactivated due to the fact that sulfur
poisons entering into the coordination sphere of palladium remove external ligands and
form palladium-sulfur bonds. Under certain conditions the structure of these complexes
is completely destroyed.

Transition-metal sulfides are active in the reduction of thiophenes at temperatures
above 100°C and high hydrogen pressures.'®'®* For example, in the hydrogenation of
alkyl- and acetylthiophenes on CoS, catalysts at 200-225°C, 10 MPa, and 2-13 h reac-
tion time the yield of substituted thiolanes is 15-95%. Molybdenum sulfide at 230-
300°C and 14-17 MPa is hardly active in thiophene hydrogenation. More active are
sulfides of the platinum and rhenium group metals (both in bulk and supported on
Al,O,, Si0,, AlSi, and carbon): at 150-250°C and 3-25 MPa with 3-40 wt.% catalyst
to respect to thiophenes in alcohol or hydrocarbon solution the yield of thiolanes is
60 mol.% with 70-90% selectivity.

The best results were obtained on palladium sulfides. For example, in the hydrogena-
tion of thiophene catalyzed by 2.5% PdS/Al,O; (200°C, 25MPa, 3h), the yield of
thiolane is 60% with respect to starting thiophene and about 100% with respect to
consumed thiophene. The catalyst productivity is 18 g/h thiolane per 1g palladium.'®

With regard to their relative specific catalytic activities these metal sulfides were
found'® to form the sequence:

Pds > R62 S7 > Rh2 S3 > RU52 ? OS82 = PtSz
Hydrogenation of thiophene and 2-methylthiophene in the presence of modified sulfide-
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palladium catalysts'”*®'* takes place at 260 °C and 5 MPa in dodecane solution (0.1-
5mol/l) with up to 60% vyield after 0.5h and a selectivity towards thiolanes as high as
70%. With up to 50% conversion of thiophenes the selectivity towards thiolanes is
90-97%. These catalysts are stable for extended hydrogenation periods: no less than 20 g
thiolane can be obtained per 1g catalyst and the catalyst productivity is as high as
12g/g-h.

Supported PdS catalysts are approximately 1000 times more stable than the corres-
ponding metallic palladium samples, though their initial activities under the above
conditions do not differ.'s

After thiophene hydrogenation the sulfur content in Pd/Al, O, catalysts is the same as
in PdS/Al, O, samples, apparently due to metal sulfurization. Thermodynamic calcula-
tions predict easy sulfurization of palladium.'®® To preserve the PdS phase at 327°C and
0.1 MPa, about 3% H,S must be present in the equilibrium state. Experimental data
indicate'® that metallic palladium supported on Al,O, completely transforms to pal-
ladium sulfide already after 0.5h treatment with H,S at 200°C. At the same time
thermodynamic calculations for the PdS + H, system show that at moderate tem-
peratures (below 500 °C) palladium sulfides can be partially reduced to metallic pal-
ladium.'®* A considerable amount of metallic palladium must be formed with increasing
partial pressure of hydrogen in the system. Besides metallic Pd, the equilibrium system
must also contain Pd,S whose content rises with temperature and the ratio H,:PdS.
Thus, in the course of the hydrogenation of thiophenes (100-300°C) on palladium
sulfide catalysts the latter can gradually be reduced to form either metal- or sulfur-defi-
cient phases. These suggestions have been confirmed by XPS and thermostimulated
exoelectron emission studies.'*® The reduction of palladium sulfide by hydrogen is slower
than the sulfurization of metallic palladium. At 200 °C the extent of reduction after | and

A
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Figure 12. The hydrogenation of 2-methylthiophene over PdS/AL, O, at t = 260°C, P = 5MPa in dode-
cane. (a) The influence of the contact time on the yields of 2-methylthiolane (1) and pentane (2); (b) The
dependence of the selectivity towards 2-methylthiolane on 2-methylthiophene conversion.'*
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10h was 2 and 85%, respectively. Complete reduction requires 50 h.'® In the course of
liquid-phase hydrogenation of thiophene in the presence of rhenium sulfide the sulfur
concentration in the bulk and in the near-surface layer of the catalyst decreases as
evident from chemical analysis and XPS data.'”’

The reduction of metal sulfides to metals under catalytic conditions is difficult, since
as a consequence of the dissociative chemisorption of the sulfur compounds the catalyst
is sulfurized. In addition, the catalyst is stabilized by complex formation involving a
sulfur atom of the undissociated compound. Hence it is most likely that the active
component of the catalysts for thiophene hydrogenation at elevated temperatures is the
metal sulfide.

Kinetic studies'*'® show that the curves of the thiolane yield in thiophene or 2-
methylthiophene hydrogenation in the presence of PdS/Al, O, vs. contact time contain
maxima.

The selectivity towards thiolanes is close to 100% at low conversions and diminishes
with increasing conversion degrees. For example, with 80% conversion of thiophene the
selectivity is only 50% due to hydrogenolysis of thiolane (Figure 12). The reaction
follows a parallel-consecutive scheme with predominance at T < 300 °C of the consecu-
tive mechanism:

____»C“HSS

H
C,HS —2 ] &I\z

H,S + C,H,

The hydrogenation rate rises with increasing thiophene concentration and partial
pressure of hydrogen falls upon addition of thiolane. At constant hydrogen pressures
and low conversion degree of thiophene the reaction rate is first order with respect to
thiophene:

v = K-C.

In the general case the inhibiting effect of the reaction product and the effect of the
hydrogen pressure must be taken into account. It can be assumed that the liquid-phase
hydrogenation of thiophene on PdS/Al,O,, like on other catalysts,'*"'** takes place via
dihydrothiophene formation. On the active center of the catalyst there forms an inter-
mediate thiophene-hydrogen adduct which then slowly transforms in the partly hyd-
rogenated compound, i.e. dihydrothiophene. The latter is not an aromatic substance,
hence it further hydrogenates to thiolane at a high rate and the resulting thiolane is
desorbed from the surface:

Z + C4H4S + Hz 2 Z'[C4H4S'H2]
Z:[CH,S-H,] - Z-[C,H(S]
Z:[C,H(S] + H, - Z + C,H,S

Here Z is the active center of the catalyst and each of the above steps can be a sum of
several fast steps, including those involving the adsorption of reactants. The kinetic
equation deduced from the postulated scheme can be transformed as follows:
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K:C-Py,
a-C;

Where K is the rate constant and C and C; are the concentrations of thiophene and
thiolane, respectively. This equation describes the experimental data fairly well.'®

The reactivities'>*'% of thiophene and its homologs do not differ greatly and are close
to those established for benzothiophenes (Table 21). This allows one to obtain thiolanes
via hydrogenation of various thiophene-containing mixtures. In particular, it is possible
to hydrogenate a mixture of thiophenes contained in mean distillates and gasoline
fractions of petroleum, to thiacycloalkanes.

vV ==

III. CATALYTIC SYNTHESIS OF SULFOXIDES AND SULFONES

II1.1. Oxidation of Sulfides to Sulfoxides and Sulfones

Sulfoxides and sulfones are obtained by the treatment of sulfides with various stoic-
hiometric oxidants such as peroxides, hydroperoxides, nitric and chromic acid, nitrates,
potassium persulfate, halogens, and permanganate.”'%'® The selective oxidation of
sulfides with hydrogen peroxide and hydroperoxides is aided by the use of catalysts
(compounds of tungsten, molybdenum, vanadium, titanium, zirconium,>'®'® and
allows the production of sulfoxides and sulfones in high yields. More economic appears
the use of molecular oxygen as a cheap and easily available oxidant.

Table 21. Hydrogenation of thiophenes in cyclohexane solution in the presence of alumopalladium cat-
alystslﬁ, 165

Compound T, PH2, Congentration Time, Yield of

°C MPa of thiophene, h thiolane,

mol/l mol.%
Pd/AL O,

2-Methylthiophene 200 8.5 0.25 1.0 36

260 5.0 0.13 0.25 56

260 5.0 0.13 0.5 67
3-Propylthiophene 20 8.5 0.19 1.0 36
2-Octylthiophene 200 8.5 0.19 1.0 59

PdS/AL O,

2-Methylthiophene 200 35 0.13 1.0 25

200 5.0 0.13 0.5 23

200 5.0 0.13 1.0 37

200 8.0 0.13 1.0 42
2-Octylthiophene 200 5.0 0.064 0.5 32

200 5.0 0.064 1.0 41
3-Hexylthiophene 200 8.5 0.1 0.5 42
2-Butyl-5-methylthiophene 200 5.0 0.1 0.5 26

200 5.0 0.1 1.0 35
Benzothiophene 200 5.0 0.1 1.0 S5
3-Methylbenzothiophene 200 5.0 0.09 1.0 40
3,6-Dimethylbenzothiophene 200 5.0 0.08 1.0 53
Concentrate* 255 5.0 0.1 1.0 50
Diesel fuel 200 9.5 0.03 20 65

* hydrogenation in dodecane solution.
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In the gas-phase oxidation of sulfides with oxygen unassisted by catalysts the yield of
sulfoxides and sulfones is negligibly small; under these circumstances products of
complete oxidation are mainly formed. The process follows a radical mechanism, via
RSCH, and HO, radical formation and their subsequent transformations.? At atmo-
spheric pressure the liquid-phase reaction starts at T ~ 75°C, but occurs at a noticeable
rate only upon addition of radical initiators.'™® An increase in pressure and temperature
of the liquid-phase oxidation promotes the formation of sulfoxides. For example, the
oxidation of dimethyl sulfide, decyl methyl sulfide, and thiolane with oxygen in aqueous
alcoholic solution at 100-130°C and P ~ 7MPa in the absence of catalysts yields
80-90% of sulfoxides; however, the process is slow (20-64 hrs).'”" Heating liquid dibutyl
sulfide 1h at 120°C and P = 5MPa leads to less than 0.5mol.% yield of sulfoxide;
dibutyl sulfone is not formed.'”

In the presence of solid oxide catalysts and at 250-600°C complete oxidation of
sulfides to SO,, CO,, CO, and H,O takes place.'”> When assisted by homogeneous
catalysts (nitrogen oxides), oxidation of sulfides to sulfoxides with oxygen occurs easily,
but the process is technologically complex.*'®

Metal compounds have found wide use as catalysts of partial oxidation of various
organic substances by oxygen. These catalysts are also appropriate for the mild oxida-
tion of sulfides to sulfoxides and sulfones with oxygen. The reaction is carried out in the
gas and the liquid phase.

I11.1.1. Gas-phase oxidation of sulfides Thorough studies of gas-phase oxidation of
sulfides with oxygen have been described in.'™ 7182717

IH1.1.1.1. Activity and stability of metal oxides At temperatures below 250°C the
reaction in the presence of V, Cu, Mn, and Mo oxides occurs only on the catalyst surface
and does not proceed in the bulk; the oxidation products include sulfoxides and sulfones;
products of a more complete oxidation, such as SO,, H,0, CO, CO,, COS, aldehydes,
carboxylic acids, and sulfonic acids as well as alcohols are also formed. At higher
temperatures the gas-phase oxidation of sulfides in the presence of metal oxides follows
a heterogeneous-homogeneous path resulting mainly in sulfide destruction.'”®!7*!7

The oxidation of dimethy! sulfide with molecular oxygen at atmospheric pressure
under conditions preventing reaction in the bulk has been studied most comprehensive-
ly.

The activity of metal oxides changes as a function of the nature of the catalys
Experiments in a flow-circulation system with constant-flow concentration of sulfide or
with removal of products from the reaction mixture have indicated that the differences
in catalytic activity are associated neither with the kinetic features of the dimethyl sulfide
oxidation on various oxides nor with the poisoning of the surface by the reaction
products in the gas phase.'”

According to the rate of dimethyl sulfide oxidation per 1 m? of surface the oxides can
be arranged in the same order relative to complete oxidation and formation of partial
oxidation products (dimethyl sulfoxide and dimethyl sulfone):

t.l76—l78

V,0; > MoO, > CuO0 > WO,,ZnO > Co,0,, Fe,0, > Cr,0, > MnO
> TiO, > NiO
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The corresponding values characterizing the cation acceptor strength®* and the ioniza-
tion potentials change in the same order. This fact may be taken as evidence from the
formation of a donor-acceptor bond between the sulfur atom and the cation during the
chemisorption of the sulfide which results in its activation.”*®

Hag Sy
P
~0-M-0-M-0-M—>(CHy ),50 +(CH3),50;
0-M-0,
(CH3)S+02——=| 5 .o Mo (20
1 319

i
0-M-0-M-0- M~CH3 §03 H+50, + COS +

+ €O + CO, + H20+
+ CHy0 + HCOOH

For the mild oxidation reactions the quantitative correlation between the catalytic
activity and values characterizing the acceptor strength is not satisfactory. One of the
reasons may be an insufficient reliability of these latter values. Besides, it is possible that
for the formation of sulfoxides and sulfones a complex of definite structure (vide infra)
must be formed. Still more important seems to be the presence of surface active oxygen
with a definite energy of binding to the catalyst in the vicinity of chemisorbed sulfide.
For example, vanadium, copper, and manganese sulfate and sulfonates, which, like
other salts, have less mobile oxygen on the surface than the corresponding oxides,'® are
almost without effect upon the formation rate of sulfoxides and sulfones.>'”” It seems
likely that for high catalyst activity in mild oxidation, the surface oxygen should have
a moderate binding energy, as is the case for the most active compound, V,O; (ca.
180 kJ/mol).'>'#!

Variations in the energy of the oxygen binding to the surface have no effect on the
catalytic activity in complete oxidation reactions. In particular, sulfates and sulfones
possess activities equal to those of oxides.’ There is a correlation between the activities
of oxides in the sulfide decomposition reaction in the presence of oxygen and in inert
media. For the latter case the rate-determining step has been found to be the decomposi-
tion of the surface complex.'®®

Most probably the complete oxidation products are formed as a result of interaction
of chemisorbed fragmentary species of sulfide with either surface or molecular oxygen,
and the rate-determining step of the process is the decomposition of the surface sulfide
complex at the C-S bond.}

Catalyst stability. In the mild oxidation of dimethyl sulfide metal oxides remain stable
for some time; however, upon prolonged operation they tend to deactivate.'”” In this
latter instance, sulfur and carbon can be detected on the surface and their content
increases with increasing duration of the experiment. On the surface there is mainly
sulfonate sulfur as well as small amounts of sulfate sulfur;'® IR spectra of the deac-
tivated catalyst exhibit absorption bands at 1210, 1180, and 1050 cm ™' corresponding to
SO,*~ and at 1260 and 3020cm~' ascribed to sulfonate species.'®

Catalyst deactivation occurs under the action of the products of complete oxidation
of the sulfide.'™'® Sulfur dioxide is a weaker poison than sulfonic acids. During the
oxidation of sulfides at temperatures below 200°C the formation of transition-metal
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sulfates proceeds very slowly. Catalyst treatment with SO, or SO, introduction into the
reaction mixture leads to very little deactivation; substitution of a sulfonic acid for SO,
leads to a dramatic decrease in catalytic activity. Metal sulfates and sulfonates are inert
towards mild oxidation. IR studies have shown'® that during chemisorption of dimethyl
sulfide on oxides various surface species are formed. Some of these surface species, i.e.
sulfide, sulfoxide, and sulfone, desorb at temperatures below 200°C. Desorption of
other species such as carboxylates, sulfonates, and sulfates occurs at above 450 °C with
simultaneous partial destruction.

The catalyst deactivated during the course of dimethyl sulfide oxidation contains
“organic sulfur” in amounts 2-3 orders of magnitude (0.2-2 mmol/m?) larger than the
maximum possible amount formed by chemisorption of sulfide, sulfoxide, or sulfone
(210~ mmol/m?). During the time where the activity of vanadium, copper, cobalt, iron,
and chromium oxides in the partial oxidation at 185°C and 1 = S5sdecreases by a factor
of 2 in comparison with the initial activity nearly the same amount of dimethyl sulfide
(0.5-0.8)- 10~>mol per 1 m? is converted to the products of complete oxidation.

The higher the rate of destruction of the initial sulfide the faster is the fall of activity
in the mild oxidation. The rate of destruction of dimethyl sulfide increases with increas-
ing temperature and contact time,'33'%

The above results point to an important role of the complete oxidation products in
the catalyst deactivation process and indicate that the different oxides are probably
deactivated by interaction with the same poison. The content of sulfonate sulfur in the
catalysts indicated above is 0.001-0.002 g S/m”. The content of products of mild oxida-
tion (P) formed per 1 m’ of the surface of active oxide is higher than on catalysts of low
activity. The phenomenon observed here can be accounted for by the fact that P is
determined by the ratio between the rate of useful product formation (v) and that of
catalyst deactivation which depends upon the rate of the appearance of the poison (v,)
and that of its interaction with the catalyst (v,4):

P = vlv, + v

The v,,, of acid products on different oxides is high (2+107*gS/m?) and significantly
exceeds the reaction rate; v, is proportional to the rate of destructive transformation of
the initial compound. Regarding the rate of destructive oxidation of dimethyl sulfide the
oxides differ within one order of magnitude, while they differ more strongly with regard
to the rate of partial oxidation.

Removal of only the sulfate sulfur from the catalyst does not restore its activity. The
catalyst can be completely regenerated only after removal of the sulfonate sulfur. In the
oxidative medium part of the sulfonate decomposes to form sulfate.'”

One may conclude that the main reason for oxide deactivation in the partial oxidation
of dimethyl sulfide is the formation of the surface sulfonate.'®'""'®* Most probably this
results from the dissociative chemisorption of the sulfide as well as from the interaction
of the catalyst with the product of complete oxidation, the sulfonic acid.

In the oxidative medium the surface sulfonate can convert into surface sulfate which
is also inert towards mild oxidation. There is thus a possibility for the formation of a
R,S -»M=Z complex since sulfate and sulfonate groups cannot react with all oxide
cations due to steric hindrance; consequently, the sulfoxide or sulfone can form. How-
ever, the number of active surface sites and their accept or strength tend to decrease
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under the action of chemisorbed poisons. Of special importance is the fact that after
sulfurization yielding sulfate and sulfonate groups the binding of the oxygen to the
surface becomes stronger and its reactivity falls. These events may hinder the partial
oxidation process. As has been noted, the complete oxidation reaction is limited by the
decomposition of the surface sulfide complex at the C-S bond;’ therefore catalyst
desulfurization during operation has no effect on the catalytic activity.

To increase the stability of catalysts for the selective oxidation of sulfides to sulfoxides
or sulfones the process should be carried out under conditions preventing the formation
of sulfate and sulfonate groups, i.¢. at the lowest temperatures and shortest contact times
possible. On reduced (under the action of sulfide) catalysts extensive chemisorption of
poisons takes place. During operation with substoichiometric amounts of oxygen the
stability of transition-metal oxides is considerably lower than in contact with excess
oxygen. 8218318518 Therefore, in the presence of these catalysts the synthesis of sulfoxides
and sulfones should be carried out with a large excess of oxygen in the system.

Catalysts deactivated in oxidation processes can usually be regenerated by treatment
with oxygen at elevated temperatures. With oxide catalysts for the partial oxidation of
sulfides such a treatment is excluded because the resulting sulfates are difficult to convert
to oxides (with the exception of vanadyl sulfate). The regeneration of catalysts in inert
media under conditions providing desorption of undecomposed sulfonate species from
the surface leads to a complete recovery of the activity of the catalyst. Vanadium oxide
catalysts can be regenerated in oxidative media.'®® Depending on the composition of the
vanadium catalyst, regeneration is necessary after 100-200 g of dimethyl sulfoxide have
been formed per 1kg of V,0;.

The specific activity of V,Os supported on corundum, pumice, or glass is close to that
of bulk V,05; y-Al, O, based catalysts are unselective; the specific activity of vanadium
silicate catalysts is lower than that of V,0;. The best supports for V,Os are silicalite,
corundum, and titania.'*®'®” Modification of V,O; with additives (phosphorus, chro-
mium, iron, cobalt, copper, molbydenum, tungsten, silver, tin, antimony, lead, bismuth,
etc.)'®® has little effect on the activity and selectivity of the catalyst. In the presence of
V,0; containing a copper additive the selectivity towards sulfoxide increases from
65-70% to 80-85%.

It cannot be ruled out that the high selectivity of copper-vanadium catalysts towards
sulfoxide formation is associated with the presence of a certain state of copper in them.
In this respect some copper-containing catalysts have been examined.'

In the presence of CuQ/SiO, at 130-190°C and © = 6-18 s in the gas phase destructive
oxidation of dimethyl sulfide takes place with the evolution of SO,; no partial oxidation
products are formed. On SiO,-supported copper acetylacetonate destruction of sulfide
with the evolution of SO, does practically not occur. The oxidation products contain
dimethyl sulfoxide, however, its yield does not exceed 2mol.%. Far more active in
partial oxidation is CuCl,/SiQO, in the presence of which under the above conditions the
yield of dimethyl sulfoxide reaches 26 mol%; dimethyl sulfone is also formed, the
selectivity being, respectively, 70-85 and 15-30%. The observed difference in activity is
due to the type of sulfide complex formation with the copper-containing catalyst. As
ascertained by NMR,'® the interaction of the gaseous sulfide with CuCl,/SiO, gives rise
to a surface complex with sulfide ligands. The sulfide coordinates to SiO,-supported
copper oxide or acetylacetonate by entering the axial plane without noticeable electron
density transfer to the copper ion and to CuCl,/SiO, by entering the equatorial plane of
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the complex with a significant spin density transfer during the interaction between the
d,, _,-copper orbital and the 3 p,-sulfur orbital. This provides, in the latter case, an
activation of the sulfide which is sufficient for sulfoxide and sulfone formation to occur.

111.1.1.2. Gas-phase oxidation mechanism To establish the routes of product formation
in a flow circulation system, the dependence of the concentrations of the components
and of the selectivity of the process on the conversion of sulfides has been studied and
the change in reaction rate upon removal of products from the reaction mixture or their
addition to the system has been determined.'”>36191:12

From the dependence of the yield of the products and of the selectivity on the
conversion of dimethyl sulfide (cf., e.g., Figure 13), it follows that at temperatures below
200°C and conversions of about 50% the sulfoxide and the sulfone are formed from
dimethyl sulfide via independent paths. The total selectivity towards sulfoxide and
sulfone is 100%. Removal of dimethyl sulfoxide from the reaction mixture (to avoid its
oxidation) at constant-current concentrations of sulfide and oxygen does not lead to a
decrease in the rate of dimethyl sulfone formation. Addition of dimethyl sulfoxide to the
initial mixture does not increase the yield of sulfone either. At temperatures above
200 °C oxidation of dimethyl sulfoxide to dimethy! sulfone and destructive oxidation of
dimethyl sulfide with evolution of SO,, water, formaldehyde, formic acid, and meth-
anesulfonic acid take place. Based on the dependence of the selectivity on the conversion
at low levels of the latter it is difficult to establish the path of SO, formation. Removal
of the sulfoxide and the sulfone or their addition to the reaction mixture has no effect
on the rate of complete oxidation which indicates that the SO, formation from dimethyl
sulfide occurs independently. At high conversions of the sulfide achieved at high tem-
peratures and contact times, SO, is also formed from the sulfoxide and the sulfone. On
the whole the process follows a parallel-consecutive path:

(CH3 )2 SO ]

(CH,),8 + O, (CH,),50,

SO,

(here the complete oxidation products are designated as SO,). Part of the dimethyl
sulfone is formed from dimethyl sulfoxide (not only from dimethyl sulfide); the decom-
position products result from direct oxidation of the sulfide as well as from the oxidation
of the sulfoxide and the sulfone.

?/'qli
80 |

20 40 60 80 100 x,%

Figure 13. The influence of the conversion depth of dimethyl sulfide on selectivity towards dimethyl
sulfoxide (1), dimethyl sulfone (2), and sulfur dioxide (3) over V, Oy at 225°C.*¢
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The rates of formation of the reaction products and the total conversion of the sulfide
are independent of the oxygen concentration and tend to increase with increasing
concentration of dimethyl sulfide. Water (at concentrations above 0.05 vol.%) and the
sulfoxide (at concentrations above 0.08 vol.%) inhibit the process. The total reaction
rate and the rates of formation of the sulfoxide, the sulfone, and of the destruction
products can be described as

K P
I + b *Pyo + by*Pyyo

Since at conversions of dimethyl sulfide from 10 to 15% sulfoxide and H,O do not
inhibit the process, the equation for the oxidation rates transforms to a first-order
equation with respect to dimethyl sulfide:

v = K"Ps

The activation energy of dimethyl sulfide oxidation over V,Q; is 26 kJ/mol and those of
dimethy! sulfoxide and dimethyl sulfone formation are, respectively, 20 and 34 kJ/mol.

The principles of the oxidation of sulfides of different structure on V,O; are similar to
those of the oxidation of dimethyl sulfide,'®*'% i.e., at low conversions of the sulfide only
the sulfoxide and the sulfone are formed via independent paths; under more rigid
conditions overoxidation of the sulfoxide to the sulfone and formation of destruction
products take place (cf. p. 343).

The destructive oxidation of high-molecular weight sulfides begins at lower conver-
sions than for dimethyl sulfide and proceeds at a higher rate.

A given sulfoxide is oxidized on V,O; with a quantitative yield of the sulfone. The
presence of the sulfide which is predominantly adsorbed on the catalyst hinders the
oxidation of the sulfide to the sulfone.

At sulfide conversions of up to 15% the oxidation is described by an equation which
is first order with respect to the sulfide. The activation energy of the partial oxidation
of various sulfides is close to that for dimethyl sulfide, i.e. 25-29 kJ/mol. However, with
increasing molecular weight of the sulfide during the oxidation on V,Oj the contribution
of complete oxidation increases due to easy dissociation of chemisorbed sulfide accom-
panied by C-S bond rupture.

Different mechanisms can be proposed for the description of the formation of pro-
ducts of partial oxidation of sulfides by molecular oxygen.

The sulfoxide and the suifone may be formed from a sulfide either due to direct
interaction of the sulfur atom with oxygen or to a radical-chain process via proton
abstraction from the « carbon atoms or via dissociation of the starting sulfide at a C-S
bond. For the oxidation over V,0; the choice between these mechanisms of the forma-
tion of sulfoxides and sulfones has been made>**'"19*!% by comparison of the product
composition in sulfide oxidation and of the rates of their formation. It has been
established that at low conversions (up to 15%) the rate of dimethyl sulfide oxidation
is much higher than that of the oxidation of phenyl methyl sulfide and of benzyl methyl
sulfide. When the reaction occurs a-proton abstraction in inverse dependence should be
observed. Moreover, also compounds such as di-t-butyl and diphenyl sulfide, which do
not contain a-hydrogen atoms, are oxidized to yield sulfoxides and sulfones, although
the differences in the energies of bond rupture and the dipole moments are insignificant
(Table 22). The oxidation of asymmetric sulfides gives only the sulfoxide (sulfone) with
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Table 22. Oxidation of sulfides in the presence of V,0; '™

Sulfide K E u U F. q
(mmol/m?-h) kJ/mol) D) A%
190°C
(CH;),S 4.46 306 1.40 8.77 1.043 1.974
(C,H;),S 2.75 297 1.61 8.56 1.045 1.974
(C3H,),8 1.48 302 1.55 8.45 1.045 1.975
(CH,CH),S
| 1.62 293 — 8.38 — —
CH,
(C,H,),S 1.37 306 1.57 8.40 1.045 1.975
(CH,CHCH,)S
| 0.66 — — 8.36 — —
CH,
C,H,SC,H; 2.55 306 — — 1.045 1.975
CH,
(CHJ—(|Z %S 0.10 276 — 8.16 - —
l
CH,
C,H;SCH, 1.87 323 1.27 — 0.953 1.950
C¢H;CH,SCH, 1.03 222 — - 1.005 1.964
(C¢Hs),S 0.59 323 1.47 — 0.844 1.913
C,H,S 1.77 — 0.87 8.48 — —

the intact skeleton of the initial sulfide, i.e. they are formed directly from the sulfide
rather than from its decomposition products. The sulfoxide and the sulfone are the main
reaction products which is hardly probable for a reaction proceeding via destruction of
the initial sulfide, even in the case of a radical non-chain process. This reasoning allows
one to conclude that the sulfoxide and the sulfone are formed by direct interaction of
the sulfur atom with oxygen.

There exists a correlation between the rate of sulfide oxidation and the donor ability
of the sulfur atom. Taking into account steric effects brought about by substituents
(Figure 14) the correlation between the oxidation rate constants and the inductive
constants of the Taft equation is as follows:

lgk = 0.65 — 09lc* + 0.52 E§

Since p* has a negative sign, the reaction under consideration is electrophilic, during

LgK-8Ey
5t
ot
o5} i
ol
-05Ff
—06 -02 +o2 06 W

Figure 14. Correlation of the rate constants for the partial oxidation of sulfides with the inductive constants
from Taft’s equation and the steric substituent constants E,.'**
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Figure 15. Correlation of the rate constants for the partial oxidation of sulfides with the index as of free
valency (a), the ionization potentials (b), the enthalpy of formation of sulfide complexes with AlBr, (c), and
the surface charge of the sulfur atoms (d).'**

which oxygen attacks the sulfur atom of the sulfide. This process is favored by sub-
stituents which enhance the electron density at the sulfur atom. The p* value of —0.91
indicates reaction this sensitivity.

There is also a relation between the rate constant (k) and the reactivity indexes
calculated by the MO method: (g = charge on the sulfur atom, F, = index of free
valency, m = position of the HOMO, C?/m = Fukui index), the experimentally found
ionization potentials (U), the dipole moments (u), the heat of formation of the donor-
acceptor bonds in the sulfide complexes (AH), and the energy of the C-S bond cleavage
(E) (Table 22, Figure 15). The results obtained indicate that the reaction site is the sulfur
atom whose interaction with oxygen leads to the formation of the sulfoxide and the
sulfone.

The validity of the proposed mechanism is supported by adsorption and kinetic
studies.

The kinetics of dimethyl sulfide chemisorption on a V, O, surface has been examined
in.""*"2 On the reduced surface the adsorption is by a factor of 1.2 slower than on the
oxidized surface. The limiting amount of dimethyl sulfide adsorbed on V,O; is (1-
1.7)-10~®mol/m>. At a surface coverage of about 1% of monolayer the heat of adsorp-
tion is 17 + 4kJ/mol, which is lower than the activation energy of the oxidation. The
rate of sulfide chemisorption is 2-3 orders of magnitude higher than the rate of oxidation
and thus the chemisorption cannot be the rate-determining step of the sulfoxide or
sulfone formation. The limiting amount of dimethyl sulfoxide adsorbed on V,0Ojs is
0.6-10~%mol/m?, i.e. of the same order as the amount of dimethyl sulfide. The desorp-
tion of the sulfoxide begins at 150°C, and that of the sulfide at 100 °C, but some of the
surface species first desorbs at 450 °C. The rate of oxygen adsorption on the reduced
surface is far higher than the rate of sulfide oxidation.

The adsorption of dimethyl sulfide on V,O; is accompanied by its interaction with
surface oxygen of the oxide to form the oxidation products. This fact follows® from
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experiments on thermodesorption according to which (CH,),S80, (CH,),S0, and SO,
are formed, along with unchanged (CHj,),S. During the course of thermodesorption of
(CH,),S0 adsorbed on V,0;, (CH,),S0, and decomposition products are formed. Since
these experiments on adsorption and desorption were made in inert media the oxygen-
containing products undoubtedly result from the interaction of a chemisorbed state of
dimethyl sulfide with oxygen of V,O;. In the IR spectra after adsorption of (CH,),S on
V,0,/Si0, (as well as on Cr,0,) weak absorption bands appear, along with others,
which belong to (CH,),S0 and (CH,),S0O, resulting, probably, from the interaction of
the sulfide with surface oxygen.”” Addition of oxygen to the cell after sulfide adsorption
leads to an increase in the intensity of absorption bands ascribed to dimethyl sulfide
oxidized at the sulfur atom. The appearance of these states on the oxidized surface of
the oxide seems to occur with participation of oxygen adsorbed on the oxide, because
their appearance is accompanied by a decrease in the intensity or even disappearance of
the absorption bands of oxygen.

When (CH;),S is passed through V,0O; in an inert atmosphere (CH;),S0 is formed
with a selectivity close to that observed for the reaction in an oxygen atmosphere. From
all of the above one may conclude that the partial oxidation of dimethyl sulfide follows
a redox pattern.

The first step of the formation of dimethy! sulfoxide is assumed to be the adsorption
of dimethy! sulfide on the oxidized surface of V,0s. The dimethyl sulfide interacts with
the surface oxygen and thus is oxidized to the sulfoxide bound to the reduced surface.
The sulfoxide is desorbed and the reduced catalyst sites become free. These sites are
reoxidized by oxygen. Dimethyl sulfide is adsorbed on reduced sites and dimethyl
sulfoxide reduced on oxidized surface sites. The sulfone and the products of destructive
oxidation formed on other sites also adsorb on the sites which are active in the oxidation
of the sulfide to the sulfoxide.

It has been recommended'® that the oxidation of dimethyl sulfide to dimethyl sul-
foxide should be carried out at small conversions of the sulfide (up to 50%) under
conditions where products of destructive oxidation do not form: at 160-200°C and a
content of the sulfide in oxygen of up to 1% by volume (the lowest limit of combustibil-
ity). Unreacted dimethyl sulfide having a lower boiling point than the oxide can easily
be isolated from the mixture and recycled. The process can be effected in a flow reactor
with a fixed bed of a periodically regenerated catalyst or, even better, in a continuous
process in a fluidized catalyst bed with catalyst circulation in the reactor-regenerator
system.

II1.1.2. Liquid-phase oxidation of sulfides

I11.1.2.1. Heterogeneous oxidation The partial oxidation of dibutyl sulfide with oxygen
has been examined'”’"*® in the liquid phase at T = 70-140°C, 5MPa, a reaction time
of 1-3 h, and without solvent in the presence of solid catalysts: metals, sulfides, oxides.
In the presence of V, 05, V,0,-M00,, V,0,-WO;, MnO,, the sulfoxide and the sulfone
are formed in 25-40 mol.% and 2-4 mol.% yield, respectively. Less active are Bi, Mo,
Co, and Cu oxide; hardly active are NiS, Re,S,, CuS, WS,, MnS, and metallic Pt and
Ag. In the presence of 5% Ru/Al,0; at 105°C and 7 MPa dibutyl sulfide in benzene
solution is selectively oxidized™™ to form 44% dibutyl sulfoxide and 9% of the sulfone,
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but for the achievement of such yields the reaction must be performed for 12h. Thus,
transition-metal oxides are most active.

The productivity of some oxides with respect to sulfoxide and sulfone is very
high.'06.196201-204 However, even at low temperatures the oxidation of dibutyl sulfide is
accompanied by the formation of the disulfide, the sulfonic acid, the aldehyde, the
carboxylic acid, water, sulfate, sulfonate, sulfinate, and sulfur dioxide. Thus the com-
position of the products does not differ from that for the oxidation of sulfide in the
presence of a radical initiator such as azobisisobutyronitrile. The formation of the side
products seems to be due to cleavage of sulfide C-S bonds and is difficult to explain in
any other way.

During the oxidation an induction period is observed and the time dependence of the
rate has a maximum (cf,, e.g., Figure 16). The maximum rate of the oxidation of dibutyl
sulfide on V,0, increases proportionally with the concentration of the sulfide and
[V,05]' and is independent of the oxygen concentration. 1-Naphthol inhibits the
process. These results indicate that the oxidation of the sulfide in the liquid phase in the
presence of metal oxides follows a radical chain mechanism. This chain process seems
to develop due to the initiation effect of solid catalysts;"” the products formed on the
catalyst surface can easily migrate into the bulk.?

After oxidation of dibutyl sulfide in the presence of Mo, Cr, Mn, Ti, and Zn oxide,
the corresponding metal ions cannot be detected in the solution. The rate does not
change upon addition of reaction products capable of coordination to these metal ions.
Consequently, in the presence of these catalysts a heterogeneous oxidation takes place.
Solid catalysts seem to have an initiation effect.

The products obtained by oxidation of dibutyl sulfide in the presence of vanadium or
copper oxide contain VO** or Cu”* ions, as demonstrated by ESR, IR, and chemical
analysis. The plots of the ion concentration in the oxidized reaction mixtures versus the
reaction time are identical with the kinetic curves for the oxidation in the presence of
oxides (cf., e.g., Figure 16). VO** ions appear in solution almost from the very beginning
of the reaction, their formation being most facile when lower-valence vanadium oxides

adyo?*
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Figure 16. Liquid-phase oxidation of dibutyl sulfide over V,0; at 100°C and P = SMPa.?*® 1 — formation

rates of dzi)?utyl sulfoxide (v, g sulfide/g cat-h); 2 — relative intensity of the EPR signals of vanadyl ions in
oxidates.
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are used. The addition of 5% sulfone to the reaction mixture (T = 130°C, 1 = lh,
V,0,) has no effect on the reaction, while addition of the sulfonic acid suppresses the
reaction; the addition of the sulfoxide or of the carboxylic acid leads to a significant
increase in the rate of the oxidation of the sulfide:

Sulfide Yield of sulfo-
conversion, % xide, mol.%
Without additives 2.3 1.4
Dibutyl sulfoxide 54.0 22.2
Butyric acid 44.7 224
Dibutyl sulfone 3.0 1.6
1-Butanesulfonic acid 0.0 0.0

It seems likely that with vanadium or copper oxides as catalysts the reaction only
begins on the surface, but then mainly a homogeneous sulfide oxidation occurs under
the action of ion dissolved in the reaction mixture.

In acetone solution copper-containing aerosils (0.1-4 wt.% Cu) obtained by direct
contact of aerosil with amine-copper complexes®”’ are active and selective catalysts of
diethyl sulfide oxidation. At T = 140°C, 6 MPa, and a concentration of diethyl sulfide
in acetone of 0.4-0.5M with 0.2M AcOH additive the selectivity towards diethyl
sulfoxide is close to 100%. In the oxidized reaction mixture the copper ions detected
amount to 30-50% of the initial copper content in the catalyst. Cu®* ions are eluted with
acetic acid and the sulfoxide is formed. The ions are washed off most easily from the
surface of solid catalysts with a high copper content. Possibly, the oxidation reaction
begins under the action of the solid copper-containing catalyst, but then it follows
mainly a homogeneous path involving Cu®* ions eluted from the surface.

An analysis of the ESR spectra®’ indicates that the copper ions on the surface of the
aerosil are spaced at a distance where spin-spin interaction is possible, they can also
occupy individual sites without interaction; the proportion of these sites tends to
increase with decreasing copper concentration on the support. These sites are strongly
bound to the surface and determine the activity of the heterogeneous catalyst. The
contribution of the heterogeneous process in the case of catalysts with a high copper
content is not large, since under the influence of the reaction mixture copper ions are
eluted from the surface and a homogeneous sulfide oxidation occurs in the solution.

II1.1.2.2. Homogeneous-catalytic oxidation Homogeneous oxidation of sulfides occurs
in the presence of transition-metal complexes.

The oxidation of methionine by oxygen in aqueous solution in the presence of HAuCl,
has been described in.*® Based on a kinetic study the reaction is assumed to occur via
a methionine-Au’* complex, the rate-determining step being that of complex decom-
position to sulfoxide and Au*.

The oxidation of dibutyl sulfide has been studied'**** at 120°C, 5 MPa, and without
solvent in the presence of halides, sulfates, acetates, butyrates, stearates, acetylacetona-
tes, phthalocyanines, and some other complexes of VO, Cu, Co, Ni, Mn, Fe, Mo, Cr,
Pb, and Rh. The activity of the above complexes in partial oxidation depends upon the
nature of the metal and the type of ligand in the initial catalyst. The yield of dibutyl
sulfoxide in the presence of vanadium or copper complexes amounts to 20-30 mol% per
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1-3h; other complexes are significantly less active; e.g.,, for Co, Ni, Mn, and Fe
complexes the yield does not exceed 1-3mol.% per 3 h.

According to the catalytic activity (v,,, mol/g-ion-1-h at 120°C) towards sulfoxide
formation the metal acetylacetonates can be arranged in the following order:

vO* » Cu** > Ni¥* > Co*t Mn** > Felt = Mo**

V. 1200 20 13 10 9 1 1

Vanadyl complexes, in which the vanadium atom is surrounded by oxygen atoms and
a vacant site located axially relative to the vanadyl oxygen (such as the acetylacetonate,
the sulfate, the carboxylates such as the acetate, the butyrate, the oxalate, and the
resinate) are also active. At 100-150 °C, elevated air pressure and a reaction time of 1-3 h
in the absence of solvent these complexes accelerate the oxidation of dialkyl sulfides,
alkyl aryl sulfides, thiolane, and thiacycloalkanes to sulfoxides with a selectivity of
40-60%. As a result, a complex mixture of products is formed, the molar ratio of the
products being the same as in the presence of AIBN. The process is inhibited by
l-naphthol, water, dibutyl disulfide, and 1-butanesulfonic acid and accelerated by
butanol and dibutyl sulfoxide. '

The maximum yield of the sulfoxide in dibutyl sulfide oxidation is about 35 mol.%
and remains unchanged with varying temperature, pressure, and reaction time. The
reaction order with respect to the catalyst is close to 1/2, which is typical for processes
subject to biradical chain termination.

Under the action of vanadyl acetylacetonate at 120 °C and S MPa thiacycloalkanes in
diesel fuel are oxidized to the corresponding sulfoxides in a yield of up to 30 mol.% and
with a selectivity of 50%.

In the presence of VO(acac), the rate of oxidation decreases upon going from aliphatic
to aromatic substitution of the sulfide sulfur

(C.H,),S > (-C,H,),S > C,H S > C,H,CH,SCH, > C,H,SCH, > (C,H;),S
V., 85 55 47 13 6 1

The reactivity of the sulfides is determined by the inductive effect of the substituents on
the sulfur atom serving as the oxidation site. The first step of the process seems to be the
formation of a bond between the sulfur atom and the vanadyl complex.

As follows from calculations, in the case of vanadyl acetylacetonate quite an efficient
overlapping of a metal d-orbital with the sulfur 3p,-orbital is possible; in other words,
a complex of the donor-acceptor type [O= V « :S<R]is formed.

In this instance, as follows from ESR spectra of the oxidation products registered at
various reaction times, the intensity of the signal ascribed to VO?* does not change, i.e.
the valency of the vanadium remains unchanged. It is known?'' that vanadyl-oxygen
complex cannot participate in one-electron interactions and therefore are hardly reduc-
ible. It is assumed that an unshared electron pair of the sulfide sulfur atom is donated
to the vanadium as the complex forms which promotes the subsequent cleavage of a C-S
bond and the appearance of R" and RS radicals. The chain is propagated by peroxide
radicals RO, formed in the oxidative medium and the chains are terminated by radical
recombination.

The initial composition of the complex changes during the experiment. In a deac-
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tivated complex the VO** ion is bound to a sulfonate group, as follows from the ESR
spectra of the vanadyl complexes.

The selectivity towards the sulfoxide in the presence of the vanadyl complex increases
when the reaction takes place in solvents, especially in acids, and reaches 70-80% at a
maximum sulfoxide yield of 40%. The catalyst productivity with respect to the sulfoxide
does not exceed 50 mol/mol cat. per h.

The rate of the homogeneous oxidation of sulfides assisted by different catalysts tends
to increase when the reaction is performed in alcohols or benzene. Refs.?'*?" report on
the oxidation of dibutyl sulfide dissolved in benzene or alcohols in the presence of
various metal complexes. At 50-250°C, 1-10 MPa, reaction time 12 h, and a sulfide-to-
catalyst molar ratio of (22-44): 1, Cr, Mn, Co, Rh, Ni, Pd, and Pt chloride are inert
towards the formation of partial oxidation products; Ir, Au, and Fe complexes are of
very low activity; in the presence of Cu, Os, and Ru complexes dibutyl sulfoxide is
produced in 10-35 mol.% yield and with 47-100% selectivity. With RuCl, at 100 °C and
3.5MPa, along with the sulfoxide, the sulfone is also formed in 76 mol.% yield. The
yields of the sulfoxide and the sulfone decrease with increasing temperature. All catalysts
tested are of low productivity. The reaction on Ru complexes is supposed to follow a
redox mechanism:

3+ + 0 2+ +
2R + R,S == 2Ru"" + R,SO +2H
Ru** + O, - Rw’*

The oxidation of suifides of different structure has been carried out in the presence of
complexes of Ru halides with dimethyl sulfoxide in methanol or 2-propanol.?’ The total
selectivity towards the sulfoxide and the sulfone is about 100%. The reaction rate
increases with increasing concentrations of catalyst, alcohol (to a certain extent), and
oxygen and is independent of the concentration of the sulfide. A two-electron redox
reaction has been postulated; according to this Ru’* is oxidized by oxygen to Ru** with
simultaneous formation of peroxide which oxidizes the sulfide to the sulfoxide. The
solvent (alcohol) takes part in the regeneration of the catalyst. The productivity of Ru
catalysts reaches up to 170 mol. sulfoxide per 1 g-ion Ru per h. With regard to their
reactivity the following sulfides dissolved in methanol (0.15 M) and studied at 105°C,
0.7 MPa, and a concentration of trans-RuBr, +(CH,),S0 of 1.5mM obey the order:

(n-C4Hy),S > (-C,H,),S > (C,H;),S > C,yH, SCH; > (CH,),S >

v mol 172 131 121 27 24
mol*h . ¢ H.§ > CH,SCH, > (+-C,H,),S
9.5 8 0

Di-z-butyl sulfide is not oxidized under these conditions, and the oxidation of diiso-
propyl and of di-sec-butyl sulfide occurs via the secondary C-H bond rather than via the
sulfur atom.

A slow oxidation of 1-decyl methyl sulfide by oxygen takes place in benzene solution
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under the action of a bis(dipheny! sulfide) Ru complex capable of coordinating and
activating oxygen.**

A homogeneous catalytic oxidation of sulfoxides to sulfones has been reported in.>'¢
E.g., in aqueous propanol at 100 °C dimethyl sulfoxide is oxidized to the sulfone under
the action of Rh and Ir chloride, the yield being 20-90%. In aqueous solutions contain-
ing Cu, Pd or Fe chloride at 130~200 °C and 5MPa the yield of the respective sulfone
from dimethyl sulfoxide or thiolane 1,1-oxide was 26-36 mol.%. Far less active were
Mn, Ni, Cr, Co, and VO chloride. The reaction occurs via the coordination between the
sulfoxide and the catalyst metal atom.

Heteropolyacids of the general formula H,, ;PMo,_,V,04, (n = 1-6)at T = 100-
150°C and an oxygen pressure of 0.9-1.2 MPa in acetic acid, 2-propanol or acetone with
addition of 5% water speed up the oxidation of dialkyl sulfides (R = C,-C,) to the
corresponding sulfoxides and sulfones.

The heteropolyacid with n = 6 is most active. It is assumed that the reaction follows
a redox mechanism with variable V valencies and reoxidation of the reduced form of
theteropolyacid by oxygen.?’” At low conversion of sulfide the selectivity towards the
partial oxidation products reaches 100%, but the productivity is rather low, i.e. does not
exceed 10 mol of sulfoxide per mol of catalyst per h. The low yield of sulfoxide and
sulfone, and the need for large amounts of acid catalyst which is difficult to separate
from the products make this method impractical for preparative purposes.

The oxidation of sulfides assisted by copper catalysts has been studied in detail.

In aqueous alkaline solutions in the presence of CuCl,, aliphatic sulfides with
R = C,-C,, dissolved in hydrocarbons are oxidized by air at T = 60-160°C to the
sulfones, but with a low selectivity, sulfonic acids and sulfate being formed in large
amounts.”"®

More selective towards sulfoxides and sulfones are copper compounds in the oxida-
tion of sulfides in neutral media. In the absence of solvent the oxidation of dibutyl sulfide
has been studied at 120°C and 5MPa in the presence of copper chloride, nitrate,
perchlorate, formate, acetate, benzoate, acetylacetonate, or pyridinate.”” According to
their relative activity towards sulfoxide formation the catalysts follow the order:

Ligand CIO, > NO, > Cl > HCOO > acac > CH,;COO = PyCl > C,H;CO

mol 32 29 20 13 7 2 2 1
mol-h

s

A kinetic study of dibutyl sulfide oxidation in the presence of CuCl, at 100-130°C,
3-5MPa, and [CuCl,] = 0.03-0.44M indicate that the rate of sulfoxide formation
increases proportionally with the concentration of the catalyst and of the sulfide and is
independent of the air pressure. The maximum yield of sulfoxide is 70mol.%, the
selectivity 80-90%, the productivity low (2mol/mol-h), and the sulfoxides contain
resinous contaminants.

The formation of partial oxidation products is facilitated by solvents.®?'% In 2-pro-
panol solution at T = 130-150°C and [CuCl,] = 0.044 M during 2-5 h dibutyl sulfide,
thiolane, hexylthiolane, and thiacylohexane are oxidized to the corresponding sulfoxides
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in 60-70mol.% yield and with a selectivity of up to 75%. The rate of oxidation of
thiacyclohexane is ca. a factor of 2 lower than that of the other compounds. The
productivity does not exceed 4mol/g-ion Cu-h. Under the reaction conditions the
2-propanol is partially oxidized to acetic acid, acetone, diisopropyl ether, and carbonyl
compounds. The sulfide oxidation products contain sulfones, sulfonic acids, and resin,
along with sulfoxides.

The process is accelerated when acetic acid is used as a solvent."***® The reaction rate
is independent of the oxygen pressure over the range of S to 7MPa and increases with
increasing initial concentration of sulfide from 0.07 to 0.26 M (first order with respect
to sulfide) and proportionally with the CuCl, concentration within the range 0.01-
0.05M. The complete oxidation of the sulfide at T = 100-15G°C is accomplished in
several minutes; however, the sulfoxide produced contains much tar.

Copper catalysts in acetone solution have been found to be the most efficient in the
oxidation of sulfides.

Dialkyl sulfides R,S (R = C,-C;), thiacyclohexane, thiolane, and its homologs are
oxidized to the corresponding sulfoxides with 100% selectivity at T = 80-150°C,
2-8 MPa, [CuCl,] = 1-60 mM, [sulfide] = 0.1-0.8 M, and reaction times of 5-60 min.
Similar results have been obtained with copper bromide (Table 23).?" The productivity
of the catalysts with respect to the sulfoxides is higher by 2-3 orders of magnitude than
that of other known catalytic systems for similar reactions (vide supra).

The formation of sulfoxides and sulfones can be accelerated not only by copper
halides CuX, (X = Cl, Br) but also by some other Cu>* compounds:?*' carboxylates
(RCQO),Cu with R = CH,, NH,CH,, C,H;, C;H;COO; o- and p-phenoxides

Table 23. Oxidation of sulfides to sulfoxides in acetone in the presence of copper complexes, 5-6 MPa*0#2!

Sulfide Catalyst Catalyst AcOH, T, Reaction Yield of
concen- M °C time, sulfoxide,
tration, min mol. %
mM

Dimethyl CuCl, 34 33 130 S 96

sulfide (CeH;0),Cu 6.8 0.2 140 10 87

4.1 0 140 20 86

2.6 0 150 20 80

1.5 0 150 25 80

{(NH,C,H,0),Cu 4.9 0 150 8 94

Diethyl CuCl, 0.86 0 140 20 82
sulfide 3 0.01* 120 30 100
CuBr, 8 0.04* 130 30 85

(C,¢H,0),Cu 4 0.17 140 30 80
(NH,C¢H,0),Cu 1.3 0 150 20 77

Dibuty! CuCl, 3 33 120 10 100

sulfide

Thiolane Cu(l, 39 33 100 25 95

39 33 120 5 90

2-Ethyl- CuCl, 39 33 100 10 95

thiolane

* trifluoroacetic acid.
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Table 24. Oxidation of sulfides and sulfoxides to sulfones T = 150°C, 5 MPa?!22

Initial Catalyst, mM Acid, M Reaction Yield of
compound time, sulfone,
min mol.%
Dimethyl CuCl, 13 — 10 85
sulfoxide CuCl, 7 AcOH, 3.3 15 42
CuBr, 34 — 15 91
(NH,C;H,0),Cu 33 — 20 100
Diethyl CuCl, 4 AcOH 30 100
sulfide (NH,C¢H,0),Cu 32 — 60 100
Diethyl CuCl, 13 — 10 84
sulfoxide CuBr, 34 TFA*, 0.5 15 91
Diisoamyl CuCl, 30 AcOH, 3.3 10 60**
sulfide
Thiolane CuCl, 60 AcOH, 3.3 20 75
CuCl, 34 20 60
Petroleum (NH,C¢H,0),Cu 30 — 60 60
sulfides
Petroleum CuBr, 34 TFA, 0.5 20 90
sulfoxides (NH,C¢H,0),Cu 32 TFA, 0.5 10 63

*TFA — trifluoroacetic acid
*T = 140°C.

(RC,H,0),Cu, naphthoxides (RC,,H,0),Cu, where R = H, NH,, CH;, OH (Tables
23 and 24).

The activities of copper compounds in the oxidation of diethyl sulfide to diethyl
sulfoxide in acetone solution have been compared based on the rate constants of the
first-order reaction (Table 25). As can be seen from Table 25, copper sulfate has the
lowest activity, probably due to its solubility in acetone. The copper carboxylates which
are dimeric in the initial state are one order of magnitude less active than the monomeric
copper phenoxides. Pyrocatechol complexes of copper which are efficient in the oxida-
tion of some compounds are inferior to copper phenoxides with respect to their activity
towards the partial oxidation of diethyl sulfide.

Among the Cu** phenoxides, compounds with electron-donor substituents, i.e. o- and
p-aminophenoxide and p-cresolate are the most active. It seems likely that in order for
the copper phenoxide to exhibit a high activity in the oxidation of the sulfide the presence
of a weak copper-ligand bond is necessary, since otherwise the access of the substrate
to the coordination sphere is difficult.”®’ Cu®* phenoxides in acetone solution do not
decompose during the sulfide oxidation reaction. For example, in the oxidation of
diethylsulfide (140 °C, 5 MPa) the yield of sulfoxide does not change even after 1000 mol
of the product per g-ion of copper have been formed. The catalyst is little corrosive
which allows its use in the production of such important product as sulfoxides and
sulfones.

Dimethyl sulfide oxidation to dimethyl sulfoxide under air pressure in the presence of
copper phenoxide catalysts has been further developed.?”* Based on kinetic and math-
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Table 25. The activity of copper-containing catalysts in the oxidation of sulfides to sulfoxides at 140°C,
5MPa, and [AcOH]} = 0.2 M*22

Compound K, dm’/g-ion Cu-h
(C,H;),S Petroleum sulfides

Sulfate 209 35
Acetate 650 130
Aminoacetate 90 30
Benzoate 560 125
Phthalate 437 116
o-Aminophenoxide 6000 800
p-Aminophenoxide 6240 820
p-Cresolate 3000 400
Phenoxide 1090 140
1-Naphthoxide 804 125
Pyrocatecholate:

Cu:L = 1:1 147 —
Cu:l = 1:2 722 —
Chloride 6600 900

ematical modeling data it is recommended to perform the reaction at conversions of
dimethy! sulfide below 80 mol.% (100 wt.%). The recommended conditions are: 150 °C,
5MPa, concentration of dimethyl sulfide in acetone 0.5 M, that of the catalyst 1.5 mM
either in a piston flow reactor or in ideal mixing reactors placed in series. The selectivity
towards the sulfoxide is close to 100% and the catalyst productivity is 1000 mol/g-ion

%
100

2lo

100+

20 40 60 80 x,%

Figure 17. The influence of the reaction time on the conversion of diethyl sulfide (1), yield of diethyl
sulfoxide (2), and of diethyl sulfone (3); the selectivity towards the sulfoxide at various conversion degrees
of sulfide (4) over copper aminophenoxide, T = 140°C, P = 6 MPa.?!
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Cu-h, which is higher by 2-3 orders of magnitude than the productivity achieved in the
gas-phase oxidation of dimethyl sulfide.

The kinetics of the oxidation of various sulfides in acetone solution are the same for
copper catalysts of different composition 2"2%220-24 The conversion of the sulfide in-
creases with increasing catalyst quantity and reaction time. The yield of the sulfoxide
increases to a certain value and then falls because of its oxidation to the sulfone. The
reaction rate increases proportionally with the concentration of the sulfide (first order
with respect to sulfide) and does not change with the air pressure in the range 2.5 to
5MPa (zeroth order with respect to oxygen) (Figure 17).

In acidic medium the reaction is facilitated, the rate being proportional to [AcOH]"?.
The activation energy of the oxidation of dimethy! sulfide to the sulfoxide at 120-150°C
and 5SMPa and in the presence of a copper -phenoxide catalyst is 71 + 4kJ/mol,;
Ko = 2675h7".

Regardless of the nature of the copper catalysts and the oxidation conditions the
selectivity towards the sulfoxide is close to 100% at a sulfide conversion below 80%; at
larger conversion further oxidation of the sulfoxide to the sulfone takes place:

R,S X2 R,S0 2, R,SO,

The conversion of the sulfoxide to the sulfone in the presence of other homogeneous
catalysts occurs similarly, but with a lower rate and selectivity than with copper catalysts
with which a high yield of the sulfone can be achieved (Table 24). The extent of sulfoxide
oxidation to sulfone increases with increasing temperature, contact time, and catalyst
concentration. To attain a high yield of the sulfone more severe conditions are required,
namely higher temperature, contact time, and sulfide conversion than for the oxidation
of sulfides to sulfoxides.

The productivity with respect to the sulfones in the oxidation of individual and
petroleum sulfides and sulfoxides reaches 250 ml/g-ion Cu-h.

The interaction of a sulfide with a copper-containing catalyst leads to the formation
of a complex.'®?* As a result of sulfide coordination to CuCl,, the bivalent copper is
reduced, as follows from a decrease in the ESR signal assigned to Cu’* with time in an
argon atmosphere at 120 °C and 5 MPa (note also that a decolorization of the solutions
is observed). The partial formation of a Cu?* —-Cu* dimer bound via chloride ions has
been deduced from the g-factors. It is, therefore, possible that the sulfide (like other
donors®®) can occupy an axial position in the complex with very weak activation.
However, sulfide molecules enter mostly the equatorial plane of the complex by displac-
ing water molecules from the coordination sphere of Cu**

As shown by NMR studies'®’ the complex formation of sulfides with copper acety-
lacetonate is accompanied by the incorporation of the sulfide in the axial plane of Cu’*
without noticeable electron density transfer from the sulfur atom to the copper ion. The
complex is unstable and at room temperature dissociates completely. The interaction of
CuCl, with the sulfide leads to broadening and a downfield shift of the signals of
a-methylene groups in the '"H NMR spectrum and of the signals corresponding to a- and
B-carbon atoms in the '*C NMR spectrum. The high spin density of the protons of CH,
groups may be taken as evidence for the presence of a flat complex with equatorial
sulfide ligands. In this situation an efficient interaction of a half-filled d,;_,,-orbital of
copper with the 3p,-orbital of sulfur takes place. Cu®* serves as an electron acceptor and
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the sulfide as an electron donor; 0.4 electrons being transferred from the sulfide to the
copper ion. As a result, the effective charge of the copper is negative (—0.24), i.e. Cu?*
is partially reduced. The complex is relatively unstable: the life-time of the sulfide
molecule in the coordination sphere of Cu’* is about 107'°s and the enthalpy of
formation is 21 kJ/mol. As shown by quantum-chemical calculations, the complex
formation leads to a redistribution of electron density and to the appearance of a
positive charge on the sulfide sulfur atom; in other words, activation of the sulfide
without C-S bond cleavage takes place. Probably, there appears a radical ion form
[R,S-Cu’*] = [R,S+-Cu*].

In the oxidative medium the radical cation can transform to a peroxide which reacts
with the sulfide:

N
R,SO0~ + R,S — 2R,SO

The sulfoxide can further be oxidized to the sulfone by a similar mechanism via
formation of a donor-acceptor complex with the participation of the sulfur atom and
Cu’*:

Cu2+ +//O +q9 O~
R,SO [R,§ ——Cu™] R,SO,

Finally, the reduced copper ion is reoxidized by oxygen.

Thus, the high selectivity towards the products of partial oxidation of sulfides assisted
by copper-containing complexes is caused by the involvement of a one-electron transer
without C-S bond cleavage.

It has also been suggested that the considerable acceleration of this process in acetone
with an unchanged high selectivity towards the products of the partial oxidation of the
sulfide might be due to participation of this solvent in the process, in particular, due to
concomitant oxidation of acetone and sulfide. The oxidation of acetone occurs via
CH,COCH, - formation. This latter radical interacts with oxygen and thus transforms
to a peroxide radical which should easily react with the sulfide and the sulfoxide to give
their oxidation products.

In fact, under the conditions of sulfide oxidation acetone is partially (up to 1.5mol.%
at a 100% conversion) oxidized to acetic acid whose yield increases with increasing
temperature, reaction time, and catalyst concentration.?2%*!

In the concomitant oxidation of sulfide and acetone the molar quantities of sulfide
consumed and of acetic acid formed would be expected to be approximately the same.
However, it has been found that the extent of acetone oxidation is independent of the
sulfur compound, the reaction time, and the catalyst concentration. Under certain
conditions the molar quantity of the sulfide consumed is higher by one order of
magnitude than that of the acetic acid formed. The yield of the latter does not increase
with increasing rate of the oxidation of the sulfide when its initial concentration is varied.
In the presence of MoS, (an acceptor of RO, radicals) the extent of the oxidation of
acetone decreases by a factor of 2.5, but the yield of the sulfoxide does not change. These
data indicate that the high rate of the oxidation of the sulfide to the sulfoxide is not
associated with the concomitant oxidation of acetone and a sulfur compound. The
process is facile in acetone for the following reasons.

For the catalyst to show a high activity a fast recycling of Cu’* ions is necessary.
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Under the action of a sulfide Cu** can be reduced to give both Cu™ and Cu® which is
difficult to reoxidize with oxygen. In acetone as solvent the higher valent copper state
is probably stabilized due to the formation of a polynuclear Cu?**-Cu* complex. The
presence of Cu®* necessary for sulfide activation and of Cu* necessary for molecular
oxygen activation in the cluster, as well as the complete homogenization of the system
owing to the dissolution of the copper complex with sulfide and sulfoxide in acetone,
provides a higher oxidation rate in acetone than in water, alcohol, or other solvents or
in the absence of a solvent.”?

Copper complexes in acetone exhibit group specificity, i.e. in their presence various
sulfides can be oxidized. The rate of formation of the products of the partial oxidation
of dialkyl sulfides? increases with increasing donor ability of the sulfur atom. Under
comparable conditions at 100-150 °C and 5 MPa the rates of oxidation of dialkyl sulfides
with R = C,-C; differ no more than by a factor of 2, which is due to closely similar
donor abilities of the sulfur atoms in these compounds. The rate of oxidation of thiolane
is close to that of diethyl sulfide with the same number of carbon atoms and nearly the
same effective negative charge on the sulfur atom;' alkylthiolanes are oxidized more
easily than thiacyclohexane. For example, in the presence of CuCl, at 100°C and S MPa
the rate constants of the oxidation cof sulfides to sulfoxides are:*?

(C2H5)25 S S CzH_r, HSCZ‘ S‘ >

CaoMs
K, 1/mol-n 1400 1300 2500 2000
:s:‘ CeHy3 U
1300 650

The oxidation of sulfides can also lead to the formation of sulfones. For example, at
150-200°C, 5-8 MPa, [CuCl,] = 60mM, and a reaction time of 20-60 min thiolane is
oxidized to 80% thiolane 1,1-dioxide with 100% selectivity. Under more severe con-
ditions the reaction is complicated by the formation of sulfonic acid.

The rate constant of oxidation of a sulfoxide to a sulfone is by a factor of 5-10 lower
than the rate constant of oxidation of a sulfide to a sulfoxide. The oxidation of sulfoxides
is difficult due to the poor donor ability of the sulfur atom in the sulfoxide and the
coordination of part of the sulfoxide molecules to the catalyst via the oxygen atom of
the SO group. Nonethless, in the presence of copper complexes the rate of formation of
sulfones is far higher than in the presence of other known catalytic systems.?’>?"* An
increase in the acidity of the reaction mixture leads to a decrease in the rate of the
oxidation of sulfoxides to sulfones,’?? probably because of the formation of a stable
R,SO---H complex which makes difficult the coordination of the sulfoxide to Cu?®*
necessary for the occurrence of the oxidation reaction.

Unsaturated sulfides such as divinyl sulfide are difficult to oxidize on copper cat-
alysts:*? at 150°C, [Cu’*] = 64mM, and a reaction time of 30min with a 0.15M
sodium trifluoroacetate additive the yield of sulfoxide is 20 mol.%. The reaction rate is
lower by three orders of magnitude than that of the oxidation of saturated sulfides. This
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fact is partly due to polymerization of divinyl sulfide (under the conditions mentioned
above to an extent of 50%). The decrease of the reaction rate may be caused by a
decrease in the electron density on the sulfur atom of divinyl sulfide due to conjugation
of the electron pairs of the sulfur atom with the n-electron of the C=C bonds, and also
due to partial coordination of divinyl sulfide to the catalyst via the C=C bonds (on the
other hand, coordination via the sulfur atom is necessary for the formation of sulfoxide).

Copper catalysts can provide the oxidation of a natural mixture of sulfur-containing
compounds by air,”**" e g.. of the so-called “oil sulfides” (a mixture of sulfur-contain-
ing compounds isolated from middle-distilled oil fractions deposited in the Siberian and
Volga regions). The approximate composition of “oil sulfides” is as follows:
thiamonocycloalkanes (40-60%), thiabicycloalkanes (10-20%), thiatricycloalkanes (4-
8%), thiatetracycloalkanes (0-1.5%), thiaindanes (1.5-2.5%), cycloalkyl sulfides (2
4.5%), alkyl aryl sulfides (0-0.7%), dialky! sulfides (2.5-9%). Under appropriate oxida-
tion conditions sulfoxides and sulfones are formed.?**”’

In the absence of a solvent CuCl, is of low activity (the yield of sulfoxide is up to 50%
and the productivity is up to 1 mol/g-ion Cu per h). The process is accompanied by the
formation of large amounts of residues and resins. The activity of CuCl, considerably
increases in acetic acid; the sulfoxides formed contain side products and resin admix-
tures. A disadvantage of this catalytic system is the strong corrosivity of acetic acid. This
disadvantage is eliminated when 2-propanol solution is used. A yield of sulfoxide of
70 mol.% with 80% selectivity can be achieved at 130 °C for 5h, the productivity being
ca. 4mol/g-ion Cu-h. Regardless of the composition of the initial raw material the
sulfoxides obtained contain side products such as sulfones, sulfonic acids, carbonyl
compounds, and resins up to a total of 40-50%. Many of the above-mentioned shortc-
omings can be eliminated by the use of acetone as solvent.”*?

The oxidation of oil sulfides in acetone solutions occurs under the action of various
copper compounds with high selectivity, the catalyst activity being dependent on its
composition. The order of activity of the copper compounds studied towards formation
of petroleum sulfoxides is the same as with individual sulfides (Table 25).

Under comparable conditions the oxidation of petroleum sulfides in acetone solution
is by a factor of 5-10 slower than that of individual sulfides, but the rate of the sulfoxide
formation is high, i.e. higher by two orders of magnitude than with other catalytic
systems.

The selectivity towards sulfoxides, regardless of the nature of the catalyst, is close to
100% at a conversion of oil sulfides of up to 80 mol.%, but tends to decrease at larger
conversions due to conversion of sulfoxides to sulfones, sulfonic acids, etc. The produc-
tivity is ca. 400 g of sulfoxides per 1g of catalyst per h. Under appropriate conditions
the oxidation of oil sulfides and sulfoxides yields sulfones (Table 24).

In hydrocarbon solutions in the presence of the Cu’* -acetone system, sulfides are also
oxidized to sulfoxides.?**?

At a constant content of hydrocarbons the kinetics of the oxidation are the same as
in the absence of hydrocarbons (vide supra). At a content of up to 0.5-1 M of hydrocar-
bons in the reaction mixture the oxidation process is not inhibited. For example, the rate
of the oxidation of hydrocarbon-free oil sulfides exceeds by no more than 10% (rel.) that
of sulfides containing up to 20wt.% of hydrocarbons. The oxidation of sulfides is
dramatically (ca. by a factor of 10) suppressed upon addition of octane, cyclohexane, or
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ethylbenzene in amounts of about 3 M. The rate of formation of individual and oil
sulfoxides decreases proportionally with increasing concentration of hydrocarbons and
increases with increasing concentration of sulfides.

This inhibition is caused by the competitive oxidation of the hydrocarbons in the
presence of copper catalysts which leads to a decrease in the proportion of Cu** ions
catalytically active in the oxidation of the sulfides. Under the conditions of sulfide
oxidation hydrocarbons undergo conversions, aromatic hydrocarbons being oxidized
more easily than naphthenes and paraffins. The oxidation leads to aldehydes, ketones,
acids, and other oxygen-containing compounds. The addition of acceptors of RO,
radicals (MoS, ) results in a decrease of the rate of hydrocarbon oxidations by more than
one order of magnitude. Upon co-oxidation of hydrocarbons and sulfides the rate of
conversion of hydrocarbons falls and the amount of the side-products formed decreases
because the sulfides inhibit the oxidation of the hydrocarbons due to interaction with
hydroperoxides.

Due to this fact sulfide-hydrocarbon mixtures and in particular oil sulfur compounds
can be oxidized.*?”’

I11.2. Catalytic Reduction of Unsaturated Sulfoxides and Sulfones by Hydrogen

A number of unsaturated sulfoxides and sulfones are readily available. In principle, their
hydrogenation can provide the required corresponding saturated compounds. SO and
SO, groups activate multiple bonds of unsaturated sulfoxides and sulfones. Hence
complex formation with a catalyst is possible and, if the catalyst can activate hydrogen,
hydrogenation does take place:’

RCH=CHSOR + H, - RCH,CH,SOR
RCH=CHSO,R + H, —» RCH,CH,SO,R

However, besides the saturation of C=C double bonds, there can take place some other
processes and this complication is due to the specific properties of sulfur compounds.

The S-O bond in sulfoxides and sulfones is, at least partially, semipolar. Hence the
electron density at the sulfur atom is decreased, which leads to a weakening of the C-S
bonds. Since the sulfur atom is positively charged its ability for pd-conjugation rises, and
hence the acidity also increases.

The oxygen atoms in sulfoxides and sulfones possess excess negative charge, due to
which they are protonated and give addition products with the participation of an
oxygen atom.

[I1.2.1. Hydrogenation of sulfoxides Sulfoxides easily coordinate with various metal
compounds. The sulfur atom has a lone electron pair, hence complex formation with its
participation is possible. The formation of such complexes has been confirmed in the
case of the platinum group metals.” Sulfoxides coordinate with several metal compounds
at the oxygen and sometimes they also coordinate at the sulfur. Thus, sulfoxides with
their two donor atoms act as both thio and oxo ligands.>*® Due to this complex
formation the sulfoxides are activated and become more reactive, in particular their
decomposition is facilitated.? As a result of the complex formation of dimethyl sulfoxide
with Rh(III) compounds, its reduction in solution to the sulfide proceeds more readily.””
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On solid catalysts, e.g. on 5% Pd/C (17-25wt.% relative to the sulfoxide), in ethanol
solution at 80-90°C, 3-9 MPa, and 1-4 days hydrogenation time, sulfoxides are hyd-
rogenated to sulfides. The extent of the hydrogenation depends on the structure of the
sulfoxides and reaches 80-99%.%*

In unsaturated sulfoxides the SO group is more readily reduced than C=C bonds. For
example, after three days of hydrogenation 66% H,C-C,H,~S-CH=CH-C(H; and 16%
H;C-C,H,-S-CH,CH,C H; were obtained from H,C-C H,-SO-CH=CH-CH,.
The yield of saturated sulfides also rises upon addition of activated carbon, but in this
case no saturated sulfoxides be obtained.

I11.2.2. Hydrogenation of 2- and 3-thiolene 1,1-dioxide In solution, sulfones coordinate
with various compounds, e.g., aluminum, titanium, tin, antimony, cobalt, and copper
halides and Mn or Fe carbonyls.”""*2?*3 Due to the complex formation of propylene
sulfone with Fe,(CO), the decomposition of the sulfone becomes easier.”® It is ther-
modynamically probable that SO, groups are reduced to sulfide. The patent litera-
ture”*?* shows that at 250-400 °C on transition metal sulfides 2- and 3-thiolene 1,1-dio-
xide and thiolane 1,1-dioxide are hydrogenated to thiolane. This reaction is complicated
by concomitant dehydrogation and decomposition. In the presence of molybdenum
sulfide at 300-375°C and 10 MPa diocty! sulfone is reduced to a small extent to the
sulfide, but mainly hydrogenolysis takes place to yield hydrocarbons.?*

Unsaturated sulfones coordinate with rhodium, nickel, and platinum complexes®’
with the participation of their multiple bonds. Hence, addition of hydrogen to form
unsaturated compounds becomes possible. A similar process also takes place with solid
metal catalysts. The literature reports saturation of C=C double bonds of sulfones at
20°C and 0.1 MPa in ethanol in the presence of unsupported or carbon-supported
metallic palladium. Particularly, numerous data are available concerning the reduction
of thiolene 1,1-dioxide in the presence of various catalysts.''60:20%.238-243

111.2.2.1. Hydrogenation on metal complexes PdCl, complexes with dimethyl sulfide or
dimethyl sulfoxide reduced with KBH,-Pd°(CH;),S and Pd°(CH,),SO in dimethyl
sulfoxide solution catalyze the hydrogenation of 2- and 3-thiolene 1,1-dioxide to thio-
lane 1,1-dioxide.?*

The experiments were carried out in the kinetic region in a static volumetric shaken
reactor system. At room temperature and 0.1 MPa the initial rate of thiolane dioxide
formation is 1 mol/g-at. Pd-min. The Pd-DMF complex in N, N-dimethylformamide
solution is approximately 45 times more active.

During the hydrogenation the above complexes are slowly deactivated due to interac-
tion with SO, formed by thiolene dioxide decomposition. The addition of bivalent sulfur
compounds (thiophenes, thiolanes) to the reaction mixture decreases the activity of the
complex. Thiolanes are stronger poisons than thiophenes. A 50% decrease in the initial
activity of the complexes with sulfur ligands takes place after addition of 50-500 mmol/1
of sulfur poisons to the solution. Palladium complexes with sulfur ligands are 10-100
times more stable to the thiolane effect than those with nitrogen-containing ligands. A
conclusion about the reasons for the deactivation was made by UV and NMR studies
of Pd°(CH, ), S catalysts. The UV spectra of partially deactivated catalysts consisting of
complexes treated with small quantities of thiolane exhibit bands typical for Pd(1I)-
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sulfur bonds (34000-24000cm™"). At high thiolane concentrations (50 mmol/l and a
ratio poison:Pd = 50) the spectra exhibit no such bands. The *C NMR spectrum of the
sample modified with thiolane exhibits signals belonging to thiolane coordinated with
Pd (6 40.3 and 32.8 ppm) and to free dimethyl sulfide (6 20.6 ppm). This suggests that
the deactivation is due to the displacement of the initial ligand from the coordination
sphere of the complex by thiolane. This leads to the disintegration of the initial structure
of the complex. In the presence of hydrogen metallic palladium is formed which is
readily deactivated by sulfur compounds.

In 2-propanol solution SiO,-supported mono- and polynuclear Pd(II) and Pd° com-
plexes (Table 20) at 20 °C and 0.1 MPa catalyze the hydrogenation of 3-thiolene 1,1-dio-
xide; the yield of thiolane dioxide is 100% and the hydrogenation rate is 1-90 mol/g-at.
Pd-min.'**'* The reaction on supported palladium complexes includes two main steps:
the coordination of thiolene dioxide to form a complex, and hydrogen activation via the
formation of a pailadium hydride. The formation of the latter on Pd(II) complexes takes
place when electron density is transferred from hydrogen to palladium whereas in the
case of Pd° complexes this transfer occurs in the reverse direction. This increase in the
donor properties of the ligands increases the activity of the catalyst.?*

During the hydrogenation of neat thiolene 1,1-dioxide all the complexes studied are
stable, but upon prolonged operation of the process they are gradually deactivated
under the effect of the bi- and tetravalent sulfur compounds formed during the pro-
CCSS.ls&lsg

II1.2.2.2. Hydrogenation on metal sulfides Platinum group metal sulfides facilitate the
hydrogenation of 3-thiolene 1,1-dioxide to thiolane 1,1-dioxide at 20 °C and 5 MPa, but
are of low activity (Table 26). With increasing temperature the hydrogenation rate
increases, but in this case the thiolene dioxide decomposes and the selectivity towards
thiolane dioxide decreases.*'®*” For example, at 100°C and 5 MPa in the presence of
2.5% PdS/Al, O, catalyst in ethanol solution the yield of thiolane 1,1-dioxide after 2h
is 80% and the selectivity 90%.

Hydrogenation of 2-thiolene 1,1-dioxide on a platinum group metal and rhenium
sulfide (1 g samples) at 150°C and 11 MPa in 2-propanol produces thiolane 1,1-dioxide
in a yield of 50-100% with 70-90% selectivity. Ni, W, and Co sulfide are of low activity.

Table 26. Hydrogenation of 3-thiolene 1,1-

dioxide in the presence of bulk catalysts at
20°C and 5MPa'®*

Catalyst v, g C,HSO,/g cat.-h
PdS 4
PdO 10100
Pd 2560
Rh,S, 7
Rh,0, 0
Rh 8000
PtS, 2
PtO, 11000
Pt 316
RuQ, 240

Ru 440
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According to their specific activities (v+10°g/m?-h) the catalysts examined can be
arranged in the sequence:

Sulfideof Rh > Re > Os > Pd > Pt = Co > W > Ni
Veel 60 30 14 6 4 4 3 1

The catalysts which are the most active in the hydrogenation of 2-thiolene 1,1-dioxide
are also the most selective towards the formation of thiolane 1,1-dioxide. These catalysts
are stable during extended runs. For example, on 1 g PdS/AlL, O, no less than 50g of
2-thiolene 1,1-dioxide can be hydrogenated without loss of activity of this catalyst.24

Kinetic studies show that the reaction order with respect to hydrogen changes from
first (P = 0.1-15MPa) to zeroth (P > 15MPa). The reaction is first order with respect
to thiolene dioxide. Under certain conditions the hydrogenation is accompanied by
hydrogenolysis of the starting material. These two reactions take place independently:

‘ || H2 :so:z
—-

SOZ —_— st + 502 + C4H8 +Hzo

2-Thiolene 1,1-dioxide can be obtained from 3-alkoxythiolane 1,1-dioxides (sulfolanyl
ethers) readily formed by interaction of alcohols with 3-thiolene 1,1-dioxide.?**® In
alkaline media sulfolanyl ethers decompose to 2-thiolene dioxides which are reduced to
thiolane 1,1-dioxides:

RO
~—{ ROH l l HO‘(-Ron)I.” H2 | l
_— _— —_

S0, 503

During the hydrogenation of sulfolanyl ethers (R = C,—-C,,) in the presence of 2%
PdS/AL O, catalysts at 85-100°C, 4-SMPa, 0.25-2h reaction time, and a ratio
ether:alkali = 1:(0.2-5) the yield of thiolane 1,1-dioxide is 24-82 mol.% with a selectiv-
ity of 100%.

This reaction also takes place in the presence of metallic Pd/Al, O, catalysts, but at a
lower rate. At temperatures ranging within 20-85°C and 0.1 MPa thiolane dioxides are
obtained by hydrogenation of sulfolanyl ethers with R = C,-C,, in alkaline solutions
of alcohols, sulfolane, and water. A quantitative yield of thiolane dioxides is only
obtained in aqueous alkaline solutions. The rate of hydrogenation is described by the
following general equation:

v = K-C, Py, -Clldy

where C, is the concentration of the sulfolanyl ether. At C, > 0.1 mol/l the reaction is
zeroth order with respect to the ether. At C, < 0.1 mol/l it is first order (Figure 18) and
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Figure 18. The logarithmic dependence of the rate of formation of thiolane 1,1-dioxide (v, mmol/lgcat*
min)(0.5g Pd/ALO,, P = 0.1MPa) on KOH concentration (C-10°mol/l) at T = 70°C, ¢ = 30min,
C, = 0.08mol/l (1) and on the concentration of 2-butoxythiolane 1,1-dioxide (C-10° mol{l) at T = 85°C,
7 = 20min and [KOH) = 0.89mol/l (2).**
the rate limiting step for the formation of the thiolane dioxide is the elimination of the
alcohol from the ether rather than the reduction of the 2-thiolene dioxide formed.
For the first several minutes the reaction rate is maximal, but then it sharply drops
because of catalyst deactivation. This deactivation cannot be prevented by hydrogena-
tion on one catalyst sample and batchwise introduction of the substrate into the reaction
medium in amounts ensuring a constant ether concentration. At 70-85°C and a KOH
concentration of 0.45-0.9 mol/l the amount of thiolane dioxide formed per 1g catalyst
prior to the tenfold drop in the initial reaction rate, is independent of the ether con-
centration in the initial solution and equals 0.45-0.67 g. The deactivation of the catalyst
is assumed to be caused by the decomposition products of thiolene 1,1-dioxide formed
from the sulfolanyl ethers which are produced in alkaline medium.

II1.2.2.3. Hydrogenation on metals At room temperature palladium, platinum, and
ruthenium oxide are highly active in the hydrogenation of 3-thiolene 1,1-dioxides while
rhodium oxide is inactive (Table 26). This is determined by the effect of the metals
formed by reduction of the oxides. Pd, Pt, and Ru oxide are easily reduced to metals.
Their activity per unit surface is identical with the specific activity for the metal blacks
of these metals. For example, the specific activity (K + 10° g/m? metal - h) for Pd, PdO, Pt,
PtO,, Ru, and RuO, is 11, 8, 2.3, 2.2, 0.12, and 0.06, respectively. Rhodium oxide is first
reduced to the metal at higher temperatures, hence it is inactive in the formation of
thiolane 1,1-dioxides.

Group VIII metals are usually applied as catalysts for the low-temperature hydroge-
nation of various unsaturated organic compounds. Their activity is ascribed to the
inability to form donor (“dative”) bonds with C=C groups, which leads to the activation
of these bonds. This possibility also exists for unsaturated compounds such as 2- and
3-thiolene 1,1-dioxide where the C=C bond is activated by an SO, group.

Under the effect of group VIII metals the hydrogenation of 2- and 3-thiolene oxide
readily takes place already at room temperature with 100% selectivity towards thiolane
1,1-dioxide (Table 26). The rate per 1g catalyst is 100-1000 times higher than that on
metal sulfides.>?”
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It is thermodynamically possible to reduce sulfonyl groups to sulfide ones, but on
metals this reaction does not take place. The reason is that, for this reaction to occur,
the SO, group must be activated by complex formation with charge transfer from the
oxygen to a metal atom, which requires the metal to possess vacant low-energy orbitals.
Apparently, this process takes place during the interaction of the sulfone with metal
compounds.

The laws for the selection of metal catalysts to reduce thiolene dioxides are the same
as those for alkenes. For example, according to their specific activities group VIII metals
(metal blacks and supported catalysts) during the kinetic hydrogenation of 3-thiolene
dioxides (20°C, 5 MPa, sulfolane and 2-propanol) follow the same sequence as in the
hydrogenation of other unsaturated compounds

Rh > Pd > Pt > Ir > Ru > Ni
o 3100 930 190 20 10 1

249-252

Table 27. Dispersity and activity of palladium catalysts

Support Pd concentration Surface Activity,* K-107}
area weight specific
5 pumol m 8 g
(wt. %) (mzcat.> <g Pd) (g-h) (mde-h)
y-Al, Oy 0.5 27 260 10 8
1.0 51 220 18 8
1.8 100 180 30 9
2.0 83 210 40 10
2.0 168 110 26 12
2.0 250 80 16 10
2.7 147 140 45 12
4.5 250 110 60 12
6.3 346 70 60 14
9.6 505 50 62 13
13.5 794 45 75 12
18.0 1200 38 90 I3
AlSi 0.5 14 314 12 8
1.0 28 280 16 6
2.0 56 200 24 6
3.0 84 130 30 8
5.0 140 110 40 5
Activated 1.0 10 195 13 6
carbon 2.0 20 165 25 8
3.0 30 190 34 3
5.0 50 170 42 5
SiO, 0.5 17 100 3 6
1.0 33 80 5 7
2.0 67 60 8 7
3.0 100 45 10 7
5.0 167 30 15 10
8.0 267 30 20 8

* the activity was determined at 20°C, 5MPa, C = 5wt.%, and a weight ratio of catalyst to C,H¢SO,
of 1:200.
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One can observe that the catalytic activity of metals depends on the properties of their
d-electron shells.

The hydrogenation rate of 3-thiolene dioxide per catalyst weight (“weight” activity)
rises with increasing metal surface area {degree of metal dispersity). The dispersity was
determined by several independent methods: X-ray analysis, electron microscopy, che-
misorption of oxygen, carbon oxide, and sulfur dioxide, and by following the poisoning
of the catalyst by sulfur poisons during hydrogenation. These different methods give
very similar values for the dispersity.*?** As a rule, the surface area of the metals
decreases with increasing concentration in the samples (Tables 27 and 28). The metal
dispersity depends on its surface concentration irrespective of whether the support
surface or its metal content is varied. The dependence of the metal dispersity on the
surface concentration is linear over a considerable range. The data obtained for a given
metal supported by various substrates do not fall on one straight line due to differences
in the crystallization behavior of the metal due to e.g., the different strength of the
metal-support bonds and the associated different surface mobility. The most drastic
decrease of the dispersity with increasing surface concentration of palladium is observed
on Si0, and the least decrease on Al, O, and AlSi. On carbon the dispersity of palladium
does not change at all in the concentration range examined. On Al,O,, AlSi, and carbon
the dispersity of palladium is highest. A low dispersity of palladium is achieved when it
is supported on zeolites or on substrates with small surface area such as corundum or
carborundum. Similar relationships are also observed with rhodium.

The metal dispersity also depends on how the metal is supported on the substrate.
Palladium modification with boron increases the surface area of the former, e.g. the
surface areas of palladium black and of Pd + 3% B are 8 and 18 m?/g, respectively. The
X-ray spectrograms of these samples are identical, i.e. in the presence of boron only the
dispersity of the palladium increases, but the phase composition does not change. A
similar observation was also made for Pd samples modified with silver.”®' The surface
areas of palladium catalysts grow when palladium is modified with ruthenium, rhodium,
platinum, or iridium (Table 29). According to the X-ray data for samples reduced at

Table 28. Dispersity and activity of supported rhodium?*2%

Support Rh concentration Surface Activity, K-1073*
area weight specific
o pmol m’ g g
(wt. %) (m’cat.) (g Rh) (g-h) <m2 Rh~h>
Al O, 0.5 30 415 30 14
1.0 47 350 68 19
2.0 125 320 110 17
3.0 170 240 100 14
5.0 312 245 200 16
10.0 570 205 385 19
Si0, 2.0 78 130 29 17
3.0 116 105 42 19
5.0 195 83 60 21

* refer to the note in Table 27.
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Table 29. The activity and stability of alloys in the hydrogenation of 3-thiolene 1,1-dioxide at 20°C**

Catalyst Promoting S, K-1073# Yield of
additive (m?/g) (g/g-h) C,H,S0, **
to Pd (g/8)
(wt.%)
Pd 0 5 69 160
Pd-Pt 5 18 305 180
10 13 273 190
15 24 471 200
35 30 580 200
50 37 552 —
75 81 507 200
100 88 276 —
Pd-Ir 5 37 416 200
10 43 392 200
25 51 49 —
100 162 1 —
Pd-Rh 10 45 363 350
25 74 386 600
50 104 606 800
70 103 168 200
80 96 21 —
90 91 13 —
Rh 100 162 0 200
Pd-Ru 10 17 174 220
25 S8 337 300
50 78 232 —
70 89 206 —
80 130 92 60
Ru 100 114 6 30

*K = rate constant of the first order in magnitude.
**yield of product per 1 g catalyst prior to its complete deactivation.

20°C, in all cases solid solutions are formed, except in the case of Pd-Rh of the
composition 1:1 which is a mechanical mixture of these metals.”™

The weight activity of catalysts in the hydrogenation of 3-thiolene 1,1-dioxide in-
creases with increasing metal content, which is associated with the increasing total
surface area of the metal in the catalyst. By varying the support type and the method
of supporting the metal and by introducing promoting additives it is possible to change
the metal dispersity and hence to affect its weight activity (Tables 27 and 28).

For palladium catalysts promoted by platinum metals the maximal weight activities
are observed to be dependent on the composition (Table 29). According to certain
concepts, the maximal catalytic activity of alloys should be reached when the number
of electron vacancies in the d-layer per one metal atom is equal to unity. It has been
found, however, that Pd-Pt catalysts also give maximum activities although both metals
have the same number of vacancies.” When Pd is modified by promoting additives, the
energy of the hydrogen bond to the surface changes. For example, during the hydroge-
nation of thiolene dioxide the potentials of Pd and Pd-Pt catalysts shifts towards the
anode region by approximately 130 and 90mV, respectively. In the latter case this
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Figure 19. Hydrogenation of 3-thiolene 1,1-dioxide at T = 20°C, P = 0.1 MPa over 2% Pd/Al, 0O, in its
oxidized (1) and reduced (2) form, 3 — regenerated catalyst heated in vacuo at 300°C.>*

indicates a certain strengthening of the hydrogen bond to the surface. This also affects
the activity of the catalyst.

In short-term (0.5-1.0 min) determinations of the activity of mixed oxides there is only
time for PdO to be reduced to the metal. The less readily reducible rhodium, ruthenium,
and iridium oxide cannot be reduced and hence the active component of palladium
catalysts is the metal. The total surface area of the samples increases when PdO is
modified with Rh, Ru, Ir, and Pt. Hence it can be suggested that the palladium dispersity
increases in their presence.® The weight activity of palladium and rhodium increases®*
if the hydrogen-reduced catalyst is treated with air at 50-250°C for 2 h (Figure 19). The
specific sulfur capacity of the metals in samples reduced with hydrogen at 300 °C is lower
than in those treated with air at 200 °C. This indicates an increase in the number of active
sites on the catalyst after its activation with air. In this case the metals can be assumed
to form the corresponding oxides. For the activity of palladium catalysts this is not
essential since PdO is readily reduced to the metal already at room temperature.
Therefore hydrogen species strongly bonded to Pd cannot form. Rhodium oxide is
hardly reduced to the metal, therefore it is inactive. The X-ray data of samples oxidized
with air for different periods of time show that palladium black samples oxidized at
100-400 °C for 10h only exhibit lines typical of metallic palladium. The lines of PdO
appear only after treatment of Pd with air at 500°C. Similar observations were also
made with rhodium samples. Thus, treatment of Pd and Rh in air at T < 300-400°C
does not lead to the formation of bulk oxides.

The observed increased activity of Pd and Rh catalysts after treatment with air is
caused by the elimination of hydrogen strongly bonded to the surface. The weight
activity of these catalysts reduced with hydrogen at 300 °C increases if they are heated
in vacuo at 300 °C for 20h.>**

The activity of metal catalysts can also be increased without changing the dispersity
of the metal. For example, if Raney nickel is promoted with vanadium, molybdenum,
zirconium, or niobium, this does not affect the nickel dispersity, but increases by 2-7
times its weight activity due to changes in the composition of the active component of
the catalyst.””

Irrespective of the metal content and the support type, the specific activity of catalysts
for the hydrogenation of thiolene dioxides (the activity per metal surface area) is
constant within 20 rel.% (the size of crystallites varying by up to 20 A)**” (Tables 27 and
28).
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Table 30. Hydrogenation of 3-thiolene 1,1-dioxide on nickel-chromium catalysts®®

Catalyst Pt additive K-1073* Yield of
to NiCr, g/g-h C,H;S0O,*
wt.% glg

NiCr,0, 0 42 18

Ni-Cr,0; - 0.2 2.1 23

Pt 0.6 36 25
1.0 4.2 31
2.0 37 41
4.0 4.1 50

P1-Cr,0, 1.0 0.1 0.2

* refer to the notes in Table 29.

Metals are sufficiently stable during the hydrogenation of 3-thiolene 1,1-dioxide since
the sulfur atom is screened and the formation of sulfur-metal bonds is hindered.
However, during long-lasting hydrogenation the activity of the catalyst decreases. One
of the reasons for this decrease can be the removal of hydrogen from the surface, since
it is known that some metals, e.g. palladium and nickel, can dissolve large quantities of
hydrogen.'> The extent of the removal of hydrogen from the surface can be estimated
from the change of the potential of the catalysts during the hydrogenation. The potential
of nickel catalysts (20°C, 0.1 MPa, in 2-propanol solution, neutral medium) shifts
towards the anode region by 250-300mV. This is due to strong adsorption of thiolene
dioxide and to the displacement of most of the hydrogen from the surface. When the
hydrogenation is interrupted the potential is lower than before the reaction, which could
be due to the partial removal of hydrogen from the surface. A similar effect has also been
observed for ruthenium whose potential shifts towards the anode region by about
600mV.

When nickel is promoted with other metals the extent of hydrogen removal by
thiolene dioxide from the surface of the catalyst can decrease. For example, upon
modification of nickel-chromium catalysts with platinum the potential shift towards the
anode region upon addition of thiolene dioxide is 100 mV, whereas on unpromoted
catalysts it is 300 mV. The initial activity of the catalyst remains unchanged, but the
stability of Pt-NiCr is approximately three times higher than that of NiCr (Table 30).*

The increased stability cannot be ascribed to additional hydrogenation on the metal
promoters. Apparently, upon addition of Pt to NiCr, the degree of hydrogen removal
from the surface during the hydrogenation decreases with the strengthening of the
hydrogen-surface bond. Surface hydrogen can inhibit the interaction between catalysts
and poisons contained in the raw material. With strengthening hydrogen-surface bonds
the dissociative adsorption of thiolene dioxide to form contact poisons is hindered.
Modification of Raney nickel catalysts with Mo, V, Zr, or Nb increases their stability
in the hydrogenation of 3-thiolene 1,1-dioxide 2-7 times due to the changes in the
composition of their active components.?®® This, however, cannot completely eliminate
the metal deactivation during thiolene dioxide hydrogenation, since it is largely due to
surface blocking by poisons formed during the hydrogenation. Owing to the ability of
the oxygen atoms of the SO, group to form bonds with metals or metal carriers it is
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possible that weak C-S bonds will be weakened and dissociate. The sulfone molecules
can also dissociate due to the formation of the d,—d, bond M «:SZ and the easy loss
of a-hydrogen atoms from the sulfones.’

This reaction of 3-thiolene 1,1-dioxide is exothermic by 113 kJ/mol). With incomplete
removal of heat local overheating can occur, due to which both in the bulk of the catalyst
and on its surface the thermal dissociation of thiolene dioxide and the formation of
contact poisons take place. It is possible that the following reactions take place:

C,H,S0, = SO, + C,H,
SO, + 3H, » H,S + 2 H,0

C,H, + H, — C,H, 2% C,H,SH
C,HSO, + H, » C,H,S + 2 H,0

80, + C,H, — (-S0,~-C,H¢-),
C.H,SO, + (CH,),CHOH - C,H;,:

One of the main pr.mary products of thiolene dioxide decomposition, i.e. 1,3-buta-
diene, exerts practically no effect on the activity of the catalyst in the hydrogenation of
unsaturated sulfones. Water, polysulfones, and sulfolanyl ethers can deactivate catalysts
to some extent. The deactivation of the catalyst largely takes place under the effect of
sulfur-containing decomposition products of thiolene dioxide, i.e. SO,, H,S, RSH, and
C,H;S.

It is most likely that the main deactivating agent for metals during the hydrogenation
of thiolene dioxide is SO,. This can be deduced from the following facts.'>

3-Thiolene 1,1-dioxide is thermally unstable and upon storage even at room tem-
perature it partly decomposes to form SO,. The decomposition rate increases with
increasing temperature. The stability of catalysts, e.g. of Pd/Al, O, decreases by a factor
of 2.5 when the temperature rises from 20 to 50 °C. Modification of the hydrogenated
solution with SO, leads to catalyst deactivation. The amount of SO, necessary for
complete deactivation of palladium catalysts and their sulfur capacity with respect to
SO, are approximately equal. The rates of metal deactivation and adsorption are obey
a linear relationship. Treatment of the catalyst at 20 °C with gaseous SO, prior to the
experiments leads to its deactivation. Approximately, a decrease of its initial activity by
a factor of 20 is observed. Deactivated catalysts contain Pd sulfate which is inactive in
the hydrogenation of thiolene dioxide. The stability of the metals increases with decreas-
ing SO, content of the initial solution. For example, when the SO, concentration in the
solution falls from 0.0015 to 0.0002 wt.%, a five-fold increase in catalyst stability is
observed. Upon adding bases or peroxide-alkali mixtures to the hydrogenated solution
SO, is removed, but the activity of the catalyst still diminishes due to a change in its
properties.

SO, chemisorption on metals produces surface complexes of the composition 1:1
without disruption of the initial structure. SO, is a strong n-acceptor affecting the donor
ability of metals which activates C=C bonds in sulfones. The ability of the metal to
activate hydrogen can be preserved, but the activity of the catalyst decreases. With
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Table 31. The activity and stability of group VIII metals during the hydrogenation of 3-thiolene 1,1-dioxide
at 20°C and SMPa'®

Metal Activity, Yield of Time elapsed
mol C,H,S0, C4H;80,, until complete
“hom? metal mmol metal deac-
e meta o ey tivation,
m°* metal min
Rhodium 31 230 3
Palladium 93 85 4
Ruthenium 19 20 5
Iridium 2 7 6
Platinum 1 4 8
Nickel 0.1 3 35

respect to their stability to the poisoning effect of added SO,, metals follow the same
sequence as during extended hydrogenation of pure 3-thiolene 1,1-dioxide, which points
to a common reason for the deactivation of the catalyst. The less active a metal is the
more resistant is it. The amount of thiolane 1,1-dioxide obtained per 1 m? accessible
metal before the complete disappearance of the initial activity increases with increasing
catalyst activity (Table 31). It is associated with the same amount of SO, admixture in
the initial solution and the close rate of substrate decomposition on various metals.
Sulfur dioxide forms more stable complexes with nickel, ruthenium, and rhodium than
with palladium. SO, adsorption on Pd is reversible and when the catalyst is washed with
water or acetone or heated in a nitrogen atmosphere, SO, is removed from its surface
and the catalyst regenerated.

The SO, formed during the hydrogenation of 3-thiolene 1,1-dioxide is partially
reduced to H, S which is also a strong poison for metals. When H, S interacts with metals
dissociative irreversible chemisorption takes place to produce a surface metal sulfide
which prevent the activation of hydrogen. Catalyst deactivation is the direct conse-
quence of the formation of donor-acceptor complexes M « SH,. With regard to their
toxicity in the hydrogenation of 3-thiolene 1,1-dioxide poisons follow the sequence
showing corresponding to changes in the electron-donor properties of the sulfur in these
compounds:

R,S
m C,H,S > PhCH,SEt > PhSMe > H,S > Ph,S > C,H,S
meS 16-25 3] 37 85 140 350

g cat.

For sulfides a linear dependence between Taft’s inductive constants and the toxicities
has been established,® which is indicative of the formation of metal-sulfur bonds under
the deactivation. According to the literature®***’ metals, in particular Pd, can essentially
be protected against deactivation by sulfur compounds by their support on acid zeolites
or activated carbon. To elucidate this possibility a proper estimate of a catalyst’s
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stability during hydrogenation is necessary. Published estimates concerning the sensitiv-
ity of metals to the effect of poisons are conflicting. In order to compare the sulfur
resistance of catalysts the hydrogenation of sulfur-containing materials is often carried
out'® under standard conditions. The catalyst stability is determined from the product
yield or the total conversion obtained after a certain reaction time, sometimes corres-
ponding to the attainment of stable hydrogenation. This estimate for the sulfur stability
cannot be considered to be correct. 1t is especially inappropriate for the comparison of
catalysts with different metal dispersions, since the degree of hydrogenation changes
proportionally to the surface area of the active components. Nowadays a generally
accepted characteristic for the catalyst activity is the reaction rate, measured in the
kinetic region, per unit surface of the active component. To determine the relative
stability of catalysts it is necessary to consider changes in their specific activity under the
effect of poisons.

Most often the deactivation of catalysts takes place largely due to a decrease of the
number of active centers because of poison chemisorption. At constant temperature
the adsorption rate and the amount of a substance adsorbed per unit weight or on the
catalyst surface depend only on the poison concentration in the reaction mixture. Hence
it is necessary to consider changes in the specific activity of the catalysts depending on
the poison concentration in the reaction mixture rather than on the poison/catalyst ratio
(cf. e.g. Figure 20). If the reaction is carried out on different catalysts and if the surface
area does not change with time, in order to obtain an approximate estimate for the sulfur
stability it is possible to consider instead of the change in the specific activity of catalysts
the conversion degree of the initial substrate or the product yield. It is necessary,

W, mmol /rt Pd-min

2
0F \e
06} *
02

L 4 1 1

0.2 0.6 - 10 14 CiHgS,mM
W, mmol H, /g-at. Pd-min

b
02 | =eloupyapymemmpgml’ T
0.1 L 1 i ) 2
1 2 3 4 mol CaHg$S:g-at.Pd

Figure 20. The specific rate of 3-thiolene 1,1-dioxide hydrogenation (1% Pd/Al,O;, 20°C) vs. thiolane
concentration in solution: (a) mol C,H,S:g-at. Pd = I; (b) 0.5 mmol/l concentration of thiolane.>**
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Table 32. The activity and sulfur-stability of palladium catalysts®®

Support Pd, S, Hydrogenation rate Poison vfv, % upon adding
wt. % w? of pure C,H SO, mmol C,H;S C,H,S
g Pd mol H, mol H, 1
g-at. Pd-min  m’Pd-min
104
y-Al, O, 0.1 380 174 49 0.24 14 22
1.0 260 102 42 0.24 18 24
0.5 300 147 52 0.78 8 12
1.0 260 102 42 0.78 5 12
1.0 260 102 42 0.05 53 46
1.0 260 102 42 0.1 36 27
1.0 260 102 42 0.15 27 26
1.0 260 102 42 0.5 9 22
SiO, 0.1 220 46 22 0.24 14 —
1.0 67 16 26 0.24 12 21
0.5 130 42 34 1.2 4 7
1.0 67 16 26 1.2 4
AlSi 0.2 140 37 28 045 5 22
amorphous 1.0 75 22 31 0.45 8 —
0.5 65 23 37 1.2 4 10
1.0 75 22 31 1.2 3 19
Activated 1.0 165 58 37 0.5 8 21
carbon 5.0 84 24 31 1.2 S 9
NaY zeo-
lites:
7.8% Na 1.0 e S — 0.15 66 —
1.5% Na 1.0 — 4 e 0.15 64 —
0.9% Na 1.0 — 5 — 0.15 57
0.9% Na 1.0 — S — 1.0 19 17
Pd black 100 40 10 25 0.1 42
100 40 10 25 0.24 20 —

however, that the conversion degree is below 100% and that no diffusional obstacles are
present.

To establish the role of supports in the stability of a metal to the toxic effect of bivalent
sulfur compounds, palladium catalysts have been examined in the liquid-phase hydroge-
nation of 3-thiolene 1,1-dioxide.”®® For all catalysts a decrease in the activity was
observed in the presence of thiolene and thiolane. The most drastic changes in the
deactivation rate were observed with a poison concentration of as much as 0.1-
0.2 mmol/l, where the deactivation rate decreases. With poison concentrations above
2-3mmol/l the catalysts are practically completely deactivated (Table 32, Figure 21).

The toxicity of thiophenes and thiolane is of the same order of magnitude. The
stability values determined from the ratio of reaction rates with and without poisons
(v/v,) for the catalysts 1% Pd supported on SiO,, Al,O,, carbon, and alumosilicate are
practically the same and coincide with the data obtained for palladium black. A 50%
drop in the activity of these catalysts is obtained with about 0.06 mmol/l thiolane.
Palladium support on carbon did not lead to any increase in the sulfur stability com-
pared to Al,O,, SiO, and alumosilicate catalysts. At the same concentration of poisons
in the solution v/v, changes only slightly with varying palladium content on this support.
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Figure 21. The catalyst stability in the hydrogenation of 3-thiolene 1,1-dioxide vs. thiolane concentration
in solution: 1 — 1% Pd/NaY: @ — 7.8, 0 — 1.5and ™ — 0.9% Na; 2 — Pd supported on Al,0,, SiO,,
C, AlSi, and Pd black.™®

Since the surface areas of Pd in the samples differ approximately by an order of
magnitude, it can be assumed that for the catalysts examined changes in the Pd dispersity
exert practically no effect on the stability of the catalyst to deactivation by bivalent sulfur
compounds. In low-temperature liquid-phase hydrogenation the metal dispersity chan-
ges only slightly. Under the effect of reaction media mainly the number of accessible
metal atoms decreases since sulfur poisons are chemisorbed on metals. The metal surface
area in the initial and deactivated samples is the same. Hence for a quantitative estimate
of catalyst sulfur stability it is possible to consider changes in the hydrogenation rate per
unit weight of the catalyst or per 1 g-at. metal.

Experiments with the hydrogenation of thiolene dioxide on palladium-zeolite cat-
alysts showed that these are of low activity. With poison concentrations as high as
2mmol/] the v/v, value is approximately twice as high as in the case of palladium
supported on the other substrates. This is ascribed to a decrease of poison concentration
in the solution, since zeolites, being good adsorbents of sulfur compounds, absorb
thiolane to a greater extent than the other substrates examined. But zeolite substrates do
not provide complete protection for palladium against its deactivation and already with
2.5mmol/! thiolane the residual activity v/v, is only 2.7%. The Pd-zeolite catalysts
examined differ in their acidity but no relationship between the catalyst stability and its
sodium content is found. Hence changes in the electron configuration of palladium
under the effect of acid centers of the zeolite lattice are not responsible for the stability
of Pd to the toxic action of sulfur compounds. Thus, the sulfur resistance of these
catalysts does not depend on the Pd dispersity on different types of supports.

Ni, Ru, and Rh metal deactivated by sulfur compounds cannot be regenerated, neither
in inert nor in oxidizing media, by rinsing with various solvents and oxidants, or by
reduction with hydrogen. Raney nickel after repeated leaching does not completely
regain its initial activity. The regeneration of these catalysts is impeded by the high
stability of their surface sulfur compounds. Palladium compounds possess a relatively
low thermal stability, hence such catalysts deactivated during the hydrogenation of
thiolene dioxide can be regenerated. Pd catalysts can be regenerated by treatment with
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hydrogen at elevated temperatures. But a more effective method of regeneration®” is that
based on the treatment of deactivated catalysts with air at 50-300 °C under conditions
desorption of surface-bonded sulfur compounds and chemical conversion of surface
sulfides and sulfates as well as mild oxidation of sulfur poisons to form nontoxic
compounds take place:

C,H;S + 0, » C,H,SO,
C,H;SH + 0, - (C,H,),S,
H,S + 0, » SO, + H,0
PdS + O, —» SO, + Pd
Pd + O, » PdO
PdS"+.0, — PdSO,
Pd + SO, - PdSO,
PdSO, —» PdO + SO,

As noted above, the reduction of Pd oxide to the metal takes place readily at room
temperature. Hence, after regeneration of the catalyst with air further treatment with
hydrogen at elevated temperatures is not required.

Kinetic studies of the liquid-phase hydrogenation of 3-thiolene 1,1-dioxide have been
performed'%?*2* in the presence of various metal catalysts with 2-propanol, thiolane
1,1-dioxide, or mixtures of these as solvent. The kinetic region for the hydrogenation in
a static system is relatively easily reached when the process is carried out on catalyst
grains smaller than 0.1 mm. At 0.1 MPa hydrogen pressure the reaction is first order with
respect to hydrogen and zeroth order with respect to thiolene dioxide. Here the reaction
takes place under conditions where the concentration of thiolene dioxide is much higher
than that of hydrogen, due to the low solubility of the latter in the solvent. Besides,
thiolene dioxide removes a considerable amount of hydrogen from the catalyst surface
(the shift of the catalyst potential towards the anode region upon introducing a substrate
into the solution is 130-600 mV). The catalyst surface appears to be saturated with the
hydrogenated product, hence the reaction rate does not depend on its concentration.
Hydrogen has almost no access to the surface and under these conditions the reaction
rate is limited by the hydrogen activation.

A pressure increase above 1-2MPa increases the hydrogen concentration in the
solution and facilitates its access to the contact surface of metals. This leads to a change
in the ratio of reactants on the surface and hence to a change in the reaction mechanism.
Adsorption rates of 3-thiolene 1,1-dioxide on metals are higher than the reaction rate,
hence its adsorption cannot be the limiting step of the process. The surface coverage by
the substrate is sufficiently high. These facts suggest that the hydrogenation takes place
in areas of high surface coverage and proceeds via the activation of hydrogen on the
surface and its interaction with dissolved thiolene dioxide.

Since the adsorption rate of thiolene dioxide is high, its concentration on the surface
can be treated as being in equilibrium with the liquid phase.

At pressures above 1-2 MPa the reaction rate is independent of the partial pressure
of hydrogen and increases, up to a certain limit, with the concentration of 3-thiolene

SR.-D
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1,1-dioxide beyond which the rate no longer depends on the substrate concentration.
Taking into account the kinetic schemes for the liquid-phase hydrogenation examined
by S. L. Kiperman,?® one can assume that at high pressures and average concentrations
of 3-thiolene 1,1-dioxide (the reaction is zeroth order with respect to hydrogen and first
order with respect to thiolene dioxide) the rate limiting step of the reaction is the
interaction of hydrogen predominantly adsorbed on the surface with thiolene dioxide
activated by its contact with a metal:

H,(dis) = 2 H(ads)
2 H(ads) + C,H(SO,(dis) = C,H SO,(dis)

The overall zeroth order with respect to both reactants at high concentrations of thiolene
dioxide in the solution and high pressures of hydrogen can be interpreted if the hydroge-
nation is assumed to follow the scheme

C,H,S0,(dis) + H,(dis) + [K] = C,H¢SO,-H,"[K]
C4H¢SO, ' H, :[K] = C,HSO,(dis) + [K],

where [K] is the catalyst. An active complex is formed with the participation of hyd-
rogen, thiolene dioxide, and the catalyst. This process takes place at a high rate and then
slow decomposition of this complex yields thiolane 1,1-dioxide.

For preparative purposes thiolane 1,1-dioxide is synthesized in two steps. 3-Thiolene
1,1-dioxide is obtained from 1,3-butadiene and SO, without catalyst and then hyd-
rogenated in a liquid phase in the presence of nickel or palladium catalysts. Palladium
catalysts are two-three orders of magnitude more active than nickel catalysts. The useful
operation time of alumo-palladium catalysts until the conversion degree decreases from
100 to 98% is no less than 600 h and the yield of thiolane 1,1-dioxide as high as 100 g/g
catalyst. Deactivated catalysts can be regenerated by heating in air.
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