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Abstract

S-Methylsulfonium salts, obtained by a new desulfurization process for light oil based on methylation of sulfur-containing compounds using
CHsl and AgBF,, were used as a methyl-transfer agent for transmethylation of 2-methyl-2-octene. The sulfonium salts obtained from light oil
showed higher transmethylation activity than the salts of dibenzothiophene (DBT) and benzothiophene (BT), used as model sulfonium salt.
The salts obtained from light oil are derived from highly alkyl-substituted DBTs and BTs, of low nucleophilicity (low electron density on the
sulfur atom), and release the methyl group easily, thus giving the higher transmethylation activity. The product distribution was almost the
same as that obtained by the model sulfonium salts, suggesting that the salts obtained from light oil are a potential effective methyl-transfer
agent.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 9 1
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3
The transfer of an intact methyl group from a suitable 7 3 6%2
donor to a suitable acceptor is a vitally important biological 6 S 4 7 S
process, where the methyl donor (methyl-transfer agent) DBT BT
is in generalS-adenosylmethionine, &methylsulfonium _ ) A )
salt [1]. Based on the fundamental bioprocess, the use 1ab': Z?r';sefﬁyslt't”md gf)': ;f’r:zl:ﬁ;t't”ted

of Smethylsulfonium salts as a methyl-transfer agent for 1c: 4,6-dimethyl 2¢: 3-methyl

methylation of various kinds of nucleophilic substrates

has been investigated, such as carboxylic acids, sulfonic

acid, amines, alcoholf2], and olefins[3-5]. The trans- As is well known, DBT and benzothiophene (EB) and
methylation activity of the sulfonium salts depends strongly their alkyl-substituted derivatives are main constituents of
on the structure of the salts, where the salts, especiallySulfur-containing compounds present in light oil, and their
derived from diaryl sulfides, such as diphenyl sulfide removal from the oil is urgently required for protection of
and dibenzothiophene (DBTla), have been reported environment against the contaminatif7]. In our previ-

to show significantly high activity for transmethylation ©us work[8,9], a new desulfurization process for light oil
[3,4]. has been investigated based on methylation of DBTs and

BTs using CHI and AgBF; and subsequent precipitation of
the resultingSmethylsulfonium salts. The DBTs and BTs
in light oil are methylated by the reaction with the reagents
* Corresponding author. Tel+81-6-6850-6271; to form the correspondi_nﬁrmethyls_ulfonium tetrafluorob-
fax: +81-6-6850-6273. orates. The salts are highly polarized compounds and are
E-mail address: shiraish@cheng.es.osaka-u.ac.jp (Y. Shiraishi). insoluble in nonpolar light oil, so that the salts precipitate

1381-1169/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2003.11.020



116

Y. Shiraishi, T. Hirai / Journal of Molecular Catalysis A: Chemical 212 (2004) 115-119

at the bottom of the flask, which can be removed easily by Table 1

decantation. The process requires a large amount afi CH
and AgBFR, the use of which must be reduced for indus-
trial application. However, the reaction proceeds under con-

ditions of room temperature and atmospheric pressure angdSpecies

the sulfur concentration of light oil is decreased success-
fully to less than 0.005wt.%. The value of 0.005wt.% is
below the regulatory value that limited presently in Japan,

US, and EU. The proposed process may therefore have ac;

potential for effective and energy-efficient desulfurization of
light oil. In this process, large amount fmethylsulfonium
salts of DBTs and BTs is obtained from light oil as the
desulfurization product. In the present work, the sulfonium
salts, obtained by desulfurization of light oil, were used
as a methyl-transfer agent for transmethylation. The activ-
ity and behavior of the sulfonium salts were studied using
2-methyl-2-octened) as a substrat3,4] and were com-
pared with those of the sulfonium salts of pure DBTa~()

and BTs Ra—) as a model. The comparison of the product
distribution of 3 was also carried out, and the applicability
of the salts obtained from light oil to transmethylation was
examined.

2. Experimental
2.1. Materials

la, 2a, and 3, supplied by Wako, were used without
further purification.1b, 1c, 2b, and 2c were synthesized
according to the procedure described previoyly]. The
Smethylsulfonium tetrafluoroborates dfa— and 2a—
were synthesized by the reaction with g€Hand AgBF,,
according to the literature procedufgl]. The properties
of the salts were summarized in a previous paf&jt
Light cycle oil, containing 0.132wt.% sulfur, was used as
a feedstock for investigations. The properties of the oil are
summarized in the previous pap@]. The desulfurization
of the oil and the recovery of the sulfonium salts were
also described previousli8], and a brief description is
made here. The light oil (15ml) was mixed with @El,
(15ml) using a magnetic stirrer. The 20- and 2-fold molar
excesses of Cfl and AgBF;, based on the initial sulfur
concentration of the light oil, were added to the above
homogeneous solution under, Nat 303 K. After 11h of
stirring, the byproduct Agl was recovered by filtration and
CHCl> was removed from the filtrate by evaporation. Upon
cooling of the resulting light oil in an ice bath, the salts
formed (0.857 g, containing 11.57 wt.% of sulfur) were re-

covered by decantation. The salts were recrystallized from

acetonitrile/diethyl ether and then used for transmethyla-
tion experiments. The elemental composition of the salts
was summarized in the previous pag8l, and the mole
fractions of the salts of DBTs and BTs are summarized in
Table Xi).

(i) Mole fraction of Smethylsulfonium salts of DBTs and BTs obtained
by desulfurization of light oft and (ii) electron densities on sulfur atom

for the corresponding DBTs and BTs obtained by MO calculation

DBTs BTs

(i) (mol%) (ii) (i) (mol%) (ii)

14.F 0.94¢' 10.9¢ 0.781
C 9.4 0.913 6.1 0.745

3.9 0.889 7.5 0.741

Cas 1.6 0.876 5.1 0.732
Cs 0.5 0.861 1.8 0.721

33.6 0.854 4.9 0.719
Total 63.7 36.3

@ The mole fraction was determined by the analysis of the sulfur
compounds remaining in the desulfurized light [&].

b C, denote the total number of carbon atoms of the alkyl group,
substituted at any position of the DBT and BT molecules.

¢ <C;-DBTs contain also DBT.

d Average of G- and G-DBTs.

€ <C;-BTs contain also BT and alkyl and aryl sulfides.

f Average of G- and G-BTs.

9 Obtained for G-DBTSs.

h >Cs-BTs contain also & and G-BTs.

i Obtained for G-BTs.

2.2. Procedure and analysis

The transmethylation o8 was carried out according
to the procedure of literaturd8,4], as follows:3 (0.5¢,
3.97 mmol) and a model sulfonium salt (2.65 mmol, con-
taining 84.8 mg of sulfur) were mixed in a sealed tube,
in the presence of 2,6-dért-butylpyridine (3.18 mmol)
as a proton scavenger amdundecane (0.53mmol) as a
standard. The mixture was heated for 24h at 413-443K
under N. The sulfonium salts obtained from light oil
(0.734 g, containing 84.8 mg of sulfur) were also used as a
methyl-transfer agent. The resulting solution was analyzed
by GC-FID (Shimadzu GC1700 equipped with DB-1 capil-
lary column). The product yield was determined based on
the percentage of the methyl group transferred to the prod-
uct from the sulfonium salt. Differential thermal analysis
(DTA) of the sulfonium salts was carried out in a flow of
N2 on a DTG-50H analyzer (Shimadzu), with a heating rate
of 10 K/min from ambient temperature. Theoretical calcu-
lations of the electron density on sulfur atom for DBTs and
BTs were performed with the PM3 semiempirical method
within the WinMOPAC version 3.0 software (Fujitsu, Inc),
as described previous[{].

3. Results and discussion
3.1. Activity of sulfonium salts of DBTs and BTs
The behavior of the sulfonium salt dfa toward trans-

methylation of3 has been studied in detail in the literature
[3], but the behavior of the salt dfa has scarcely been
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Fig. 1. Product yield in the transmethylation of 3 at various temperatures,
using the salts ofla and2a and the salts obtained by desulfurization of
light oil.

studied. The behavior of the salt 8 was studied first,
comparing with that of the salt dfa. Fig. 1 shows the prod-
uct yield in the transmethylation &using the salt ofla or

23, as a function of the reaction temperature. When the salt
of lais used, almost no methylation takes place:420 K,

but the methylation is accelerated with an increase in the re-
action temperature, as described previoli8]ly For the salt

of 2a, the methylation is also accelerated with an increase
in the temperature. The salt @& gives significantly higher
product yield than does the salt td, at every temperature.
The transmethylation is initiated by the elimination of the
methyl group from the sulfonium sal{8]. Therefore, the
sulfonium salts, which release the methyl group easily, show
high transmethylation activity. The S—GiBond strength of
the sulfonium salts depends on the nucleophilicity of the sul-
fur atom for the corresponding sulfur compourjd&,13],

and the salt derived from less nucleophilic sulfur compounds
release the methyl group more easily. By semiempirical MO
calculations, electron densities on the sulfur atomlfoand

2a were estimated to be 0.955 and 0.813, respectively, sug-
gesting that the sulfur atom f@a has lower nucleophilicity
than that forla. The methyl group on the salt @& is there-
fore eliminated more easily, thus demonstrating the higher
transmethylation activity. The reason for the higher activity
for the salt of2a was further studied by DTA. As shown

in Fig. 2 both the salts ofla and 2a demonstrate a strong
endothermic peak, owing to the elimination of the methyl
group from the salt§l4]. The peak temperature of the salt
of 2a is found to be lower than that of the salt bd. This
suggests that the methyl group on the saRais eliminated
more easily against thermal stimulation.

The desulfurization product obtained from light oil con-
tains various types of sulfonium salts of DBTs and BTs, hav-
ing alkyl substituents on various positions of the molecules
[8], as shown iTable 1 The transmethylation activity of the
salts of methyl-substituted DBT4lf and 1c) and BTs 2b
and2c) was therefore studiedrig. 3 shows the relationship
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Fig. 2. DTA chart for the salts ofia and 2a and the salts obtained
by desulfurization of light oil (open circle symbol: peak attributable to
elimination of the methyl group from the salts, closed circle symbol: peak
attributable to melting of the salts).

between the product yield and the electron density on the
sulfur atom for the corresponding DBTs and BTSs, as es-
timated by MO calculations. The product yield is clearly
shown to increase with a decrease in the electron density for
the corresponding DBTs and BTs. It was found that the salts
especially derived from the BTs of lower electron density
show rather higher activity than the salts of DBFsg. 4
shows the relationship between the product yield and the
peak temperatures for the respective sulfonium salts, as esti-
mated by DTA. The product yield is shown to increase with
a decrease in the peak temperature of the sulfonium salt.
The above findings, therefore, reveal that the sulfonium salts
derived from sulfur compounds of low electron density on
the sulfur atom release the methyl group very easily, thus
showing higher transmethylation activity.

30 T T T T
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Fig. 3. Correlations between the product yield in the transmethylation of
3 during reaction at 433 K using the salts of DBTs{c) and BTs a—)

and the salts obtained by desulfurization of light oil, and electron density
on the sulfur atom on HOMO orbital for the corresponding DBTs and
BTs.
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Fig. 4. Correlations between the product yield in the transmethylation
of 3 during reaction at 433K using the salts of DBTk{c) and BTs
(2a—c) and the salts obtained by desulfurization of light oil, and the peak
temperature corresponding to the elimination of the methyl group from
the salts, as estimated by DTA.

3.2. Sulfonium salts obtained by desulfurization of light oil

As shown inFig. 1, for the salts obtained by desulfuriza-
tion of light oil, the methylation oB is accelerated with an

Y. Shiraishi, T. Hirai / Journal of Molecular Catalysis A: Chemical 212 (2004) 115-119

Table 2
The product yield and the product distribution in the transmethylation of
3 using the salts obtained from light oil and the saltslafand 2a®

Entry Methyl-transfer Product Mole percentage (%)
agent yield (%)
4 6 7 8 9 10 11
1 Salt of1a 115 10 8 4 4 12 3 13 1
2 Salt of2a 30.4 9 3 5 4 13 7 24 3
3 Salt of light oil 40.1 11 2 5 3 13 9 33 5

@ Reaction temperature: 443K.

of the DBTs and BTSs, consisting of sulfonium salts obtained
from light oil, was estimated to be 0.835. The value of 0.835
is lower than that for the DBTs used in the present study,
as shown inFig. 3 and a good correlation is observed be-
tween the electron density and the product yield. As shown
in Fig. 2, the sulfonium salts obtained from light oil show
a strong endothermic peak in DTA, as is also observed for
the salts ofla and 2a. As shown inFig. 4, the peak tem-
perature of the salts obtained from light oil is lower than
that of the salts ola and2a, and a good correlation is ob-
served between the peak temperature and the product yield.
The higher transmethylation activity for the salt, obtained

increase in the reaction temperature, as is also the case fofrom light oil, results since the salts are derived from highly

the salts ofla and2a. It is noted that the salts obtained from
light oil show significantly higher transmethylation activity
than the salts afa and2a. As shown inTable i), the desul-
furization products contain various types of sulfonium salts,
derived from DBTs and BTSs, having alkyl substituents of
carbon number g-Cg present on various positions of the
moleculeg[8]. To clarify the reason for the higher activity
of the salts obtained from light oil, the electron densities on

alkyl-substituted DBTs and BTs of low electron density and
release the methyl group very easily. The above findings sug-
gest that the sulfonium salts obtained by desulfurization of
light oil may be a potential effective methyl-transfer agent.

3.3. Product distribution

The product distribution in the transmethylation3fob-

sulfur atoms of the respective alkyl-substituted DBTs and tained by using the salts from light oil, was compared with
BTs were estimated by MO calculations. The average valuesthat obtained by using the saltsTd and2a. The results are

obtained are summarized Trable Xii), as a function of car-

summarized iffable 2 As shown in entry 1, the use of the

bon number of the alkyl substituents. The electron density salt of 1a gives rise to five monomethylated olefirg-g),

on sulfur atoms of both DBTs and BTs is clearly shown to

including cis-trans isomers of 2,3-dimethyl-3-octen&:(7

decrease with an increase in the carbon number of the alkylandE: 8), and three dimethylated olefin81). As shown
substituents. The average electron density on sulfur atomsin Scheme Bnd described earli¢B,4], the transmethylation

+

+

SIS A
XXX

Scheme 1. Schematic representation of transmethylation pathway for 3.
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of 3 by the salt ofla proceeds in the Markovnikov direc-  sulfur-containing compounds using giHand AgBF, were
tion forming a carbonium ionX). The proton oA is then used as a methyl-transfer agent for the transmethylation of
transferred to 2,6-diert-butylpyridine, a proton scavenger, 2-methyl-2-octene. The sulfonium salts are derived from
which leads to the formation of and5. The intermediate  highly alkyl-substituted dibenzothiophenes and benzoth-
A is converted by 1,2-hydride shift into another carbonium iophenes of low electron density on the sulfur atom and
ion (B), which also loses a proton and gives rise to the other release the methyl group very easily, thus demonstrating
monomethylated olefins6{8). The tetrasubstituted olefin  significantly high transmethylation activity. The use of the
(5) is a highly nucleophilic molecule, so thétis further salts showed almost the same product distribution as that
methylated by the salt ofa to produce the dimethylated obtained using model sulfonium salts and did not produce
olefins @-11). any undesirable products. The sulfonium salts obtained
When the salt oRa was used (entry 2), GC analysis ex- from light oil as the desulfurization products are recyclable,
hibited the same eight products as those obtained with theand therefore, potential effective methyl-transfer agents for
salt of1a. The compouné is the main product, as is also the transmethylation.
case for the salt dfa, but the mole percentage 5{35%) is
lower than that obtained using the saltlaf (53%). In this

case, sum of the percentage of dimethylated oleBr4Q) Acknowledgements

is 34%, which is twice as high as that obtained using the salt )
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