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Seven new cyclic natural polysulfidds-7 were identified in extracts of two bacteri@ytophagestrains
(CFB-phylum) isolated from biofilms from the North Sea. Their structures are based on mono- and dimeric-
cyclization products of 2-methylpropane-1,2-dith&lwhich was also present in the extract in trace
amounts. The structures were deduced by analysis of their mass spectra and confirmed by synthesis. The
IH NMR spectra of some these compounds suggested a high flexibility of the trithiepane and tetrathiocane
systems. Therefore, their conformation was further analyzed by DFT calculations and dynamic NMR
spectroscopy. While thiepardepossesses a twist-chair lowest energy conformation, its iso?ems 3

adopt a chairlike conformation, as does the tetrathiodaria contrast, tetrathiocang favors again a

twisted chair conformation.

Introduction unknown compounds proved to be small sulfur-containing

Marine microbial metabolites are currently intensively studied _compounds. Volatile sulfur compounds play an important role

because of their often interesting pharmaceutical and agro-'fgrrt,:ae,[iOgrllOb;rl1 dcﬁleclﬁ]:aiglﬂrjé’ L:?aftlilgrj;g gFL?r(tﬁelfmroarIg’ t(;lgud
chemical properties. Most of the research is focused on ’ 9 ) ’ y

compounds of medium polarity, while apolar and volatile contribute to the aroma of fermented foddd\evertheless, the

. - known volatile sulfur compounds from bacteria are limifdd.
compounds have received less attention. In a research program)

) . ; . the present article we describe the identification, synthesis, and
aimed at the diversity of secondary metabolites from North Sea onformational analvsis of new dithia-. trithia-. and tetrathia-
bacteria we developed a gas-chromatographic dereplication anaz cloalkanes roduged by ti@ytopha a'bacteria{
strain selection method for fast identification of strains contain- Y P y phag ’
ing unknown apolar metabolitésTwo Cytophaga strains _

(BIO137 and BIO138), isolated from biofilms from the North % ﬁﬂg;eua}ej.Mo.?aﬂ;[jwca@?%.l%??ggi(;’ ZF?.' [Sciencel987 237,

Sea, were thus identified as potentially promising strains. The 1189-1192.
(4) Bates, T. S.; Charlson, R. J.; Gammon, RNdture1987 329 319-
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FIGURE 1. Gas chromatogram da@ytophagastrain BIO137 from the North Sea.

Results and Discussion

Identification. In general, the unknown compounds were
identified by GC-MS analysis and interpretation of their mass
spectra. To verify theses proposals, they were synthesized an

compared to the natural compounds. Thus, the GC-MS analysis

of the Cytophagastrains BIO137 and BIO138 revealed the
presence of five small peaks containing sulfur (Figure 1),
identifiable by the suspicious WH- 2 isotope peak in their mass
spectra. These compounds-E showed gas chromatographic
retention indices of 1175, 1472, 1516, 1727, and 1748,
respectively. The molecular formula was determined by GC-
HRMS analysis, resulting in fElgS; for A, CgH16Ss for B and

C, and GH16S4 for D and E, each with one double bond

equivalent. It has to be noted that the strains were repeatedly
fermented and always showed the presence of the sulfur

compounds, while other strains cultured under exactly identical

conditions did not contain these compounds. An anthropogenic

source of the target compounds was thus excluded.
Mass spectrometrical data of several cyclic polysulfides have
been published—20 giving hints to the preferred mass spec-

trometric fragmentation of the unknown compounds. These data

allowed us to make structural proposals for the compounds
A—E. The mass spectrum of compouAdcontained charac-
teristic ions atm/z 96 [S]*, 55 [CH7]T, and 87 [GH.S]T,

(10) Mieloszynski, J. K.; Aberkane, O.; Paquer,Sulfur Lett.1989 9,
17-21.

(11) Holzmann, G.; Susilo, R.; Gmelin, ®rg. Mass. Spectron1982
17, 165-172.

(12) Zhang, J.-X.; Ni, J.; Ren, X.-J.; Sun, L.; Zhang, Z.-B.; Wang, Z.-
W. Chem. Sense2003 28, 381—-388.

(13) Zhang, J.-X.; Sun, L.; Zhang, Z.-B.; Wang, Z.-W.; Chen, Y.; Wang,
R. J. Chem. Ecol2002 28, 12871297.

(14) Dubs, P.; Joho, MHelv. Chim. Actal978 61, 1404-1406.

(15) Ritzau, M.; Keller, M.; Wessels, P.; Stetter, K. O.; Zeeckl_ikbigs
Ann. Chem1993 871-876.

(16) Kruse, H.-P.; Anger, HJ. Prakt. Chem1981 323 169-173.

(17) Kawai, T.; Ishida, YJ. Agric. Food Chem1989 37, 1026-1031.

(18) Zhang, Y.; Ho, C.-TJ. Agric. Food Chem1989 37, 1016-1020.

(19) Hwang, S.-S.; Carlin, J. T.; Bao, Y.; Hartmann, G. J.; Ho, CJ-T.
Agric. Food Chem1986 34, 538-542.

(20) Vernin, G.; Boniface, C.; Metzger, J.; Obretenov, T.; Kantasubrata,
J.; Siouffi, A. M., Larice, J. L.; Fraisse, Bull. Soc. Chim. Fr1987, 681—
694.

pointing to a sulfur triad, four connected carbon atoms, and a
monocyclic structure (Figure S1). The presence of a small ion
m/z 106 [M — CH,S]" suggested a Ci$ fragment in the

Gstructure, while the prominent iam/z 87 [C;H;S]t pointed to

a CH(CH)2S or CH(GH5)S substructure. The latter one seemed
to be less likely because no evidence for an ethyl group could
be found in the mass spectrum. Furthermore, the published
spectra of 3,5-dimethyl-1,2,4-trithiolaHfeand 3-ethyl-1,2,4-
trithiolane*” showed distinct differences, supporting the view
of a sulfur triad. Therefore, we proposed compoundo be
4,4-dimethyl-1,2,3-trithiolanel), which was proven by syn-
thesis (see below). The two isomeric compourisand C
obviously contained an additional,ds group compared td
but no sulfur triad (Figure 2). Both g units were not
connected directly, but via a S-atom. This can be deduced by
m/z 143 [GH1sS] and the absence of any CH containing
fragment with more than four C-atoms. ThgHg units are most
likely again arranged in a dimethylethyl fashion, because in
cyclic oligosulfides with longer alkyl side chains such as 3,5-
dipropyl- or diisopropyl-1,2,4-trithiolar€172%no strong [M—
C4Hg] * ion (m/z 152) is formed. Instead, the intense M-
S,H]* fragment atn/z 143 prevails. Furthermore, the complete
lack of [M — CpHzn11]™" ions indicates the absence of longer
alkyl side-chains. The mass spectra Bfand C were thus
consistent with the structural proposals 4,4,6,6-tetramethyl-1,2,5-
trithiepane B), 3,3,7,7-tetramethyl-1,2,5-trithiepan&),( and
3,3,6,6-tetramethyl-1,2,5-trithiepard) (Mieloszynski has pub-
lished tabulated mass spectre?aind3 isolated from undefined
“mélanges industriels”, showing the same ions as in our
trithiepane mass spectra but in markedly different abundances.
The reportedH NMR data of2 were similar to ours obtained
from a synthetic sample, while that 8fdiffered10

The mass spectra of compoundsand E contain the same
fragments a3 and C (exceptm/z 106), but obviously these
compounds carry an additional S-atom, visible by the increase
of 32 amu of the M ion. Again, no g fragment is observed,
pointing to two disulfide bridges in the compounds. Therefore,
3,3,7,7-tetramethyl-1,2,5,6-tetrathiocar® &nd 3,3,8,8-tetra-
methyl-1,2,5,6-tetrathiocané)(were proposed as target struc-
tures. The mass spectrum ®fmatches the literature data for

J. Org. ChemVol. 72, No. 10, 2007 3777
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FIGURE 2. Mass spectrum of the peak B of the natural extract, composed of a 3:2 mixture of the two coeluting Sufites

compoundb by Mieloszynski, who suggested this structure but
did not report NMR data’ A table of the GC-HRMS-data for
the postulated structureA—E as well as mass spectra of
compoundsl—2 and 5—8 are available in the Supporting
Information.
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Synthesis.Synthetic reference material was then needed to

SCHEME 1. Synthesis of 3,3,7,7-Tetramethyl-1,2,5-
trithiepane (3) and 3,3,6,6-Tetramethyl-1,2,5-trithiepane (4)
KSCN NaSH B
7Q s
79%
9 10 .
H-shift
s 10
S{ Xk o
S-S S

ﬂ/

4

verify the proposed structures, to assign the potential isomers,complex due to the missing symmetry plane. Interestingly, both

and to obtain material for biotests. A first attempt of their
synthesis was the nucleophilic thiolate ring opening of the
episulfides. 2,2-Dimethyloxirane9) was transformed with
KSCN into 2,2-dimethylthiiranel(0).2* Then NaSH was added
to 10 assuming that the SHnucleophile could attack the
episulfide from the least hindered side, forming a thiolate anion
which in turn should open another thiirane molecule, forming
target compoun® after a spontaneous oxidative ring-closing
coupling of two sulfur atoms (Scheme 1). Compouhavas
isolated in 11% vyield after extended chromatographic purifica-
tion because of formation of many oligomeric side products.
The isomeric thiepand was also formed during the reaction
and isolated in pure form; its formation can be rationalized by
transfer of a proton from the primary to the tertiary sulfur
position prior to the attack of the second thiirane molecule.
Compounds3 and 4 were distinguished by their high-
temperature NMR spectra. WhiBeshowed only one signal for
the two methylene units, the spectrum of compodneas more

compounds showed identical gas chromatographic retention
times on an apolar BPX-5 phase. Careful analysis of the slight
differences in the mass spectra of the synthetic product8and
proved thatB is actually a 3:2 mixture o8 and4 (Figure 2).

Because the above synthesis gave no access to the other
compounds, an alternative strategy was used to synthesize the
isomeric trithiepane (Scheme 2).

The major product of the addition of sulfur monochloride
and isobutene is 2-chloro-1-(2-chloro-2-methylpropyldisulfanyl)-
2-methylpropane 1(1).22 The following reaction with NaSH,
which included the substitution of chloride, followed by a ring-
closing reaction, led t@ and6. By use of 1 equiv of NaSH,
trithiepane2 was isolated as major component, while tetrathio-
cane6 was preferentially formed when 2 equiv was used. These
compounds were always accompanied by the trithiolaménich
showed identical GC and MS data as compoéndJnfortu-
nately, its isolation failed, presumably because of the known
instability of trithiolanes® The crude 4,4-dimethyl-1,2,3-

(21) Snyder, H. R.; Stewart, J. M.; Ziegler, J.BAm. Chem. Sod947,
69, 2672-2674.
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SCHEME 2. Synthesis of 4,4,6,6-Tetramethyl-1,2,5-
trithiepane (2) and 3,3,8,8-Tetramethyl-1,2,5,6-tetrathiocane

(6)
>: SLh >r s
Cl Cl

52 %

1
NaSH 2

3 il

ﬁ;?%;—zj%s;sf 4JL

34 30 26 22 18 14 ppm

FIGURE 3. 'H NMR spectra of the trithiepane&—4 at room

1 eq. NaSH 1% 21 % 4%
temperature.

2 eq. NaSH 14 % 7% 25 %

SCHEME 3. Synthesis of 3,3,7,7-Tetramethyl-1,2,5,6-
tetrathiocane (5)

2N LiAIH
s — 4 o SH
1 8

S-S

L s | | i

23 %
5

trithiolane () was then used as the starting material of DA A A SN S A s A s b Al
compounds (Scheme 3). 34 30 26 22 18 14 ppm

LAH reduction of1 furnished the dithioB, which was oxi- FIGURE 4. H NMR spectra of the tetrathiocan&sand 6 at room
datively coupled with NaOH and iodirfé leading to 3,3,8,8- temperature.
tetramethyl-1,2,5,6-tetrathiocané).( This reaction sequence
additionally proved the structure &f Besidess, the compounds ~ 4,4,6,6-tetramethyl-1,2,5-trithiepar®) 6howed only one signal
1, 4, 7, and 6,6-dimethyl-1,2,3,4,5-pentathiepane were formed for the four methyl and for the two methylene groups each, in
as byproducts. These results suggested that the d&émoght contrast to the spectrum of 3,3,7,7-tetramethyl-1,2,5-trithiepane
be involved in the biosynthesis of the sulfur cycles. Careful (3) in which two types of methyl groups can be differentiated.
analysis of the GC-MS data revealed its presence in the naturalThe protons of the methylene groups are also split into two
extracts in trace amounts. Compouig slowly oxidized when doublets of an AB spin system. The spectrum of 3,3,6,6-
standing for longer periods in an open flask. All of the com- tetramethyl-1,2,5-trithiepand)showed only broad signals, the
poundsl—7 were formed, but in addition the opened dithiols point of coalescence being near this temperature. Obviously the
of the trithiepanes and tetrathiocanes also occurred, while theyflexibility of the trithiepanes at room temperature decreases from
were absent in the natural extracts. These results suggest tha2 to 4 and further to3. In case of the tetrathiocanes, similar
in the biosynthesisg is formed first which is then autoxidized  spectra showed th&i, again having a coalescence point near
to compoundg—7, similarly as reported for the formation of room temperature, is more flexible th@nFigure 4).
dimethyl disulfide in bacterig® We also tried to synthesize Then temperature-dependent NMR-experiments were per-
by the addition of sulfur to isobutene, in analogy to the experi- formed to get more insight into the conformations of the
ments of Bartlett and Ghosh with norbornefi&mall amounts thiepanes. As an example, the spectradfare shown in Figure
of 1 were formed, but major components of the inseparable 5. At low temperature a preferred conformation exists which
mixture were 5,5-dimethyl-1,2,3,4-tetrathian&) (and 6,6- allows the observation of four different methyl groups and four
dimethyl-1,2,3,4,5-pentathiepane. Compoungroved to be different methylene-H atoms. In contrast, at high temperature
identical to an additional trace component of the natural extract. only one signal for each of the two different methylene groups

NMR Experiments. Compounds2—6 showed interesting  and each of the two different methyl groups was observed.
NMR spectra, pointing to considerable flexibility of the ring Conformations. In order to further analyze the conforma-
systems. SoméH NMR spectra at room temperature are tional complexity and the dynamic properties due to rapid ring
presented in Figures 3 and 4. The spectrum of the symmetricinterconversiofY in the thiepanes and thiocanes, we performed

a series of DFT (density functional theory) gas-phase calcula-

(23) Sauve, A. A.; Groves, TJ. Am. Chem. S0@002 124, 4770 tions. The resulting optimized conformations were then used
4778. _ as a starting point for GIAO (gauge independent atomic
(24) McAllan, D. T,; Cullum, T. V.; Dean, R. A;; Fidler, F. Al. Am. orbitals¥8 simulations of the corresponding NMR data in order

Chem. Socl1951, 73, 3627-3632.
(25) Chin, H.-W.; Lindsay, R. CFood Chem1994 49, 387—392.
(26) Bartlett, P. D.; Ghosh, T. Org. Chem1987, 52, 4937-4934. (27) Hendrickson, J. BJ. Am. Chem. S0d.961, 83, 4537-4547.
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FIGURE 5. (a) ExperimentatH NMR spectra of 3,3,6,6-tetramethyl-1,2,5-trithiepadpdt different temperatures. (b) Simulated (DFT) spectra
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FIGURE 6. Interconversion of the two enantiomeric twist-chair global minima for 3,3,6,6-tetramethyl-1,2,5-trithiehane (

to characterize the dominating conformers. All calculations were That means that the overall interconversion of the twist-chair
done using the B3LY® hybrid density functional in combina-  conformations | and Il occurs via two local minima and the
tion with a polarized triple: basis set (6-31tG(d,p)). The activation barrier of the rate-determining step in the gas phase
procedure will be shown for 3,3,6,6-tetramethyl-1,2,5-trithiepane is predicted to be 13.5 kcal/mol. In order to find out if our
(4) as an example. In a first step, an extensive force3teddan theoretical findings hold also true for the condensed phase, we
of the energy surface was performed using the Macromodel 6.0compared the simulated gas-phaét NMR spectra for all
software packag#. Second, all minima were reoptimized using characterized minima with the experimental low-temperature
the B3LYP functional. In the third phase, the energies and NMR spectrum of structuret in CD,Cl, (Figure 5). The
geometries of all transition states connecting the minima were calculated spectra showed the relative positions of the methyl
localized and finally the NMR spectra for all energy minima and methylene H atoms, omitting splitting due to coupling. It
were computed. Figure 6 shows the two conformers with the is obvious that the twist-chair conformation compares very well
lowest energy, detected by this procedure. All quantum chemical to the experimental spectrum, while the other two conformations
calculations were done using the Gaussian 03 progfam. showed marked differences. The experimental data supported

The interconversion of both low-energy twist chair conforma- the theoretical calculations and showed that in solution the twist-
tions occurs via several chair, twist-boat, and chair conforma- chair conformer is the most stable one.

tions (Figure 7) Starting from the twist-chair minimum | (|Eft), To test this approach, the rate Consth@for the intercon-
the next twist-boat minimum (6.2 kcal/mol) is reached via a yersion of the twist-chair conformers was calculated according
boat transition state and separated by a barrier of 11.4 kcal/molto formula | from the experimentaH NMR data. The difference
(baCk reaction: 5.3 kC&l/mO'), while the next transition structure in the frequency of two noncoup”ng Signa|s from theNMR
(boat) is again 9.9 kcal/mol higher in energy (back reaction: was measuredAw, Table 1). In conjunction with the temper-
13.5 kcal/mol) leading to another minimum (chair), which is  ature of coalescencd{) the free activation enthalpxG™ for

only 2.6 kcal/mol higher in energy compared to the twist-chair this process was calculated according to formuf II.
minimum |. Another transition state (8.7 kcal/mol; back

reaction: 11.2 kcal/mol), best described as twist boat, has to TAV
be climbed before finally the twist-chair Il minimum is reached. k.= f =2.22v (1)

(28) Ditchfield, R.J. Chem. Phys1972 56, 5688-5591.

(29) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. o

(30) Merck Molecular Force Field, Comput. Chenl996 17, 490-514. AG 4.58Tc(10.32+ log

(31) Mohamadi, F.; Richard, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton,
M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. Comput. Chem.
199Q 11, 440-467.

(32) Frisch, M. J. et al.Gaussian 03, Résion C.02 Wallingford CT, (33) Friebolin, H. Ein- und Zweidimensionale NMR-Spektroskopie
2004 Wiley-VCH: Weinheim, 2006.

TC

kc) cal mol* (I1)
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TABLE 1. Frequency Difference of Methyl Groups in theH
NMR Spectra (Av), Rate Constants k¢), Temperatures of
CoalescenceTy), and Free Activation Enthalpies AG™) for the
Interconversion Processes of Compounds-26

compd Av (Hz) ke (1/s) Te(K) AG"™ (kcal/mol)
2 9.35 20.75 196 10.1
3 77.37 171.76 380 18.6
4 82.61 183.39 288 13.9
5 91.71 203.59 293 14.1
6 46.09 102.31 a -

aThe highest available experimental temperature was 373 K.

s 2 3

FIGURE 8. Calculated preferred conformations of compou@ds,

The thus obtained value of 13.88 kcal/mol is in good 5, ande.

agreement with the theoretical result (13.5 kcal/mol), pointing

to a good agreement of theory and experiment.

a penetrative, ‘breathtaking’ smell, obviously blocking the odor

On the basis of the given procedure, the favored conformation receptors for some time. The preferred conformations of the

of the trithiepane® and 3 as well as the tetrathiocanésand

oligosulfides2—6 can be well predicted using DFT calculations.

6 were calculated (Figure 8). In addition, the rate constants, In case of the trithiepanes, the most stable conformatiod of
temperatures of coalescence and the free activation enthalpieshows a ‘chair’ arrangement, as dosthe most flexible

for all interconversion processes were calculated (Table 1).

compound of the three. The ‘twist-chair’ conformation4ois

The free activation enthalpy for the interconversion processesalso adopted by the tetrathiocafewhile 5 prefers again a

of 3,3,8,8-tetramethyl-1,2,5,6-tetrathiocafgwas theoretically

‘chair’ arrangement. One explanation could be that in a chair

calculated to be about 21 kcal/mol. That would match a conformation two methyl groups of and 6 would adopt a
coalescence temperature of about 420 K, which could not be quasiaxial position to each other, which is not the case in the
measured on the given NMR equipment. All NMR data and twisted chair | and Il. Cyclic alkyl polysulfides have occasionally

MS spectra are available in the Supporting Information.

Conclusion

In the extracts of twdCytophagastrains from the North Sea
the new thiacycloalkanes 4,4-dimethyl-1,2,3-trithiolarly, (
4,4,6,6-tetramethyl-1,2,5-trithiepan&)( 3,3,7,7-tetramethyl-
1,2,5-trithiepane J), 3,3,6,6-tetramethyl-1,2,5-trithiepand) (
3,3,7,7-tetramethyl-1,2,5,6-tetrathiocan®), (and 3,3,8,8-tet-
ramethyl-1,2,5,6-tetrathiocanes)( and 5,5-dimethyl-1,2,3,4-
tetrathiane 7) as well as the dithiol methyl-1,2-propanedithiol

been reported from nature. 1,2,4,6-Tetrathiepane and 1,2,3,5,6-
pentathiepane (lenthionine) were isolated from the mushroom
Lentinus edodé4 and together with 1,2,4-trithiolane from the
red algaeChondria californica®® The first two compounds
showed antibiotic activity, while our compoun8s 6 were not
effective in antimicrobial assays performed by us. Zeeck
described a variety of alkyl-substituted 1,2,4-trithiolanes, 1,2,4,5-
tetrathianes, and 1,2,3,5,6-pentathiepanes in the hyperthermo-
philic archeaThermococcus tadjuricy!® but none of those
carried a geminal dialkyl group. Other substituted compounds
like 4-methyl-1,2,3-trithiolane, 5-methyl-1,2,3,4-tetrathiane, or

(8) were identified and their structures proven by synthesis. The jifferent dimethyl-1,2,5-trithiepanes are known as thermal

cyclic compounds exhibit melting points between &2 and

106 °C have a characteristic smell resembling diesel-fuel. This

smell can also be recognized in the extracts. The didiohs

(34) Kobayashi, S.; Morita, KTetrrahedron Lett1966 7, 573-577.
(35) Wratten, S. J.; Faulkner, D.J.0rg. Chem1976 41, 2465-2467.
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degradation products of alliin and deoxyalliin from Gaffc.
Compound3 was tested as an oil additivé1,2,3-Trithiolane
was recently found by Rushdi and Simoneit who did reactions
with CS, and oxalic acid solutions in stainless steel vessels at

Sobik et al.

purified by column chromatography with pentane as solvent (12.8
g, 52 mmol, 52%R = 0.2).1H NMR (400 MHz, CDC}): 6 [ppm]
1.67 (s, 12H), 3.65 (s, 4H)3C NMR (100 MHz, CDC}): 6 [ppm]
31.3(CHy), 56.7(CH), 69.0(C).

high temperature and pressure to get information about the origin  Synthesis of 4,4,6,6-Tetramethyl-1,2,5-trithiepane (2)The

of life.®8 A cyclic polysulfide of which conformational studies

are well-known is 1,3,5,7-tetrathiocane. Its crystallographic data

were published in 1972 and its detailed boat-chair intercon-
version in 19739° Published studies of different types of cyclic
trisulfides including NMR data and rate calculatibhshows
that the activation enthalpies obtained by us are in a good
agreement.

Experimental Section

Biological material. The strains were isolated from biofilms

synthesized  2-chloro-1-(2-chloro-2-methylpropyldisulfanyl)-2-
methylpropane (0.5 g, 2 mmol) was dissolved in MeOH (10 mL),
and NaSHH,0 (0.11 g) was added in small portions. The solution
was stirred at room temperature overnight and was then extracted
with diethyl ether. The solvent was removed after drying with
MgSO, under reduced pressure. The obtained liquid was purified
by column chromatography with a 200:1 mixture of pentane and
diethyl ether (0.1 g, 0.42 mmol, 21% = 0.1). 'H NMR (400
MHz, CDCL): o [ppm] 1.43 (s, 12H), 3.16 (s, 4H)*C NMR (100
MHz, CDCkL): J [ppm] 31.1 (CH), 52.7 (C), 57.4 (CH. IR
[em™1]: 2959, 2921, 1457, 1409, 1377, 1362, 1101.

Synthesis of 3,3,8,8-Tetramethyl-1,2,5,6-tetrathiocane (6).

grown on glass plates exposed to the North Sea at a depth of 30NaSHxH,O (0.22 g) was dissolved in MeOH (10 mL), and

cm for 14 days as describ®dand identified by 16S rRNA gene
sequencing.

Synthesis of 2,2-Dimethylthiirane (10) This compound (bp
84—86 °C, 4.84 g, 55 mmol, 79% yield) was prepared according
to the procedure of Snyder and Stewawith KSCN (6.79 g, 70
mmol) in 7 mL of HO and 2,2-dimethyloxirane (5.04 g, 70 mmol).
1H NMR (400 MHz, CDC}): ¢ [ppm] 1.62 (s, 6H), 2.40 (s, 2H).
13C NMR (100 MHz, CDCJ): 6 [ppm] 28.5(CH), 35.4(Ch), 42.4-
©).

Synthesis of 3,3,7,7-Tetramethyl-1,2,5-trithiepane (3) and
3,3,6,6-Tetramethyl-1,2,5-trithiepane (4)In a three-necked round-
bottom flask, 7 equiv of NaStH,0 (21.56 g) was dissolved in
200 mL of MeOH, and triethylamine (0.56 g, 5.5 mmol) was added.
Then 2,2-dimethylthiirane (4.84 g, 55 mmol) was added dropwise

2-chloro-1-(2-chloro-2-methylpropyldisulfanyl)-2-methylpropane (0.5
g, 2 mmol) was added. The solution was stirred at room temperature
over night and was extracted with diethyl ether. The solvent was
removed after drying with MgSQunder reduced pressure. The
obtained liquid was purified by column chromatography with
Pentane as solvent (0.12 g, 0.5 mmol, 253%+= 0.15). Mp.: 71
+ 0.5°C. 'H NMR (400 MHz, CDC}): o [ppm] 1.23 (s, 6H),
1.34 (s, 6H), 3.06 (dJ = 15.2 Hz, 2H), 3.70 (dJ = 15.2 Hz, 2H).
13C NMR (100 MHz, CDC}): 6 [ppm] 25.2(CHy), 32.2(CH), 51.1-
(C), 53.9(CH). IR [cm™1: 2953, 2896, 1377, 1358, 1090. Anal.
calcd. for GH16Ss: C, 39.96%; H, 6.71%:; S, 53.34%. Found: C,
40.04%; H, 6.55%; S, 53.32%.

Synthesis of 2-Methyl-1,2-propanedithiol (8) The crude 4,4-
dimethyl-1,2,3-trithiolane (1.5 g), coproduct in the synthesis of

during 30 min. The solution was stirred at room temperature. After 4 4,6 6-tetramethyl-1,2,5-trithiepane and 3,3,8,8-tetramethyl-1,2,5,6-
2 days, water was added and the mixture extracted three times withtetrathiocane, was added to a large excess of LiA#Hy, 52 mmol)

diethyl ether. The solvent was removed after drying with MgSO

in absol diethyl ether. The solution was hoiled at’@5for 3 h and

under reduced pressure. The obtained liquid was purified by column hydrolyzed by addition of concd HCI until all solids dissolved. The

chromatography with pentane and 3,3,7,7-tetramethyl-1,2,5-trithi-
epane 8) (1.2 g, 5.8 mmol, 11%R; = 0.15) obtained as a pale
yellow solid. Mp: 46+ 0.5°C. 'H NMR (400 MHz, CDC}): ¢
[ppm] 1.27 (s, 6H), 1.47 (s, 6H), 2.81 (ddi= 2.3, 17.2 Hz, 4H).

13C NMR (100 MHz, CDCY}): ¢ [ppm] 27.0 (CH), 28.2 (CH),
50.2 (CH), 52.4 (C). IR [cnTY]: 2952, 1443, 1360, 1139, 1093.
Anal. calcd for GH1Ss: C, 46.11%; H, 7.74%; S, 46.16%.
Found: C, 45.86%; H, 7.34%; S, 45.91%. 3,3,6,6-tetramethyl-1,2,5-
trithiepane 4) (0.9 g, 4.3 mmol, 8%R: = 0.12). Mp: 34+ 0.5
°C.™H NMR (400 MHz, CDC}): o [ppm] 1.33 (s, 12H), 2.55

(ss, 1H), 2.92 (s, 2H), 3.15 £s 1H). 33C NMR (100 MHz,
CDCl): o [ppm] 25.9(CH), 27.1(CH), 29.9(CH,), 30.9(CH),
41.5(CH), 45.6(C), 55.6(C), 57.7(CH IR [cm™1]: 2957, 1441,
1375, 1137, 1093.

Synthesis of 2-Chloro-1-(2-chloro-2-methylpropyldisulfanyl)-
2-methylpropane (11) Isobutene (5.6 g, 0.1 mol) was condensed
into a round-bottom flask, cooled with liquid nitrogen, and than
dissolved in dichloromethane at40 °C. SCl, (0.5 equiv, 6.75 g,
0.05 mol) was added and stirred for 60 min-a40 °C, followed
by 2 h ofstirring at room temperature. The solvent and the excess
of S,Cl, were separated by distillation. The obtained liquid was

(36) Kubec, R.; Velisek, J.; Dolezal, M.; Kubelka, V. Agric. Food
Chem.1997, 45, 3580-3585.

(37) Umanskaya, O. |.; Abadzheva, R, N.; Yaniv, A. Weftyanaya i
Gazaaya Promyshlennost984 2, 52—53.

(38) Rushdi, A. I.; Simoneit, B. R. TAstrobiology2005 5, 749-768.

(39) Gerard, W. F.; Degen, P. J.; Anet, F. ALLAm. Chem. Sod972
94, 4792-4793.

(40) Gerard, W. F.; Degen, P. J.; Anet, F. A. Acta Crystallogr. B
1973 29, 1815-1822.

(41) Friebolin, H.; Mecke, RZ. Naturforsch.1966 21, 320—-324.

(42) Allgaier, M.; Uphoff, H.; Wagner-Diler, I. Appl. Environ. Micro-
biol. 2003 69, 5051-5059.
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aqueous layer was extracted several times with diethyl ether. The

combined organic layers were dried with MggSéhd filtered, and

the solvent was removed. The crude product was finally purified by

distillation to yield pure3 (0.7 g, 5.7 mmol) (4641 °C, 38 mmHg).

IH NMR (400 MHz, CDC}): 6 [ppm] 1.43 (s, 6H), 1.61 (tJ =

8.8 Hz, 1H), 2.02 (s, 1H), 2.75 (d, = 8.8 Hz, 2H).13C NMR

(100 MHz, CDC¥): 6 [ppm] 30.25 (CH), 41.21 (CH), 45.12 (C).
Synthesis of 3,3,7,7-Tetramethyl-1,2,5,6-tetrathiocane (5)o

a mixture of NaOH (0.4 g, 10 mmol) and Kl (10 mg, 0.06 mmol),

dissolved in HO (10 mL) and cooled in an ice-bath to°C, was

added 2-methyl-1,2-propanedithiol (0.6 g, 5 mmol) dropwise, and

the solution was stirred for 30 min. Than(lL.27 g, 5 mmol) was

added portionwise until a light red color persisted. The solution

was extracted with dichloromethane. After drying with MgSthe

solvent was removed under reduced pressure by column chroma-

tography with pentane, yielding a pale yellow solid (0.26 g, 1.1

mmol, 23%,R: = 0.1). Mp: 106+ 0.5°C. 'H NMR (400 MHz,

CDCly): 6 [ppm] 1.35 (g,12H), 3.17 (5, 2H).*3C NMR (100 MHz,

CDCly): 6 [ppm] 56.3(C). IR [cnY]: 2953, 1450, 1363, 1134,

1091, 548.
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