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Abstract 

Dimethylbenzothiophenes are among the sulfur heterocycles in petroleum that are known to be degraded by 
microbial activity. Six of the 15 possible isomers of dimethylbenzothiophene were synthesized and used in bio- 
transformation studies with three Pseudomonas isolates that oxidize a variety of condensed thiophenes including 
methylbenzothiophenes and methyldibenzothiophenes. The isomers of dimethylbenzothiophene were chosen to 
have a variety of substitution patterns: both methyl groups on the thiophene ring (the 2,3- isomer); a methyl group 
on each of the rings (the 2,7-, 3,5- and 3,7- isomers); and both methyl groups on the benzene ring (the 4,6- and 4,7- 
isomers). Each isolate was grown on 1-methylnaphthalene or glucose in the presence of one of the dimethylbenzo- 
thiophenes and culture extracts were analyzed to identify nearly 30 sulfur-containing metabolites in total. Sulfoxides 
and sulfones were commonly found metabolites in culture extracts from the 2,3-, 2,7- and 3,7- isomers, whereas 
2,3-diones, 3(2H)-ones and 2(3H)-ones were formed from the 4,6- and 4,7- isomers. High-molecular-weight prod- 
ucts, some of which were tentatively identified as tetramethylbenzo[b]naphtho[ 1,2-d]thiophenes, were detected in 
the extracts of cultures incubated with 4,6- or 4,7-dimethylbenzothiophene. The methyl groups of all of  the isomers, 
except 4,6-, were oxidized to give hydroxymethyl-methylbenzothiophenes and methylbenzothiophene-carboxylic 
acids, and these were the only products detected from the oxidation of 3,5-dimethylbenzothiophene. 

Introduction 

After carbon and hydrogen, sulfur is typically the 
third most abundant element in petroleum, ranging 
from about 0.04 to 5 weight percent in conventional 
oils (Speight 1980). Sulfur is found in several organic 
forms, including thiols, sulfides and thiophenes. 

Biodegradation studies of organosulfur compounds 
have primarily focussed on those compounds found 
in the aromatic fraction of petroleum or coal-derived 
liquids. These include benzothiophene, alkylated ben- 
zothiophenes, dibenzothiophene and alkylated diben- 
zothiophenes. There have been numerous investiga- 
tions with dibenzothiophene, which is commercially 
available to serve as a model condensed thiophene 
(Kodama et al. 1970, 1973; Hou & Laskin 1976; 

Laborde & Gibson 1977; Monticello et al. 1985; Craw- 
ford & Gupta 1990). Dibenzothiophene and its alkyl- 
substituted analogues have been shown to be removed 
from the aromatic fraction of petroleum by microbial 
activity (Atlas et al. 1981; Fedorak & Westlake 1983, 
1984; Bayona et al. 1986; Hostettler & Kvenvolden 
1994), although the identities of their metabolites were 
not determined in those studies. 

Analyses using gas chromatography-mass spec- 
trometry (GC-MS) have demonstrated the presence of 
C2-benzothiophenes in crude oils (Fedorak & West- 
lake 1983; Westlake 1983; Williams et al. 1986), 
shale oils (Willey et al. 1981; Andersson 1992) and 
coal tar (Burchill et al. 1982). These may be ethyl- 
benzothiophenes or dimethylbenzothiophenes, which 
have the same molecular weight and are difficult to 
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distinguish by GC-MS analysis. Microbial activity has 
been shown to remove the C2-benzothiophenes from 
crude oil (Fedorak & Westlake 1983, 1984; Westlake 
1983; Williams et al. 1986), however, little is known 
about the metabolites of these compounds, since C2- 
benzothiophenes are not commercially available. 

Benzothiophene and the methylbenzothiophenes 
do not appear to serve as growth substrates for aer- 
obic bacteria, but biotransformation products have 
been observed in cultures grown on other substrates. 
For example, Bohonos et al. (1977) used naphthalene 
as a growth substrate for mixed cultures and tenta- 
tively identified 2,3-dihydrobenzothiophene-2,3-diol, 
benzothiophene-2,3-dione and benzothiophene sulfox- 
ide as metabolites of benzothiophene. The 2,3-dione 
was identified in the extracts of cultures of Pseu- 
domonas strain BT1 grown on 1-methylnaphthalene, 
glucose or peptone (Fedorak & Grbi6-Gali6 1991). 
Eaton & Nitterauer (1994) grew Pseudomonas puti- 
da RE204, an isopropylbenzene-degrading bacteri- 
um, on succinate and yeast extract and identified 
trans-4-[3-hydroxy-2-thienyl]-2-oxobut-3-enoate as a 
product of cleavage of the homocyclic ring, and 2- 
mercaptophenylglyoxalate as a product of cleavage of 
the heterocyclic ring. They demonstrated that the latter 
compound cyclized to benzothiophene-2,3-dione when 
treated with acid. 

Sulfoxides, sulfones and 2,3-diones were com- 
monly found as metabolites of benzothiophene and 
six methylbenzothiophenes in the dichloromethane- 
extracts of acidified cultures (Fedorak & Grbi6- 
Gali6 1991; Safti6 et al. 1992; Kropp et al. 
1994a). Some of these cultures were also capable 
of oxidizing the methyl groups of the methylbenzo- 
thiophenes, yielding benzothiophene-methanols and 
benzothiophene-earboxylic acids (Kropp et al. 1994a). 
Benzo[b]naphtho[1,2-d]thiophenes were identified as 
products of the abiotic condensation of microbially 
produced benzothiophene sulfoxide and some methyl- 
benzothiophene sulfoxides (Kropp et al. 1994b). The 
only report on the microbial metabolism of a dimethyl- 
benzothiophene was by S afti6 et al. (1992) who demon- 
strated that 2,3-dimethylbenzothiophene was oxidized 
to its sulfone and sulfoxide by Pseudomonas strain 
BT1. 

The objective of this work was to detect and iden- 
tify sulfur-containing metabolites of six isomers of di- 
methylbenzothiophene that were synthesized for this 
study. Three bacterial isolates were used for these 
investigations in which 1-methylnaphthalene or glu- 

cose served as the growth substrate. The ring number- 
ing convention for benzothiophene is shown below. 
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Benzothiophene 

Materials and methods 

Chemicals 

The methods for the syntheses of 2,3-, 2,7-, 3,5-, 
3,7-, 4,6-, and 4,7-dimethylbenzothiophenes are given 
by Andersson (1986). These synthesized compounds 
were shown to be >99% pure by GC analyses. Sul- 
fones of some of the dimethylbenzothiophenes were 
synthesized by boiling the dimethylbenzothiophene 
with H202 in acetic acid for 15 min. The struc- 
tures of the sulfones were verified by GC-MS anal- 
yses which showed the correct molecular weight 
and by GC-FTIR analyses which showed strong 
absorptions in the regions of 1350-1300 cm -1 and 
1160-1120 cm -1 that are characteristic of sulfones 
(Shriner et al. 1980). 3-Methylbenzothiophene, 5- 
methylbenzothiophene and 2,5-thiophenedicarboxylic 
acid were purchased from Lancaster Synthesis (Wind- 
ham, NH), and 1-methylnaphthalene was purchased 
from Fluka (Buchs, Switzerland). 

2-Methylbenzothiophene-3-earboxylic acid was 
synthesized from 2-methylbenzothiophene using a 
Friedel-Craft acylation with oxalyl chloride and alu- 
minum chloride as catalyst, according to the pro- 
cedure of Sokol (1973). 2-Methyl-3-hydroxymethyl- 
benzothiophene was prepared by chloromethylating 2- 
methylbenzothiophene (Grummit & Buck 1955) and 
hydrolysing the resulting chloride by the procedure 
of Baciocchi & Mandolini (1968). 2-Hydroxymethyl- 
3-methylbenzothiophene was synthesized by bromi- 
nation of 2,3-dimethylbenzothiophene and hydrolysis 
(Baciocchi & Mandolini 1968). 

5-Methylbenzothiophene-2,3-dione and 7-methyl- 
benzothiophene-2,3-dione were synthesized by the 
procedure of Hannoun et al. (1982). The struc- 
ture and purity of the synthesized diones were con- 
firmed by determination of the melting points, which 
were the same as literature values. Using the gen- 
eral methods of Dickinson & Iddon (1970) and 
Stridsberg & Allenmark (1974), authentic standards 



of 4,7-dimethylbenzothiophene-2(3H)-one and 4,7-di- 
methylbenzothiophene-3(2H)-one were prepared. The 
2(3H)-one was synthesized by treating 4,7-dimethyl- 
benzothiophene (50 mg) with n-butyllithium, tri- 
(n-butyl)borate, and H202, whereas the 3(2H)-one 
was synthesized from 2 g of 2,5-dimethylthiophenol 
(Aldrich, Milwaukee, WI) by treating it with 
chloroacetic acid, thionyl chloride, and A1CI3. Similar- 
ly, the 2(3H)-one and 3(2H)-one of 4,6-dimethylbenzo- 
thiophene were synthesized from 4,6-dimethylbenzo- 
thiophene (20 mg) and from 3,5-dimethylthiophenol (1 
g, Aldrich), respectively. The 2(3H)-ones, present in 
analytical amounts, and the 3(2H)-ones of 4,6- and 4,7- 
dimethylbenzothiophene were recovered from reaction 
mixtures by extraction and maintained as solutions in 
dichloromethane to minimize the chance of air oxida- 
tion of the products (Friedliinder 1906). GC-MS anal- 
yses of these solutions showed that extracts of reac- 
tion mixtures from each synthesis contained a single 
abundant compound with the molecular weight of the 
desired product. 

Bacterial cultures, culture methods and media 

The isolation and characteristics of Pseudomonas 
strain BT1 were described by Fedorak & Grbit-Gali6 
(1991). The isolation of Pseudomonas strain W1 and 
Pseudomonas strain F has also been described previ- 
ously (Safti6 et al. 1993). 

Growing cells of isolates BTI,  Wl and F were used 
for biotransformation studies. Because these isolates 
would not grow on the benzothiophenes, the growth 
substrates used were 1-methylnaphthalene or glucose. 
Cultures were grown at 28°C in 500-mL shake-flasks 
containing 200 mL of liquid mineral medium sup- 
plemented with a trace metals solution (Kropp et ai. 
1994b). Often some of the metabolites of 1-methyl- 
naphthalene interfered with the analysis of metabo- 
lites from the benzothiophenes. This problem did not 
arise when glucose was used. Each 200-mL portion of 
medium was supplemented with 50 mg of one of the 
growth substrates and 2 to 5 mg of the dimethylbenzo- 
thiophene. Unless otherwise noted, these cultures were 
incubated for 7 days prior to extraction. For each bio- 
transformation experiment, appropriate sterile controls 
were incubated to account for any abiotic transforma- 
tions. 
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Extraction and analytical methods 

After incubation, the cultures were acidified with sul- 
furic acid to pH<2 and extracted with dichloromethane 
(4 times 20 mL) to recover substrates and products. To 
screen for the presence of sulfur-containing metabo- 
lites, the extracts were analyzed by capillary GC using 
a 30-m DB-5 capillary column in a Hewlett-Packard 
model 5890 equipped with a flame ionization detec- 
tor and a sulfur-selective flame photometric detector 
(FPD). Details of the operating conditions were giv- 
en by Fedorak & Grbit-Gali6 (1991). Details of the 
methods for GC-MS and GC-FFIR analyses have been 
described previously (Safti6 et al. 1993). 

To facilitate GC-MS identification of some of the 
metabolites, trimethylsilyl (TMS) derivatives of com- 
pounds in culture extracts were made by silylating 
with N,O-bis(trimethylsilyl)acetamide (BSA) in ace- 
tonitrile according to the manufacturer's instructions 
(Pierce, Rockford, IL; method 5). 

Some culture extracts containing compounds sus- 
pected of being carboxylic acids (based on GC-MS 
analysis) were methyl-esterified using BF 3 in methanol 
(Aldrich). Specifically, a portion of the extract was 
evaporated to dryness under nitrogen. The residue was 
then dissolved in 1.0 mL of BFa-methanol reagent and 
heated at 65°C for 9 min. After cooling, the mixture 
was added to 10 mL of dichloromethane and washed 
with 10 mL of 4 M aqueous NaCI solution. The aque- 
ous phase was separated and extracted with 10 mL 
of dichloromethane. The two organic extracts were 
pooled, dried over anhydrous sodium sulfate, concen- 
trated and analyzed by GC. 

Results 

Nearly 30 sulfur-containing metabolites, from the six 
isomers of dimethylbenzothiophenes, were detected 
and identified during this study. None of the transfor- 
mation products described below were detected in the 
sterile controls, thus they were all products of bac- 
terial oxidations. Active growth of the cultures on 1- 
methylnaphthaiene and glucose, as indicated by turbid- 
ity increases, occurred within the first 3 days of incuba: 
tion. However, most of the cultures were incubated for 
7 days prior to extraction, and those sulfur-containing 
metabolites that remained were identified. With the 
exception of the cultures of isolate BT1 grown in medi- 
um containing 3,5-dimethylbenzothiophene, all of the 
extracts of the 7-day-old cultures contained residual di- 
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methylbenzothiophene that had not been oxidized by 
the Pseudomonas strains. 

Metabolites from 2,3-dimethylbenzothiophene 

GC-FPD analysis of an extract of a culture of isolate 
W1 grown on glucose in liquid medium containing 
2,3-dimethylbenzothiophene revealed several sulfur- 
containing metabolites. GC-MS analysis showed that 
the most abundant of  these gave a mass spectrum that 
was the same as that of  2,3-dimethylbenzothiophene 
sulfoxide identified by Safti6 et al. (1992). Eluting 
immediately after the sulfoxide was a smaller peak 
which gave a mass spectrum with a molecular ion of 
m/z 194 and base peak at m/z 151. This spectrum was 
the same as that of  an authentic standard of 2,3-di- 
methylbenzothiophene sulfone. 

Two other sulfur-containing metabolites eluted 
before the sulfoxide of 2,3-dimethylbenzothiophene. 
These two products eluted within 0.5 min of each 
other and gave identical mass spectra (Figures l a 
and lb). The molecular ion for each of these was 
at m/z 178 which was consistent with the structures 
of hydroxy-substituted 2,3-dimethylbenzothiophenes. 
Loss of  OH (M-17) + would give the fragment 
at m/z 161. An authentic standard of 2-methyl-3- 
hydroxymethylbenzothiophene had an identical mass 
spectrum (Figure lc) to those of the metabolites (Fig- 
ures la  and lb). The retention time of this stan- 
dard matched that of  the metabolite that was first to 
elute, indicating that the hydroxy substitution was 
on the methyl group at position 3. The metabolite 
that was later to elute is likely 2-hydroxymethyl-3- 
methylbenzothiophene. We refer to these types of com- 
pounds as methanols. 

TMS-derivatives were prepared using BSA, and 
the mass spectrum and retention time of the deriva- 
tized methanol with the shorter retention time matched 
that of  the TMS-derivative of  an authentic standard of 
2-methyl-3-hydroxymethylbenzothiophene. The oth- 
er methanol metabolite also reacted to give a TMS- 
derivative. 

In the extract of a second glucose-grown culture 
of isolate W1, the sulfoxide of 2,3-dimethylbenzo- 
thiophene was the most abundant product, and the sul- 
fone and two methanols were again detected. However, 
when this extract was treated with B SA to derivatize the 
two methanols, two new derivatized metabolites were 
detected by GC-MS analysis. These were present in 
small amounts and both eluted after the sulfone of 2,3- 
dimethylbenzothiophene. The molecular ion of these 

products was at m/z 264 (Figures 2a and 2b). The 
fragmentations to give the abundant ions are shown in 
Figure 2 except for the ion at m/z 205 which is the 
result of the loss of a methyl group from the TMS 
substituent, followed by skeletal rearrangement with 
the loss of CO2. This is a characteristic fragmenta- 
tion pattern for TMS-esters of carboxylic acids (Pierce 
1968). The fragmentation pattern of these deriva- 
tized methylbenzothiophene-carboxylic acid metabo- 
lites closely matched that of a TMS-derivatized authen- 
tic standard of 2-methylbenzothiophene-3-carboxylic 
acid (Figure 2c). 

GC-MS analyses of the extracts of  cultures of 
isolate F grown in medium containing I-methyl- 
naphthalene and 2,3-dimethylbenzothiophene showed 
that they contained 2,3-dimethylbenzothiophene sul- 
foxide and sulfone, both methanol isomers and a car- 
boxylic acid that yielded a TMS-dervative that gave 
the same mass spectrum as that shown in Figure 2b. 

An extract of a culture of isolate F grown on glucose 
in the presence of 2,3-dimethylbenzothiophene was 
also analyzed by GC-MS. Again, 2,3-dimethylbenzo- 
thiophene sulfoxide was the most abundant metabo- 
lite, and a methanol with the same retention time as 
authentic 2-methyl-3-hydroxymethylbenzothiophene 
was detected. In this extract, there was enough of 
a carboxylic acid present that it was detected in its 
free form, despite the fact that it was very poor- 
ly chromatographed. The mass spectrum (Figure 3a) 
showed the molecular ion at m/z 192 and abundant 
fragments at m/z 174 and 147 from the loss of  H20 
and COOH, respectively. This methylbenzothiophene- 
carboxylic acid loses H20 to give the ion at m/z 174 
rather than losing OH to give an abundant fragment 
at m/z 175 because regardless of which methyl group 
is oxidized to a carboxy group by isolate F, there will 
be a methyl group ortho to it on the thiophene ring. 
By proton transfer from the methyl group and elimi- 
nation of H20 from the carboxy group, the abundant 
ion (M-18) + is formed (Silverstein et al. 1991). This 
is consistent with the mass spectrum that is observed 
for an authentic standard of 2-methylbenzothiophene- 
3-carboxylic acid as shown in Figure 3b. 

Extracts from isolate BT1 grown on glucose or 1- 
methylnaphthalene in the presence of 2,3-dimethyl- 
benzothiophene contained the sulfoxide as the major 
metabolite and the sulfone as a minor metabolite. Small 
amounts of both methanol isomers were found in the 
extract of the glucose-grown culture. 
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Figure 1. From GC-MS analyses, the mass spectra of two sulfur-containing metabolites from a culture of isolate W1 grown on glucose in the 
presence of 2,3-dimethylbenzothiophene. The metabolite with the shorter retention time (a) and the metabolite with the longer retention time 
(b). The mass spectrum of authentic 2-methyl-3-hydroxymethylbenzothiophene (c). 

M etabolites from 2, 7-dimethylbenzothiophene 

Three abundant sulfur-containing metabolites were 
detected during the GC-FPD analysis of an extract of 
a culture of isolate W1 grown on glucose in medium 
containing 2,7-dimethylbenzothiophene. The metabo- 
lite that eluted last gave the mass spectrum shown in 
Figure 4. The molecular ion was at m/z 192 with a 

major fragment at rrdz 147 (M-45) +, corresponding to 
the loss of COOH, suggesting that one of the methyl 
groups had been oxidized to a carboxylic acid. The 
TMS-derivative was prepared and its mass spectrum 
was very similar to that shown in Figure 2b with the 
molecular ion at m/z 264, and abundant ions at m/z 249 
(M-15) +, 175 (M-89) +, and 147 (M-117) +. There was 
also an abundant fragment at m/z 205 (M-59) +, a char- 
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F i g u r e  2 .  From GC-MS analyses, the mass spectra of the TMS-derivatives of two metabolites of 2,3-dimethylbenzothiophene (a,b) from a 
culture of isolate Wl grown on glucose. The mass spectrum of the TMS-dedvative of authentic 2-methylbenzothiophene-3-carboxylic acid (c). 

acteristic fragmentation of TMS esters of carboxylic 
acids. 

GC-MS analysis revealed that a second sulfur- 
containing metabolite in the extract of this culture 
gave a mass spectrum (Figure 5a) with the molec- 
ular ion at m/z 178, consisent with the metabolite 
being the sulfoxide of 2,7-dimethylbenzothiophene. 
The fragments at m/z 163, 162 and 161 correspond 
to the losses of CH3, O and OH, respectively. The 
base peak at m/z 135 may be the result of the loss of 
the oxygen atom, the C-2 atom and the C-2 methyl 
group (M-43) +. Porter (1967) demonstrated the loss 
of the C-2 atom and the C-2 methyl group (M-27) + 

from 2-methylbenzothiophene. GC-FTIR analysis of 
this extract showed that the metabolite gave a strong 
absorption at 1089 cm-1 (Figure 5b) which is charac- 
teristic of a sulfoxide (Shriner et al. 1980). 

GC-MS analysis showed that the third sulfur- 
containing metabolite in this extract had a molecu- 
lar ion, which was the base peak, at m/z 178. Other 
abundant ions were at m/z 161, 149, 134 and 115. 
These ions were found in the spectrum of 2-methyl-3- 
hydroxymethylbenzothiophene (Figure 1), suggesting 
that this metabolite was the result of the microbial 
oxidation of one of the methyl groups of 2,7-dimethyl- 
benzothiophene to yield a methanol. GC-MS analysis 
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Figure 3. From GC-MS analyses, the mass spectra of a sulfur-containing metabolite (a) from a culture of isolate F grown on glucose in the 
presence of  2,3-dimethylbenzothiophene and authentic 2-methylbenzothiophene-3-carboxylic acid (b). 

of this extract after it was treated with BSA showed 
the loss of  this peak and the apearance of a new peak 
with a molecular ion at m/z 250, and a base peak at 
m/z 161, resulting from the loss of OSi(CH3)3. This is 
consistent with the formation of the TMS-derivative of 
a hydroxymethyl-methylbenzothiophene. 

GC-FPD analysis of the dichloromethane extract 
of isolate BT1 grown on 1-methylnaphthalene with 
2,7-dimethylbenzothiophene showed a single, major 
sulfur-containing metabolite. The mass and FTIR spec- 
tra of this compound were nearly identical to those 
shown in Figure 5. Thus, the metabolite was 2,7-di- 
methylbenzothiophene sulfoxide. GC-FTIR analysis 
showed two different spectra existed within the peak 
of the sulfoxide. Closer examination showed that a 
second compound eluted on the tail of the sulfoxide 
peak. Its FT/R spectrum had two strong absorptions at 
1327 and 1160 cm -1 which are the same as an authen- 
tic standard of 2,7-dimethylbenzothiophene sulfone. 
The sulfone could not be detected by GC-MS analy- 
sis of this extract. Isolate BT1 also produced a small 
amount of  a single isomer of methylbenzothiophene- 

carboxylic acid with a mass spectrum similar to that of 
the acid product from isolate Wl shown in Figure 4. 

GC-MS analysis of an extract of a culture of 
isolate F grown on 1-methylnaphthalene in liq- 
uid medium containing 2,7-dimethylbenzothiophene 
showed four sulfur-containing products. The metabo- 
lites were: a methylbenzothiophene-carboxylic acid; 
2,7-dimethylbenzothiophene sulfoxide; and two iso- 
mers of  the hydroxymethyl-methylbenzothiophenes. 
The same metabolites were detected when isolate F 
was grown on glucose in the presence of 2,7-dimethyl- 
benzothiophene. The sulfone of 2,7-dimethylbenzo- 
thiophene was not detected in any of the extracts of 
isolates F or Wl.  

Metabolites from 3,5-dimethylbenzothiophene 

Four metabolites were detected by GC-FPD analysis of  
an extract of a culture of  isolate Wl grown in medium 
with glucose and 3,5-dimethylbenzothiophene. GC- 
MS analysis showed that two of these compounds 
had virtually identical mass spectra (Figure 6), with 
the molecular ion at m/z 192. The major ions at 
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Figure 4. From GC-MS analysis, the mass spectrum of a sulfur-containing metabolite from a culture of  isolate W1 grown on glucose in the 
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m/z 175 and 147 are the (M-17) + and (M-45) + 
ions, corresponding to the loss of OH and COOH, 
respectively. These data suggested that the metabo- 
lites were the results of oxidation of each of the 
two methyl substituents to carboxyl groups resulting 
in two methylbenzothiophene-carboxylic acids. The 
ion at m/z 147 was observed in Figures 3, 4 and 6, 
however the ion at m/z 175 was observed in the car- 
boxylic acids from 3,5-dimethylbenzothiophene (Fig- 
ure 6) and 2,7-dimethylbenzothiophene (Figure 4), but 
was not as abundant as the ion at m/z 174 (M-18) + in 
the acids from 2,3-dimethylbenzothiophene (Figure 3). 
The methyl group adjacent to the carboxy group in the 
acids from 2,3-dimethylbenzothiophene facilitated the 
loss of H20, rather that OH. 

The methyl esters of these acids from 3,5-di- 
methylbenzothiophene were prepared by treating the 
culture extract with BF3 in methanol. GC-MS anal- 
ysis of these methyl esters showed that they had 
a molecular ion at m/z 206, and major fragments 
at m/z 175 (M-CH30) +, and 147 (M-CH3OCO) +. 
These results are consistent with the metabolites 
being 3-methylbenzothiophene-5-carboxylic and 5- 
methylbenzothiophene-3-carboxylic acids. No stan- 
dards of these two acids were available, but the 
methyl ester of authentic 2-methylbenzothiophene-3- 
carboxylic acid was prepared and its mass spectrum 
showed a molecular ion at m/z 206, and abundant ions 
at rn/z 175 and 147. 

GC-MS analysis showed the other two sulfur- 
containing metabolites from 3,5-dimethylbenzo- 
thiophene had very similar mass spectra. The molec- 
ular ion was at m/z 178, and the loss of OH gave an 
(M-17) + fragment at m/z 161. These results suggest- 
ed that the metabolites were the products of oxida- 
tion of a methyl group to the corresponding methanol. 
Other abundant ions were at m/z 149, 134 and 115. 
These ions were observed in the spectrum of authentic 
2-methyl-3-hydroxymethylbenzothiophene (Figure 1). 
TMS-derivatives of these metabolites were prepared 
and their mass spectra showed a molecular ion at rn/z 
250, and the fragments at m/z 235, from the loss 
of CH3, and m/z 161, from the loss of OSi(CH3)3. 
Although these two products may be phenols, it is 
more likely that they are the products of the oxidation 
of the two methyl groups to methanols because two 
methylbenzothiophene-carboxylic acids were detected 
as metabolites from 3,5-dimethylbenzothiophene (Fig- 
ure 6). 

Sulfur-containing metabolites detected from 3,5- 
dimethylbenzothiophene in a 1-methylnaphthalene- 
grown culture of isolate F were the two methanols 
and a monocarboxylic acid. In the extract from a 
glucose-grown culture of isolate F (with 3,5-dimethyl- 
benzothiophene in the medium), a single methanol was 
detected, along with two carboxylic acids arising from 
the oxidation of each of the two methyl groups. 
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Figure 5. Mass spectrum (a) and FrlR spectrum (b) of a sulfur-containing metabolite from a culture of isolate Wl grown on glucose in the 
presence of 2,7-dimethylbenzothiophene. 

Surprisingly,  no sulfur-containing metabolites were 
found in the extracts of  isolate BT1 grown for 7 days 
in the presence o f  3,5-dimethylbenzothiophene.  In 
addition, only  trace amounts of  residual 3,5-dimethyl-  
benzothiophene were found in these extracts. 

M etabolites from 3, 7-dimethylbenzothiophene 

GC analysis of  an extract of  a culture o f  isolate 
W l  grown in glucose-containing medium with 3,7-di- 
methylbenzothiophene showed five sulfur-containing 
metabolites.  The last two of  these to elute gave mass 
spectra with base peaks at m/z 192, which were 
the molecular  ions. The next most  abundant frag- 
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Figure 6. From GC-MS analysis, the mass spectra of two sulfur-containing metabolites from a culture of isolate Wl grown on glucose in the 
presence of 3,5-dimethylbenzothiophene. The metabolite with the shorter retention time (a) and the metabolite with the longer retention time 
(b). 

ments were at rn/z 147 and 175. These were consis- 
tent with the metabolites being methylbenzothiophene- 
carboxylic acids. The TMS-derivatives were prepared 
and the GC-MS analysis showed molecular ions at m/z 
264 with major fragments at 249, 205 (base peak), 
175 and 147. With the exception of the mass to charge 
ratio of the base peak, these spectra matched those 
of the TMS-derivatives of the methylbenzothiophene- 
carboxylic acids from 2,3-dimethylbenzothiophene 
(Figure 2). 

The metabolite that eluted just prior to the car- 
boxylic acids had a molecular ion at m/z 178. This 
molecular weight results from the incorporation of a 

single oxygen atom into 3,7-dimethylbenzothiophene. 
However, this metabolite did not react with the TMS- 
derivatizing reagents so it was not an alcohol or phe- 
nol. GC-FTIR analysis showed a strong absorption 
at 1069 cm - l  which is characteristic of a sulfoxide. 
Thus, the metabolite was 3,7-dimethylbenzothiophene 
sulfoxide. Interestingly, no sulfone was detected, 

The first two metabolites to elute from the GC-MS 
also had base peaks that were the molecular ions at 
rn/z 178 and very similar mass spectra with major frag- 
ments at m/z 161,149, 134, and 115, like those in Fig- 
ure 1. Both of these products reacted with BSA giving 
products with molecular ions at m/z 250. The data sug- 
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Figure 7. Mass spectrum (a) and FI"IR spectrum (b) of  a sulfur-containing metabolite from a culture of isolate BT 1 grown on 1 -methylnaphthalene 
in the presence of  4,7-dimethylbenzothiophene. The metabolite was identified as 4,7-dimethylbenzothiophene-2,3-dione. 

gest that these two products are hydroxy-substituted 
3,7-dimethylbenzothiophenes, presumably methanols. 

GC-MS analyses of extracts of cultures of isolate F 
grown on glucose or 1-methylnaphthalene in medium 
containing 3,7-dimethylbenzothiophene showed that 
it produced the same five metabolites as isolate Wl .  
Under the same growth conditions, the major metabo- 
lite produced by isolate BT1 was 3,7-dimethylbenzo- 
thiophene sulfoxide. In addition, a small amount of 

a metabolite with the same mass spectrum and reten- 
tion time as authentic 3,7-dimethylbenzothiophene sul- 
forte (M + -- 194) was detected in these extracts. When 
grown on glucose, isolate BT1 oxidized the methyl 
groups producing the two methanols from 3,7-di- 
methylbenzothiophene in addition to the sulfoxide and 
sulfone. 
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Figure 8. From GC-MS analysis, the mass spectra of two sulfur-containing metabolites from a culture of isolate BT1 grown on l-methyl- 
naphthalene in the presence of  4,7-dimethylbenzothiophene. The metabolite with the shorter retention time (a) and the metabolite with the 
longer retention time (b). 

Metabolites from 4, 7-dimethylbenzothiophene 

GC-FPD analysis of an extract of a culture of iso- 
late BT1 grown on 1-methylnaphthalene in the pres- 
ence of 4,7-dimethylbenzothiophene showed an abun- 
dant sulfur-containing metabolite and several other 
minor products. The mass spectrum of the most abun- 
dant metabolite (Figure 7a) showed a weak molec- 
ular ion at rn/z 192. This molecular weight was 
consistent with the structure of 4,7-dimethylbenzo- 
thiophene-2,3-dione. The base peak (m/z 164) result- 
ed from the loss of CO (M-28) +. Subsequent loss 
of CHO gave the abundant fragment at rn/z 135 
(M-57) +. Fragments at (M-28)+were found in the 
mass spectra of benzothiophene-2,3-dione (Fedorak 

& Grbi6-Gali6 1991) and 5-methylbenzothiophene- 
2,3-dione (Safti6 et al. 1992). Similarly, the (M- 
57)+was observed in the mass spectra of 5-methyl- 
and 7-methylbenzothiophene-2,3-diones (Safti6 et al. 
1992). GC-FTIR analysis of this metabolite (Figure 7b) 
showed a single strong absorption at 1726 em -1, sim- 
ilar to the absorptions at 1737 cm-land 1735 cm -1 
observed for 5-methyl- and 7-methylbenzothiophene- 
2,3-diones, respectively. These data indicate that the 
most abundant metabolite was 4,7-dimethylbenzo- 
thiophene-2,3-dione. 

Eluting before the 2,3-dione, and within 0.5 min of 
each other, were two sulfur-containing metabolites that 
each had a molecular weight of 178. The product with 
the shorter retention time fragmented to give ions at 
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Figure 9. From GC-FFIR analysis, the FrlR spectra of two sulfur-containing metabolites from a culture of isolate BT1 grown on 1-methyl- 
naphthalene in the presence of 4,7-dimethylbenzothiophene. The metabolite with the shorter retention time (a) and the metabolite with the 
longer retention time (b). 

m/z 163 (M-15) + and 149 (M-29)+(Figure 8a), where- 
as the product with the longer retention time showed an 
abundant fragment ion at m/z 150 (M-28)+(Figure 8b). 
Although these products had a molecular weight that 
was consistent with the incorporation o f  a single atom 
of  oxygen into 4,7-dimethylbenzothiophene, they did 

not show fragmentation patterns that were common- 
ly observed with hydroxy-substituted dimethylbenzo- 
thiophenes, such as the loss of  OH (M- 17) + (Figure 1). 
Furthermore, G C - F r l R  analysis showed that the prod- 
uct with the shorter retention time gave a strong absorp- 
tion at 1710 c m -  1 (Figure 9a) whereas the other prod- 
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Figure 10. From GC-MS analysis, the mass spectrum of a high-molecular-weight sulfur-containing metabolite from a culture of isolate BT1 
grown on l-methylnaphthalene in the presence of 4,7-dimethylbenzothiophene. 

uct gave a strong absorption at 1746 cm- 1 (Figure 9b). 
Thus, the oxygen atom in each of these products was 
in a carbonyl group. 

It was speculated that these two products were 4,7- 
dimethylbenzothiophene-3 (2H)-one and 4,7-dimethyl- 
benzothiophene-2(3H)-one, and these two compounds 
were synthesized. The former compound had the 
same retention time as the metabolite with the shorter 
retention time, and the same mass and FTIR spec- 
tra as shown in Figures 8a and 9a, respectively. The 
second metabolite (Figures 8b and 9b) had identi- 
cal characteristics to the authentic standard of 4,7- 
dimethylbenzothiophene-2(3H)-one. Thus, these two 
products were the keto tautomers of 3-hydroxy-4,7- 
dimethylbenzothiophene and 2-hydroxy-4,7-dimethyl- 
benzothiophene. The equilibrium for the keto-enol tan- 
tomerism lies strongly toward the keto form so that the 
oxygen atom is observed to be in a carbonyl group 
during GC-FTIR analysis. 

In addition to these metabolites, there were sev- 
eral high-molecular-weight, sulfur-containing prod- 
ucts in this extract that could not be identified. 
One had a molecular weight of 290 (Figure 10), 
and was likely a tetramethylbenzo[b]naphtho[1,2- 
d]thiophene (C20H]8S) which could arise from the 
condensation of two molecules of 4,7-dimethylbenzo- 
thiophene in an analogous manner to that by which 
benzo[b]naphtho[1,2-d]thiophene was formed from 
benzothiophene (Kropp et al. 1994b). 

Other high-molecular-weight compounds had 
molecular ions at m/z 292, 308, 322, 324, 340, and 
342. Many of these products gave spectra in which the 
loss of methyl groups from the molecular ion was an 
abundant fragmentation, suggesting that these were 
some forms of condensation products with numer- 
ous methyl groups arising from the dimethylbenzo- 
thiophene. These products may be intermediates in the 
condensation reaction which leads to formation of the 
tetramethylbenzonaphthothiophene. They may also be 
products of bacterial oxidation of the tetramethylben- 
zonaphthothiophene. We did not pursue the identifica- 
tion of these minor products. 

When strains F and W1 were grown on 1- 
methylnaphthalene in the presence of 4,7-dimethyl- 
benzothiophene, they produced 4,7-dimethylbenzo- 
thiophene-2,3-dione, 4,7-dimethylbenzothiophene- 
3(2H)-one, 4,7-dimethylbenzothiophene-2(3H)-one 
and high-molecular-weight sulfur-containing products 
with molecular ions at m/z 290 (corresponding to 
C20HlsS), 292, 308, 322, 340, and 342. In addition, 
each strain produced two metabolites that had mass 
spectra similar to those shown in Figure 6, with M + 
= 192, and major fragments at m/z 175 (M-17) + and 
147 (M-45) +. These fragments corresponded to the 
loss of OH and COOH, respectively, suggesting that 
the metabolites were the two possible monocarboxylic 
acids. To verify this, the TMS-esters were prepared 
and GC-MS analysis gave the mass spectra with M + -- 



264 and the fragmentation pattern: rn/z 249 (M-15) +, 
205 (M-59) +, 175, and 147 as observed in Figure 2. 

Metabolites from 4,6-dimethylbenzothiophene 

In the extract of a 1-methylnaphthalene-grown cul- 
ture of isolate BT1 incubated with 4,6-dimethylbenzo- 
thiophene was a metabolite with a weak molecular ion 
at m/z 192, a base peak at m/z 164 (M-28) + and anoth- 
er abundant fragment at m/z 135 (M-57) +. This spec- 
trum suggested that the metabolite was 4,6-dimethyl- 
benzothiophene-2,3-dione because it was very similar 
to that of 4,7-dimethylbenzothiophene-2,3-dione iden- 
tified by GC-MS and GC-FTIR analyses (Figure 7) of 
extracts of cultures of isolates Wl,  BT1, and F when 
grown on 1-methylnaphthalene in the presence of 4,7- 
dimethylbenzothiophene. 

Isolate BT1 also oxidized 4,6-dimethylbenzo- 
thiophene to give two minor products which near- 
ly coeluted during GC analysis. These metabolites 
had identical mass spectra to the 3(2H)-one and 
2(3H)-one of 4,7-dimethylbenzothiophene (see Fig- 
ure 8). To prove the identities of these two metabo- 
lites, 4,6-dimethylbenzothiophene-3(2H)-one and 4,6- 
dimethylbenzothiophene-2(3H)-one were synthesized. 
The metabolite that eluted first had the same retention 
time and mass spectrum as the authentic 3(2H)-one. 
Similarly, the GC retention time and mass spectrum of 
the second metabolite matched those of the authentic 
2(3H)-one. 

This extract from isolate BT1 also contained sev- 
eral high-molecular-weight, sulfur-containing prod- 
ucts that were not identified. Among these were 
products with abundant molecular ions at m/z 290, 
322, 324 and 340. The product with a molecu- 
lar ion at m/z 290 is consistent with the struc- 
ture of a tetramethylbenzo [b] naphtho [ 1,2-d] thiophene 
(C20H18S) and had a mass spectrum similar to the 
analagous high-molecular-weight product from 4,7-di- 
methylbenzothiophene (Figure 10). 

4,6-Dimethylbenzothiophene-2,3-dione was the 
major metabolite found in extracts of isolates F and W1 
grown on 1-methylnaphthalene in the presence of 4,6- 
dimethylbenzothiophene. Also found in these extracts 
were minor amounts of the 3(2H)-one and 2(3H)-one 
of 4,6-dimethylbenzothiophene. A trace amount of 
the high-molecular-weight product with a molecular 
weight of 290 (C20H18S) was detected in the extract 
from isolate F, but not in that of isolate W1. 
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Additional investigations with isolate BT1 

Further studies with strain BT1 were prompted by the 
observations that this bacterium completely removed 
3,5-dimethylbenzothiophene from its growth medi- 
um after 7 days of incubation and that no oxidation 
products were detected. When a culture was incu- 
bated for 1 day, its extracts contained two isomers 
of hydroxymethyl-methylbenzothiophene and two iso- 
mers of methylbenzothiophene-carboxylic acid. No 
metabolites were found in a culture that was incubat-' 
ed for 3 days. Thus, isolate BT1 oxidized the methyl 
groups of 3,5-dimethylbenzothiophene to methanols 
and carboxylic acids which were transient metabolites. 

It was hypothesized that this strain might oxidize 
both methyl groups, yielding a dicarboxylic acid that 
was too polar to be recovered by the extraction method 
used. Thus, 3-, 5-, and 7-day-old cultures were adjust- 
ed to pH 12, freeze-dried and the residue from each 
culture was refluxed with methyl alcohol and a catalyt- 
ic amount of sulfuric acid to form the methyl esters 
of any carboxylic acids present. However, the hypoth- 
esized product, 3,5-benzothiophenedicarboxylic acid, 
was not detected by GC-MS analyses in any of the cul- 
tures. The validity of this method was verified using 
2,5-thiophenedicarboxylic acid, which is too polar to 
extract into dichloromethane from an aqueous solution 
at pH 2. Indeed, the dimethyl ester of this acid was 
readily detected by GC analysis after the freeze-drying 
and esterification procedures. 

To determine whether strain BT1 could oxidize 
the methyl groups of 3-methylbenzothiophene and 5- 
methylbenzothiophene, it was also grown on either 
1-methylnaphthalene or glucose with one of these con- 
densed thiophenes in the growth medium for 1, 3, or 14 
days. Interestingly, neither the methanol nor the car- 
boxylic acid of these two isomers was detected after 
any incubation period. 

The ability of isolate BT1 to grow on 1- 
naphthalenemethanol and 1-naphthoic acid (50 mg per 
200-mL culture) was tested. Lag periods of 2 days and 
6 days, respectively, were observed with these sub- 
strates. Stationary phase (OD600 = 0.3) was reached 
after 5 days of incubation with 1-naphthalenemethanol, 
and after 8 days of incubation with 1-naphthoic acid. 
In contrast, stationary phase was reached after 1 day 
of incubation with 1-methylnaphthalene. 
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Table 1. Summary of the sulfur-containing products found in the extracts of three bacterial cultures 
after incubation with various dimethylbenzothiophenes for 7 days. The products were found in 
cultures grown on l-methylnaphthalene or glucose. 

S~stra~ Products found in cultures ofPseudomonas strmn 

BT1 Wl F 

2,3-dimethyl- sulfoxide sulfoxide sulfoxide 
benzothiophene sulfone sulfone sulfone 

methanols methanols methanols 
carboxylic ac id s  carboxylic acids 

2,7-dimethyl- sulfoxide sulfoxide sulfoxide 
benzothiophene sulfone methanol methanols 

carboxylic a c i d  carboxylic a c i d  carboxylic acid 

3,5-dimethyl- none methanols methanols 
benzothiophene carboxylic ac id s  carboxylic acids 

3,7-dimethyl- sulfoxide sulfoxide sulfoxide 
benzothiophene sulfone methanols methanols 

methanols carboxylic ac id s  carboxylic acids 

4,6-dimethyl- 2,3-dione a 2,3-dione a 2,3-dione a 
benzothiophene 3(2H)-one 3(2H)-one 3(2H)-one 

2(3H)-one 2(3H)-one 2(3H)-one 
C20H18 Sb C2oHI8S 

4,7-diraethyl- 2,3-dione a 2,3-dione a 2,3-dione a 
benzothinphene 3(2H)-one 3(2H)-one 3(2H)-one 

2(3H)-one 2(3H)-one 2(3H)-one 
C20H18 Sb carboxylic ac id s  carboxylic acids 

C20H18S b C20H18 Sb 

alikely a dimethyl-substituted 2-mercaptophenylglyoxalate at neutral pH 
b and several other high-molecular-weight products 

Discussion 

Six of  the possible 15 isomers of  dimethylbenzo- 
thiophene were used in this investigation. The isomers 
were chosen to have a variety of  substitution patterns: 
both methyl groups on the thiophene ring (the 2,3- iso- 
mer); a methyl group on each of  the rings (the 2,7-, 
3,5- and 3,7- isomers); and both methyl groups on the 
benzene ring (the 4,6- and 4,7- isomers). 

Table 1 summarizes the sulfur-containing metabo- 
lites detected in the extracts of  7-day-old cultures of  the 
three P s e u d o m o n a s  strains studied. The plural entries 
'methanols '  and 'carboxylic acids' indicate that two 
isomers of  these compounds were found in the extracts. 

Sulfoxides and sulfones were detected from only 
those compounds with a methyl group on the thiophene 
ring (ie. the 2,3-, 2,7- and 3,7- isomers). In contrast, 
2,3-diones were detected from those compounds with 
no methyl groups on the thiophene ring (ie. the 4,6- 
and 4,7- isomers). These findings are consistent with 

the predictions of  Fedorak & Grbi6-Gali6 (1991) and 
observations of  Safti6 et al. (1992) with monomethyl- 
benzothiophenes, although in the latter study and in 
that of  Kropp et al. (1994a) sulfoxides and sulfones 
were observed from some methylbenzothiophenes 
with unsubstituted thiophene rings. The 2,3-diones 
detected in these cultures (Table 1) likely existed as 
dimethyl-substituted 2-mercaptophenylglyoxalates in 
the culture medium at neutral pH. Indeed, Eaton & Nit- 
terauer (1994) showed that benzothiophene was micro- 
bially oxidized to 2-mercaptophenylglyoxalate which 
cyclized to benzothiophene-2,3-dione when acidified. 
In our study, the cultures were routinely acidified prior 
to extraction. 

Although no sulfoxides were detected in the 
cultures incubated with 4,6- or 4,7-dimethyl- 
benzothiophenes, they were very likely produced, 
and then subsequently reacted to give the high- 
molecular-weight products with the empirical for- 
mula C20H18S. Kropp et al. (1994b) demonstrat- 



ed that two molecules of benzothiophene sulfox- 
ide undergo an abiotic Diel-Alder-type condensation 
to form benzo[b]naphtho[1,2-d]thiophene. Kropp et 
al. (1994a) detected dimethylbenzo[b]naphtho[1,2- 
d]thiophenes in cultures incubated with 4-, 5-, 
6- or 7-methylbenzothiophene. However, no high- 
molecular-weight products were detected from 2- or 
3-methylbenzothiophene because the methyl group 
on the thiophene ring sterically hinders the con- 
densation reaction. The empirical formula C20H18S 
is consistent with tetramethylbenzo[b]naphtho[1,2- 
d]thiophenes, and these products were not found in 
the extracts of the cultures incubated with isomers of 
dimethylbenzothiophene with a methyl group on the 
thiophene ring (2,3-, 2,7-, 3,5- and 3,7-dimethylbenzo- 
thiophenes). The sulfoxides of these isomers, with the 
exception of the 3,5- isomer, were detected in culture 
extracts (Table 1). 

The metabolism of 3,5-dimethylbenzothiophene 
was unique among the six isomers studied (Table 1). In 
the 7-day-old cultures of strains W1 and F, methanols 
and carboxylic acids were found, but no sulfoxide was 
detected. No metabolites were found in the extract of 
a 7-day-old culture of strain BT1. Methanols and car- 
boxylic acids were transient intermediates in cultures 
of strain BT1. 

With the exception of 4,6-dimethylbenzo- 
thiophene, methyl group oxidation products were 
found in culture extracts from isolates W1 and F 
(Table 1). These isolates were known to produce 
methanols and carboxylic acids from methylbenzo- 
thiophenes (Kropp et al. 1994a) and methanols from 
some isomers of methyldibenzothiophene (Safti6 et 
al. 1993). In addition, 1-naphthalenemethanol and 1- 
naphthoic acid were found to accumulate in cultures 
of strains Wl and F grown on 1-methylnaphthalene 
(Kropp et al. 1994a), and neither of these oxida- 
tion products serve as growth substrates for these 
two isolates. In contrast, methanols or carboxylic 
acids were found in fewer extracts from 7-day-old 
cultures of isolate BT1 (Table 1). Furthermore, 1- 
naphthalenemethanol and 1-naphthoic acid were pro- 
duced by isolate BT1 but they only transiently accu- 
mulated in cultures of this isolate grown on 1-methyl- 
naphthalene before they were further degraded. Indeed, 
1-naphthalenemethanol and 1-naphthoic acid serve as 
growth substrates for strain BT1. 

Studies on the bacterial metabolism of dimethyl- 
naphthalenes have shown that the methyl groups are 
also susceptible to oxidation. For example, Dean- 
Raymond & Bartha (1975) showed that although 
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dimethylnaphthalenes would not support growth of 
their bacterial isolates that grew on naphthalene 
and methylnaphthalenes, 1,5- and 2,6-dimethyl- 
naphthalenes were oxidized to their corresponding 
monocarboxylic acids by naphthalene-grown rest- 
ing cells. Similarly, Barnsley (1988) identified 2- 
hydroxymethyl-6-methylnaphthalene and 6-methyl-2- 
naphthalenecarboxylic acid as metabolites from 2,6- 
dimethylnaphthalene. In addition to the metabolites 
found by Barnsley (1988), Miyachi et al. (1993 ) detect~ 
ed 2,6-naphthalene dicarboxylic acid by HPLC anal- 
ysis of fluids from cultures grown on 2,6-dimethyl- 
naphthalene. 

Because of the transient nature of the methanols 
and carboxylic acids produced from 3,5-dimethyl- 
benzothiophene by strain BT1, attempts were made 
to detect the corresponding dicarboxylic acid. Since 
the methanols and carboxylic acids were present after 
1 and 2 days incubation but had been depleted from 
the medium by the third day, we tried to detect the 
dicarboxylic acid over incubation periods of 3, 5 and 
7 days. The dicarboxylic acid was not detected, nor 
were any other sulfur-containing metabolites. Thus, 
the fates of the methanols and carboxylic acids from 
3,5-dimethylbenzothiophene are unknown, and further 
investigations are required to determine the identities 
of subsequent metabolites. 

The 3(2H)-ones and 2(3H)-ones of 4,6- and 4,7- 
dimethylbenzothiophene (Table 1) are novel prod- 
ucts. 3-Hydroxybenzothiophene (the enol form shown 
below) and 2-hydroxybenzothiophene are known to 
exist almost exclusively as their keto tautomers 
(Iddon & Scrowston 1970) and therefore are more 
appropriately called benzothiophene-3(2H)-one and 
benzothiophene-2(3H)-one, respectively. 

enol form keto form 

These compounds react as if they have a hydroxyl 
group on the thiophene ring. For example, the methyl 
ethers of the 2(3H)-one and the 3(2H)-one can be 
formed by the methods of Dickinson & Iddon (1970) 
and Friedl~inder (1907), respectively. In this study, 
the 3(2H)-ones and 2(3H)-ones of the dimethylbenzo- 
thiophenes tautomerized to the enol forms which react- 
ed with BSA giving TMS derivatives. 
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In their studies on bacterial metabolism of  ben- 
zothiophene, Eaton & Nitterauer (1994) identi- 
fied 2-hydroxybenzothiophene and 3-hydroxybenzo- 
thiophene. They proposed that these phenols were 
the result o f  dehydration of  2,3-dihydroxy-2,3- 
dihydrobenzothiophene. Phenol formation resulting 
from dehydration o f  dihydrodiols under acidic con- 
ditions has been observed in studies with dibenzoth- 
iophene (Laborde & Gibson 1977), phenanthrene and 
anthracene (Jerina et al. 1976) and carbazole (Resnick 
et al. 1993). Thus, the 2(3H)-ones and the 3(2H)-ones 
found in the extracts o f  cultures incubated with 4,6- 
and 4,7-dimethylbenzothiophene are likely the dehy- 
dration products o f  undetected 2,3-dihydrodiols. 

During this investigation, quantitative analyses 
of  the sulfur-containing metabolites were preclud- 
ed for several reasons. For example, routine anal- 
yses were done with a FPD which gives nonlinear 
response and is susceptible to quenching. In addi- 
tion, authentic standards o f  some products, such as the 
sulfoxides and the tetramethylbenzo[b]naphtho[1,2- 
d]thiophenes, were not available, and the quantities 
of  other reference compounds that were synthesized, 
such as the 3(2H)- and 2(3H)-ones, were not sufficient 
for the preparation of  calibration curves for quantita- 
tion using a flame ionization detector. The analyses 
of  sulfoxides is also complicated by their decomposi- 
tion in GC injection port liners (Fedorak & Andersson 
1992). 

The focus of  these investigations was the identifica- 
tion of  sulfur-containing metabolites that could be par- 
titioned from an acidified culture into dichloromethane 
and that were amenable to GC analysis. Other metabo- 
lites may have been produced but not detected if they 
were too polar to be extracted or chromatographed. 
Nonetheless, nearly 30 sulfur-containing products 
were identified during this survey. The metabolism of  
3,5-dimethylbenzothiophene by Pseudomonas strain 
BT1 deserves further study because of  its complete 
removal of  this compound from the medium and the 
absense of  metabolites after 7 days of  incubation. 

Whether microbial oxidations of  C2-benzo- 
thiophenes in petroleum- or creosote-contaminated 
environments lead to the same metabolites that were 
identified in this laboratory study is yet to be deter- 
mined. Similarly, the fates of  the identified oxidation 
products in diverse microbial populations found in the 
environment have not been determined. 
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