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Confusion between dimethyl selenenyl sulfide 
and dimethyl selenone released by bacteria 
Thomas G Chasteen 
Department of Chemistry, Sam Houston State University, Huntsville, Texas 77341-2117, USA 

Dimethyl selenone [(CH3),Se0,] has been reported 
in the literature as a metabolite released by bac- 
teria in contact with selenium metal or selenium 
salts. In this study, mass spectral, chromato- 
graphic, and boiling-point data are presented that 
show that dimethyl selenone has been confused 
with dimethyl selenenyl sulfide (CHSeSCH,). In 
addition, the headspaces above monocultures of 
selenium-resistant bacteria were examined using 
gas chromatography followed by fluorine-induced 
chemiluminescence detection. A number of alkyl 
sulfur and selenium species were detected, along 
with dimethyl selenenyl sulfide. A pathway from 
oxidized selenium salts to reduced methylated sele- 
nides and dimethyl selenenyl sulfide is also pre- 
sented. 

Keywords: Bioremediation, biodegradation, 
dimethyl selenenyl sulfide, biomethylation, path- 
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INTRODUCTION 

The interaction of selenium-resistant micro- 
organisms with selenium has been reported to 
yield dimethyl selenone or methyl methylselenite, 
(CH,),SeO, ,'-3 However, it appears that the com- 
pound that has been detected may actually be 
dimethyl selenenyl sulfide, CH3SeSCH3. Data are 
presented here that support the conclusion that 
( CH,),SeO, and CH3SeSCH3 have been previous- 
ly confused in reports published in the literature. 
This paper also reports the simultaneous detec- 
tion of dimethyl selenenyl sulfide and a number of 
sulfur and selenium species in the microbial 

headspace above different bacterial monocul- 
tures. 

The detection of the volatile products from the 
interaction of micro-organisms with toxic metal- 
loids such as selenium and tellurium was reported 
in the first half of the 20th however, 
the mechanism by which micro-organisms bio- 
methylate these toxic materials is still not well 
understood. Challenger put forth a mechanism 
over 40 years ago that can be described as a series 
of ionization, methylation and reduction steps 
leading from an oxidized polyatomic anion of 
selenium to dimethyl selenide (DMSe)6x (Scheme 
1). It is important to note that (CH3),SeO2 is 
included as the last and possibly only volatile 
intermediate before fully reduced dimethyl sele- 
nide, the other components being ionic species in 
solution. 

More recently, there has been speculation on 
an augmentation of this mechanism to include a 
possible pathway to dimethyl diselenide 
(DMDSe) that relies on a reversible oxidation/ 
reduction step,',' (Scheme 2). Again, these auth- 
ors invoked (CH3),Se02 as a possible interme- 
diate and, indeed, they reported the detection of 
(CH3),Se02 (as either dimethyl selenone or 
methyl methylselenite) as well as DMSe and 
DMDSe in gases released from sewage samples 
that were purged with high-purity nitrogen or air. 
Their analytical system consisted of packed- 
column gas chromatography (15% Carbowax 
20M on 60/80 mesh Chromosorb-W, 1.7 m long 
by 21 mm i.d.) interfaced with a microwave dis- 
charge detector. The peak that they assigned to 
dimethyl selenone eluted between DMSe and 
DMDSe in their chromatograms. Their chroma- 
tographic conditions yielded peak elution orders 
that follow increasing boiling point for com- 
pounds of similar structure.' The confirmation of 
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(CH,),SeO, by Reamer and Zoller was based 
upon comparison of the GCMS spectrum with 
the mass spectrum of dimethyl selenone in the 
l i terat~re .~ Reamer and Zoller's is almost cer- 
tainly the first report of dimethyl selenone release 
from a biomethylating system; however, Reamer 
and Zoller also noted the detection of a com- 
pound at the same retention time in previous 
work using similar chromatographic conditions" 
and speculated that this compound was also 
( CH3),Se02. ' 

Since this initial report, dimethyl selenone has 
been reported by other workers: Jiang and cow- 
orkers reported the detection of dimethyl sele- 
none downwind from a sewage plant, a smelter, 
and a lake in however, the identifica- 
tion of this compound was not based upon a 
reagent standard but instead was made by boiling- 
point considerations. ''. *' These workers used a 
gas-chromatographic system (2 m, 2 mm i.d., 
glass column, packed with 10% OV-101) coupled 
to an atomic absorption spectrometer. Similarly 
to the initial report in the literature, dimethyl 
selenone was reported to elute between DMSe 
and DMDSe under the chromatographic con- 
ditions used;" again, this chromatography yielded 
an elution order that reflected boiling-point rela- 
tionships. 

This work with selenium-resistant bacterial cul- 
tures dosed with selenate and selenite salts has 
also yielded detection of DMSe and DMDSe in 
the headspace above these organisms. In addi- 
tion, a compound has been detected that elutes 
between DMSe and DMDSe in the chromato- 
graphic conditions used. However, the data sug- 

gest that this compound is not dimethyl selenone, 
but rather dimethyl selenenyl sulfide, 
CH3SeSCH3. 

EXPERIMENTAL 

Gas chromatography/mass 
spectrometry 
The GC MS system used in this work consisted of 
a Hewlett-Packard 5890 gas chromatograph dir- 
ectly interfaced to a Hewlett-Packard 5988 A 
mass spectrometer. The 70-eV electron impact 
ionization spectra were collected by a 
Hewlett-Packard Chemstation Data System. The 
column used in all of the GC MS experiments was 
a Hewlett-Packard Ultra 1 capillary column 
coated with cross-linked 5% phenylmethylsili- 
cone; the 25 m capillary had a 0.31 mm i.d. and a 
0.52 pm film. Except for a thinner film, this col- 
umn is the Hewlett-Packard analog of the J&W 
Scientific DB-5 column used in the experimen- 
tation with the chemiluminescence detector. 

Chemiluminescence detection 
The chromatographic column used in this work 
was a DB-5, 30-m capillary with a 0.25-mm i.d. 
and 1-pm film (J&W Scientific, Folsom, CA, 
USA). The chromatograph was a 
Hewlett-Packard model 5890 with a Sievers 
Research Model 300 Sulfur Chemiluminescence 
Detector. In this instrument, molecular fluorine is 
produced in-line by a high-frequency electrical 
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discharge of a stream of SF,. The dissociation of 
SF, and subsequent formation of molecular fluor- 
ine in this system is aproximately 10% . I3  Reaction 
of fluorine with an analyte in the gas phase results 
in chemiluminescence, which is detected by a red- 
sensitive photomultiplier tube (PMT, 
Hamamatsu model no. 42228, peak sensitivity at 
600 nm) using photon-counting electronics. No 
filter between the PMT and reaction cell was used 
in this work. The pressure in the reaction cell was 
<1 torr (as measured by a calibrated capacitance 
manometer) and the residence time for gases in 
the cell was calculated to be approximately 
100ms. Excess fluorine and hydrogen fluoride 
produced in the reaction chamber are removed by 
a trap containing charcoal and Ascarite. The 
interface between the gas chromatograph and the 
detector was a heated nickel transfer line main- 
tained at 150°C. The capillary column was 
inserted through this transfer line directly into the 
reaction chamber of the detector. This detector is 
selective in that it does not respond to normal 
alkanes or atmospheric permanent gases, and 
only very poorly to alkenes; however, it responds 
very sensitively to alkyl sulfur and alkyl selenium 
compounds with routine detection limits in the 
lower-picogram range. 

Microbial incubations 
Bacterial cultures used in this work were collected 
at Kesterson and Volta  reservoir^.'^ Cells were 
grown overnight under aerobic conditions at 28- 
30°C in R2A medium.I5 The following morning 
these cells were diluted with R2A in tubes with 
Teflon-lined septa, 1 ml of cells into a final 
volume of 2.5 ml, some with the addition of 1 mM 
selenium(V1) as the potassium or sodium selenate 
salt. The tubes were then incubated at 28-30°C 
until they were analyzed (16-24 h). Details of the 
bacteria are given later in this paper. 

Culture sampling procedure 
The cultures grown for this study were usually 
2.5-ml samples in 4-ml vials. For GC analysis, 
1ml of gas was removed from the vials by gas 
syringe. Since the gas chromatography involved a 
capillary column and low-boiling-point com- 
pounds, cryogenic trapping was used to freeze the 
samples at the head of the column upon injection: 
headspace gas samples from biological cultures 
were injected through a hot injector (263 "C) and 
cryogenically trapped on the capillary column 

maintained at -20 "C for 1 min prior to a fast 
temperature ramp of 20 "C min-I. 

Sample vials inoculated with a particular bac- 
terial strain and medium, with no selenate salts 
added, were run with each group of samples as 
controls. This established which gases detected in 
the headspace were the result of the addition of 
metalloid salts and which were merely methyla- 
tion products from medium components. Samples 
of headspace were removed by syringe after the 
desired phase of growth was obtained, and they 
were immediately analyzed. Sealed samples 
whose septa were pierced once by sampling were 
generally not sampled again in order to avoid 
analyzing air-contaminated vials. Syringe blanks 
were frequently run to ensure that there was no 
carry-over between sample injections. 

In witro synthesis of dimethyl selenenyl 
sulfide, methanethiol and 
methaneselenol 
Dimethyl selenenyl sulfide was prepared by reac- 
tion of dimethyl disulfide and dimethyl diselenide 
with acidified, powdered zinc (Baker Analyzed 
Grade, J. T. Baker, Phillipsburg, NJ, USA); 
25pg of both DMDS and DMDSe (Strem 
Chemicals, Newburyport, MA, USA) were pipet- 
ted together into a glass vial. After addition of 
500 mg of zinc powder, this mixture was acidified 
to pH2 with aqueous 4~ HCl, sealed with a 
Teflon@ lined septum and allowed to react for 
10 min at room temperature. Then 1 ml of gas 
from this headspace was removed from the vial by 
a gas syringe and analyzed by GCMS. 
Methanethiol and methaneselenol were also pro- 
duced in this reaction and their mass spectra were 
recorded in the same GC MS runs. The retention 
times of the species generated in this reaction and 
recorded in the total ion chromatogram of the 
GC MS were used for the identification of all the 
compounds unavailable from other sources. 
These included methanethiol, methaneselenol, 
and dimethyl selenenyl sulfide. 

The disproportionation of a mixture of DMDSe 
and DMDS to produce dimethyl selenenyl sulfide 
was studied by mixing headspace gases from 
above solutions of these two reagents diluted with 
acetonitrile (Spectro Grade, Burdick & Jackson, 
Muskegon, MI, USA). Portions (25~1)  of each 
chalcogen reagent were separately pipetted dir- 
ectly into glass vials sealed with Teflon-lined 
septa, each containing 1 ml of acetonitrile. The 
concentrations of these diluted solutions were 
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Table 1 Peak-by-peak comparison of the mass spectra of alkyl selenide compounds 

This work Zoller (1978) Rebane’ a 

Peak mlz Intensity (%) Peak mlz Intensity (YO) Peak mlz Intensity (Yo) 

142 
127 
140 
93 

125 
144 
94 
95 

138 
139 

100 
60 
59 
41 
37 
25 
24 
23 
20 
19 

142 
127 
140 

125 

144 

138 

93 * 

94* 

95’ 

91 * 

100 
60 
48 
39 
28 
26 
22 
20 
19 
18 

127 
142 
1st 
97 
95 
93 

111 
94 

125 
109 

~~ 

100 
87 
79 
78 
77 
75 
73 
63 
49 
48 

* i.e. (CHJ2SeO2. 
t m/z 15 mass peaks not reported in the other two spectra. * Denotes peaks corrected. 

approximately 0.02 g m1-l. After complete mix- 
ing, 1 ml of the headspace gas above each solution 
was removed by gas syringe and injected into the 
same 16mmx120mm glass test-tube with a 
resealable Teflon-lined septum. After 15 min, 
1 ml of this gas-phase reaction mixture was 
removed with a clean gas syringe and analyzed by 
GC with chemiluminescence detection. This 
experiment was performed with the reaction test- 
tube pre-purged either with nitrogen ‘or oxygen 
before the introduction of the gas-phase reagents. 

RESULTS AND DISCUSSION 

Table 1 lists the 10 most prominent rnlz peaks in 
order of relative abundance in the GCMS spec- 
trum of the chromatographic peak that elutes 
betwen DMDS and DMDSe in the capillary chro- 
matography reported here, Reamer and Zoller’s 
GCMS spectrum of the compound identified as 
dimethyl selenone ,8 and Rebane’s reference spec- 
trum of dimethyl selenone.’ Errors were found in 
the peak assignments for rnlz peaks 93,94,95 and 
91 in Reamer’s spectrum; these have been cor- 
rectly reported in Table 1 and are indicated with 
asterisks. 

An important aspect of this comparison of the 
mass spectra, and where it is believed that the 
confusion starts, is the fact that the nominal 
molecular mass of both dimethyl selenone and 
dimethyl selenenyl sulfide is 142 (based on the 
most abundant 80Se isotope). The most significant 
difference between these spectra is the base peak 
comparison: in the literature spectrum of 

dimethyl selenone the base peak and the parent 
peak (molecular ion) are not at the same mass-to- 
charge ratio. In Rebane’s spectrum, the base 
peak is mlz 127 and the parent peak, rnlz 142, is 
87% of this intensity (relative abundance). 
(Although listed, the rnlz 15 peak is of no rele- 
vance in this comparison because in neither of the 
other spectra are rnlz values so small reported. 
This peak is therefore marked with a dagger (t) to 
denote this in Table 1.) In our spectrum and in 
Reamer and Zoller’s spectrum the base peak and 
the parent peak are at the same mlz, and in both 
of these the baselparent is followed by the 
rnlz 127 peak at 60% of the parent peak intensity. 
The next three most abundant peaks are in the 
same order (though different intensities) in both 
spectra. Small differences are apparent for the 
last five peaks in the table but the differences in 
intensities for the same rnlz value are never more 
than 3% of the base peak. These last rnlz peaks 
and intensities also strongly contrast with the 
peaks of the authentic dimethyl selenone spec- 
trum. The Reamer and Zoller mass spectrum and 
the mass spectrum determined for this work are 
quite similar, yet they are quite different from the 
published literature spectrum of dimethyl sele- 
none and methyl methylselenite. Furthermore, 
the mass spectrum of dimethyl selenenyl sulfide 
recorded here is comparable with the mass spec- 
trum of structurally similar dialkyl selenides and 
sulfides that have been reported in the 

Rebane synthesized dimethyl selenone for his 
mass-spectral work.’ His reported melting point 
for (CH3)2Se02 is 152-153.5”C. He did not 
report a boiling point. He has also recorded the 
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mass spectrum of methyl methylselenite, 
CH3Se(0)OCH3 .Iy The spectrum of the methyl 
ester is almost identical to his published dimethyl 
selenone spectrum. No melting or boiling point 
for this compound was reported in his work; 
however, other researchers have synthesized and 
reported the boiling point of the sulfur analogs of 
these two selenium-containing compounds. 
Dimethyl sulfone (b.p. 238 "C) is available com- 
mercially and the boiling point of methyl metha- 
nesulfinate (b.p. 45.5 "C at 18 mm pressure, about 
147°C at 1 atm) has been reported in the 
literature." Although it is probable that the ana- 
logous selenium compounds have this same order 
of boiling points, the ester with the lower boiling 
point of the pair, by analogy it is improbable that 
methyl methylselenite boils below 225 "C. These 
melting and boiling point data are obviously 
applicable to the chromatographic elution order 
of these compounds. The chromatographic con- 
ditions reported by Reamer and Zolle$ and Jiang 
et al." yield peak elution order roughly based on 
boiling point for compounds of similar structure. 
These workers report the elution of what they 
have identified as dimethyl selenone between 
dimethyl selenide and dimethyl diselenide.*- l2 A 
dimethyl selenone melting point of 153"C, as 
reported by Rebane, renders unlikely an elution 
between two compounds of the boiling points of 
DMSe (b.p. 58°C) and DMDSe (b.p. 154°C) 
under these chromatographic conditions. 
Likewise, the estimated boiling point of methyl 
methylselenite derived above rules it out as a 
candidate for chromatographic elution between 
dimethyl selenide and dimethyl diselenide. 

The chemiluminescence detection system that 
was used for this work detects reduced sulfur and 
reduced selenium compounds simultaneously in 
the same chromatogram.u Given the nonpolar 
chromatographic phases used, the peak order for 
this family of alkyl sulfur and selenium com- 
pounds follows boiling-point trends. In order 
from earliest to latest elution, the elution order of 
these compounds was routinely found to be 
CH3SH, CH3SeH, CH3SCH,, CH,SeCH, , 
CH3SSCH3, CH3SeSCH3, CH3SeSeCH3, and 
CH3SSSCH3. The elution order for these com- 
pounds on this kind of liquid chromatographic 
phase (nonpolar) has also been reported by other 
workers,u and duplicated this order. The elution 
of dimethyl selenenyl sulfide in both chromato- 
graphic systems reported in this work was inter- 
mediate between dimethyl disulfide (b.p. 109 "C) 
and dimethyl diselenide (b.p. -154 "C). The boil- 

ing point of dimethyl selenenyl sulfide has not 
been reported in the literature; however, based 
on the chromatographic data, it is estimated that 
the boiling point of dimethyl selenenyl sulfide at 
1 atm is approximately 132°C. This is the first 
boiling-point estimation for dimethyl selenenyl 
sulfide that has been reported. 

The microwave discharge detector used in 
Reamer and Zoller's work has a monochromator 
tuned to the 196 nm emission line of selenium to 
monitor this element in the plasma: and specifi- 
cally detects selenium-containing compounds. 
The detection system used in the work by Jiang et 
al. was a graphite furnace atomic absorption 
spectrometer (AA), also tuned to a spectral line 
for selenium, 196nm.'l Both of these detection 
systems will respond to a molecule like dimethyl 
selenenyl sulfide that contains both a selenium 
and a sulfur moiety, as well as to one containing 
selenium and oxygen moieties. It is also import- 
ant that the reported chemical sources of these 
emissions were sulfur-rich environments such as 
smelters, sewage sludge, sewage plants, etc. 
These systems would also be strong sources of 
methylated sulfur species and provide the con- 
ditions for the production of dimethyl selenenyl 
sulfide. 

The biological systems examined in Reamer 
and Zoller's work were sewage and soil samples 
containing polycultures. All of the work reported 
here is with cultures containing one organism at a 
time. A chromatogram of the headspace from an 
organism that produces dimethyl selenen yl sulfide 
has been published elsewhere.u Table 2 summar- 
izes the experimental screening of some selenium- 
resistant bacteria isolated from Kesterson and 
Volta Reservoirs, California, USA14 grown in the 
presence of l m ~  sodium selenate for 24h. 
Kesterson Reservoir is a selenium pollution site; 
Volta Reservoir is a low-selenium site near 
Kesterson Reservoir that has a low but significant 
level of selenium-resistant bacteria. Along with 
the genus and species designation (when avail- 
able) is a relative scaling of the concentrations of 
selenium compounds in the headspace above 
these organisms (see Table 2 footnote for experi- 
mental details). Also included is a listing of the 
major sulfur gases detected simultaneously in the 
same samples. In every sample reported here 
except one, CH,SeSCH, was detected in the pres- 
ence of methanethiol and often other sulfur com- 
pounds found in the headspace. It is probable that 
this determination of dimethyl selenenyl sulfide 
would be interpreted by other selenium-specific 
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Table 2. Selenium and sulfur gases detected in headspaces of bacterial cultures" 

Major sulfur 
Bacterial strain CH3SeH CH3SeCH3 CH3SeSeCH3 CH3SeSCH3 gases detected 

Aeromonas sp. VS6 0 + + + 
Citrobacter freundii KSB + + +  +++ + CH3SH 

CH$SSCH3 
CH3SH 
CH$CH, + ++ + + Pseudomonas 

ueruginosa VS7 
Pseudomonas 
cepaciu KS5 + +++ + + +  0 CH3SH 

CH3SH 
CHSSSCH, 0 +++ +++ + Pseudomonas 

Puorescens K27 
Pseudomonas sp. VW1 + +++  + + +  + CH$H 

a Each culture was incubated 24 h in R2A medium supplemented with 1 mM sodium selenate, and then 
headspace gases were analyzed. Volatile selenium gases were scored: 0, below detection limit (<7 ppbv); 
+, 7-5Oppbv; ++, 51-1OOppbv; +++, >lOOppbv (ppbv=parts per lo9, by volume). 

methods as (CH3),SeO2. It is very probable that 
the compound detected by Reamer and Zoller' in 
their work with soil and sewage samples, by Jiang 
et af. in their sampling of emissions from sewage 
and smelter and in this work with mono- 
cultures of selenium-resistant bacteria is dimethyl 
selenenyl sulfide. 

The in vitro production of dimethyl selenenyl 
sulfide by the reaction of dimethyl disulfide and 
dimethyl diselenide in a reducing environment 
can be represented by Scheme 3. 

2n 
CH,SSCH, + CH,SeSeCH, + CH,SeSCH, 

Scheme 3 
HCI 

More completely this process probably entails the 
reaction of methaneselenol, created by the reduc- 
tion of the diselenide, with dimethyl disulfide and 
analogously, the reaction of methanethiol, 
created by disulfide reduction, with the 
diselenide.&*' Methaneselenol and methanethiol 
were detected in the headspace of this reaction 
mixture, demonstrating that these reductions had 
indeed occurred. 

Another possible route to dimethyl selenenyl 
sulfide simply involves the disproportionation of 
the diselenide and disulfide to the selenenyl sul- 
fide as reported by Bergson and Nordstrom?' 
however, these workers reported their reaction 
under alkaline conditions and in solution. 
Similarly, a mixture of diselenides and disulfides 
in solution reacted to form the selenenyl sulfide 
when heated above 80 0.29 The nonreducing gas- 
phase disproportionation reaction carried out in 
this work between DMDSe and DMDS produced 

CH3SeSCH3 under both nitrogen-purged and 
oxygen-purged conditions. Since this gas-phase 
reaction was carried out in the absence of either 
selenol or thiol (and neither was detected in the 
reaction mixture), the exchange reactions must be 
excluded as the source of selenenyl sulfide in that 
experiment; however, this result does not prec- 
lude the possibility of disproportionation as the 
major route of selenenyl sulfide production in the 
acidifiedkeducing reaction described above or in 
bacterial cultures where thiol or selenol are pres- 
ent. 

The nitrogen- or oxygen-rich conditions used in 
the disproportionation reaction basically repro- 
duce the experimental conditions used by Reamer 
and Zoller in their work with sewage and soil 
samples that were swept by either nitrogen or air 
purge gases, conditions that yielded the com- 
pound the authors determined was dimethyl 
selenone.' Since it is probable that this was 
actually dimethyl selenenyl sulfide, together these 
results suggest that the production of dimethyl 
selenenyl sulfide does not depend on reducing 
conditions per se. 

The confusion of dimethyl selenone for 
dimethyl selenenyl sulfide does not preclude the 
existence of dimethyl selenone as an intermediate 
in biomethylating systems. Also, the detection of 
dimethyl selenenyl sulfide in microbial headspace 
does not assure that this compound is actually a 
metabolite released by bioremediation. It is still 
possible that dimethyl selenenyl sulfide could 
simply be a product of disproportionation 
between dimethyl disulfide and dimethyl disele- 
nide or exchange between diselenide and metha- 
nethiol and/or disulfide and methaneselenol. As 
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Elemental 
Selenite selenium Selenide Methanselenol Dimethyl seknide 

S e O j 2 - b  Se0 + HSeX + CH3SeH + (CH3)2Se 

Oxidation 

v 
CH3Se SeCH, Dimehyl d i * ~ d e  

Disproportionation Exchanga 
Dimethyldsulfide 1 1 1 Methanethol 

CH,S SCH, CH,SH 

Dimethyl selenenyl sulfide 

CH,S SeCH, 

Sebeme 4 

Table 2 shows, methanethiol and methaneselenol 
were detected in some of our culture samples, 
although not in our gas-phase disproportionation 
experiments. 

Doran has proposed a pathway for the reduc- 
tion and methylation of an inorganic selenium salt 
to dimethyl selenide that proceeds through ele- 
mental selenium.% Many of the cultures of 
selenium-resistant bacteria that have been exa- 
mined in this report, and in work by  other^,'^.^^ 
produced pink or reddish cultures after being 
dosed with selenium salts. This indicates the 
reductive production of metallic selenium and 
lends support to the Doran pathway (shown in 
Scheme 4 in the box). Elemental selenium was 
not included in either the Challenger mechanism 
or the Reamer and Zoller modification, though 
these last workers did dose some of their samples 
with elemental selenium. The results of the 
experiments reported here lead us to the next step 
in determining the products of the reduction and 
methylation of selenium by micro-organisms; 
therefore a further augmentation of the Doran 
mechanism is proposed (Scheme 4) which 
includes the additional products that have been 
detected in bacterial cultures dosed with selenium 
salts. The proposed modification is seen below 
the boxed Doran pathway and is initiated by the 
oxidation of methaneselenol to dimethyl disele- 
nide . 

The two possible paths to the mixed sulfur/ 
selenium product are expressed as exchange and 
disproportionation reactions. Since there is no 
strong evidence of which reversible fork is 
actually occurring, both are included. However, 
the experimental gas-phase production of 

dimethyl selenenyl sulfide in the disproportiona- 
tion reaction with no selenol or thiol present 
suggests that disproportionation is quite prob- 
able. The analogous production of dimethyl sele- 
nenyl sulfide via the exchange between methane- 
selenol and dimethyl disulfide is not shown but is 
implied by this mechanism, and since methanese- 
lenol and dimethyl disulfide have been detected in 
some of the bacterial cultures examined here, this 
exchange reaction should likewise remain under 
consideration. 

The proposed mechanism as shown in Scheme 
4 is initiated by the introduction of selenium(1V) 
as selenite; however, experiments have been per- 
formed with both selenite and selenate [Se(VI)]. 
Except for the toxicity differences of these two 
chemical species that affect bacterial output of the 
reduced gases that have been detected, there is no 
reason to expect that this mechanism is not 
applicable to both selenate and selenite reduction 
and methylation. 

CONCLUSIONS 

Selenium-resistant bacteria were examined to 
determine the products released into the head- 
space above cultures dosed with selenium salts. 
These bacteria emitted sulfur gases such as 
CH3SH, CH3SCH3 , CH3SSCH3 and CH3SSSCH3. 
The composition of methylated selenium gases 
detected in these samples was also complex, 
including mixtures of monomethylated (CH3SeH) 
and dimethylated (CH3SeCH3 , CH3SeSeCH,) 
molecules and a mixed selenium/sulfur com- 
pound dimethyl selenenyl sulfide , CH3SeSCH, . 
This last compound was identified by synthesizing 
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it in uitro using a mixture of dimethyl diselenide 
and dimethyl disulfide in a reducing environment, 
sampling the headspace above this mixture, and 
determining the mass spectrum of the compound 
by GCMS. 

It is probable that a compound found in bacter- 
ial heads ace and previously reported in the 
literatureR," has been erroneously identified as 
dimethyl selenone (or methyl methylselenite) and 
is in fact dimethyl selenenyl sulfide. This conclu- 
sion is based upon mass-spectral data and chro- 
matography and boiling-point considerations. 

In the headspace above selenium-resistant bac- 
terial systems dosed with selenium salts that 
release a complex mixture of sulfur and selenium 
gases, dimethyl selenenyl sulfide is not uncom- 
mon. It has not been determined whether or not 
dimethyl selenenyl sulfide is indeed a microbial 
metabolite in the systems that have been studied. 
It may be a disproportionation or reaction pro- 
duct created in the headspace gases or in the 
aqueous media solution. A pathway for the 
reduction and methylation of salts of selenium has 
been proposed that augments that suggested by 
Dormm and incorporates steps of disproportiona- 
tion and exchange based upon the detection of 
selenols, thiols and dimethyl selenenyl sulfide in 
the headspace above cultures of selenium- 
resistant bacteria. 
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