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The identification of isoprenoid C,, and C,, sulphur compounds in Rozel Point Oil 
is described. The occurrence of isoprenoid-thiophenes, -thiolanes, -benzothiophenes, 
-bithiophenes, -(thienyl)alkylthiophenes and -thienylthiolanes in this oil and in other 
oils and sediments is reported. These compounds are thought to originate from 
sulphur incorporation into unsaturated phytanols and farnesol at the early stages of 
diagenesis. Compounds, that contain two sulphur atoms, are thought to originate 
from polyunsaturated phytanols, compounds especially abundant in hypersaline 
environments due to the presence of archaebacteria and green and purple sulphur 
bacteria. A diagenetical scheme, indicating relationships between precursors and 
products is presented. 

KEY WORDS: Organic sulphur compounds, isoprenoid C,, sulphur compounds, 
hypersaline environment, Rozel Point Oil, mass spectrometry. 

INTRODUCTION 

The occurrence of organic sulphur compounds (OSC) in oils and 
extracts of ancient and recent sediments is well known. Neither the 

?Presented at the 3rd Workshop on Chemistry and Analysis of Hydrocarbons in 
the Environment, Lausanne, March 2@21, 1986. 
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2 J. S. SINNINGHE DAMSTE AND J. W. DE LEEUW 

origin nor the diagenetical fate of OSC is however understood. This 
lack of knowledge is partly due to the fact that the structures of 
OSC presently known are not very characteristic; the carbon skeletons 
do not seem to carry information about appropriate biosynthetic 
precursors. Only recently some OSC which seem to be related with 
such biosynthetic precursors were reported by several investigators. ’-’ 

We have encountered isoprenoid and straight chain alkyl- 
thiophenes, -thiolanes, -thiacyclohexanes and -benzothiophenes with 
chain lengths of CI2-C2, in several sediment extracts and oils.”* 
Especially the C20 isoprenoid thiophenes occurring in several sedi- 
ment extracts and oils give clues to their biosynthetic origin. In this 
paper we concentrate on data obtained for these isoprenoid OSC. 

Over the years Berner has pointed out very elegantly that 
bacterial sulphate reduction is the mechanism for formation of 
anorganic sulphur compounds in sediments.’ In normal marine 
sediments the rate of sulphate reduction is determined by the 
reactivity of the organic matter substrate. Hence, the presence of 
high quality organic matter causes a high production of H2S and its 
fixation products (FeS, FeS,). From the organic chemical point of 
view one can expect the interaction of H,S or other sulphur reagents 
like polysulfides with suitable functional groups present in the organic 
compounds present. Especially when no “suitable” Fe ions are 
avai1able-e.g. in hypersaline evaporitic environments-one can 
expect relatively high abundancies of OSC since no competition for 
H,S between the organic compounds and Fe ions exists. Therefore 
we have investigated sediment extracts and crude oils which were 
known to originate from anaerobic environments of sedimentation 
and from evaporitic environments of sedimentation. Especially a seep 
oil-Rozel Point Oil-the organic matter of which is thought to origi- 
nate from an evaporitic playa lake environment7’ lo  was investigated 
because of its high abundance of OSC. 

EXPERIMENTAL 

Rozel Point Oil was obtained from the Geological Survey of Utah 
(USA). This seep oil came from a site in the North Western part of 
Utah. 

Details on the fractionation of the oil and subfractionation of the 
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SULPHUR COMPOUNDS IN SEDIMENTS AND OILS 3 

aromatic fraction of the oil have been described elsewhere.8 The 
aromatic fraction was also fractionated into a so called total low 
molecular weight aromatic and a total high molecular weight 
aromatic fraction by column chromatography (Al,O,, 25 cm x 1 cm) 
using hexane/toluene (9: 1) and toluene as eluents respectively. The 
total low molecular weight aromatic fraction contains most of the 
GC amenable compounds of the aromatic fraction.8 Gas chroma- 
tography of the obtained fractions was carried out on a Varian 3700 
gas chromatograph equipped with a flame ionization (FID) and a 
flame photometric detector (FPD). A fused silica capillary column 
(1 = 25 m, i.d. = 0.32 mm) coated with CP-Sil 5 (film thickness = 
0.12pm) was split at the end of the column with a splitter device. 
The conditions used were described previ~usly.~ 

GC-MS analysis was carried out on a Varian 3700 gas chromato- 
graph connected to a MAT-44 quadrupole mass spectrometer as 
described previo~sly.~ 

Exact mass measurements were performed on a Varian MAT 311 
double focussing mass spectrometer by peak matching using selected 
masses from perfluorkerosine as the reference at a resolution of 5000. 

RESULTS 

The Rozel Point Oil was separated by conventional techniques into 
the so called aliphatic, aromatic and hetero fractions. Because of the 
very complex nature of the aromatic fraction a further fractionation 
was performed by column chromatography over alumina using 
several eluents sequentially. The resulting fractions (in case of the 
Rozel Point Oil called RPO-1, -2, etc.) were investigated by capillary 
gas chromatography with dual FID and FPD detection and by 
capillary gas chromatography-mass spectrometry. Since-in this 
paper-we will concentrate on the most abundant isoprenoid C, ,  
components present Figure 1 shows the appropriate parts of the 
total ion current (TIC) traces of the total low molecular weight 
aromatic fraction and the fractions RPO-1, -2, -5 and -6. The 
symbols used in these traces indicate compounds with structures 
shown in Schemes 2 and 3 and in the Appendix. 

Fraction RPO- 1 almost entirely consisted of C20 isoprenoid 
thiophenes and thiolanes. The major isoprenoid thiophenes were 
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4 J. S. SINNINGHE DAMSTE AND J. W. DE LEEUW 

RPO TOT a - e  
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?PO 1 
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I c’ 

P 

IRPO 5 IE 

IRPO 6 P 

FIGURE 1 Partial total ion current traces of appropriate fractions of the aromatic 
fraction and of the total low molecular weight aromatic fraction of the Rozel Point 
Oil showing the distributions of the isoprenoid Cz0 sulphur compounds. Symbols 
refer to compounds assigned in Table I. 
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FIGURE 2 Mass spectra of (A): 2-(3,7-dimethylnonyl)-5-(2-methylpropyl)-3-methyl- 
thiophene (D), (B): a mixture of 2,3-dimethyl-5-(2,6,1O-trimethylundecyl)thiolane (5) 
and an unknown compound (with major fragment ions at m/z 185 and 227 in its mass 
spectrum). 

identified based on their relative GC retention times and on com- 
parison of their mass spectra with mass spectra of synthesized 
issprenoid thiophene~.~. l1 A typical mass spectrum of 2-(3,7- 
dimethylnonyl)-5-(2-methylpropyl)-3-meth~-lthiophene (D) is shown 
in Figure 2a. This mass spectrum is characterized by two fragments 
(m/z 167 and 265) originating from P-cleavages of both side chains. 
The base peak m/z 125 is thought to be a secondary fragment ion 
originating from both primary fragments (m/z 167 and 265) by a 
rearrangement in which the other alkyl side chain is removed as an 
alkene. This mass spectrum is in agreement with those of a series of 
2n-alkyl-3-methyl-5-(2-methyl-n-alkyl)thiophenes,'2 . in which the 
base peak also appeared at m/z 125. 

Appropriate mass chromatography using the m/z values of ions 
generated by characteristic P-cleavages clearly indicated the presence 
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6 J. S. SINNINGHE DAMSTE AND J. W. DE LEEUW 

of the major isoprenoid thiophenes present (Figure 3). They are 
listed in Table I and the structures tentatively identified are given in 
both Schemes 2 and 3. 

The isoprenoid thiolanes were present in RPO-1 through RPO-4. 
The identifications of these thiolanes are based on comparison of 

TABLE I 
Isoprenoid Cz0 sulphur compounds identified in the Rozel Point Oil 

isoprenoid thiophenes 

A 5-(2,6-dimethylheptyl)-2-(3-methylpentyl)-3-methylthiophene 
B 2-(3,7-dimethyloctyl)-5-(2-methylbutyl)-3-methylthiophene 
C 5-(2,6-dimethyloctyl)-2-(3-methylbutyl)-3-methylthiophene 
D 2-(3,7-dimethylnonyl)-5-(2-methylpropyl)-3-methy~thiophene 
E 2,3-dimethyl-5-(2,6,lO-trimethylundecyl)thiophene 

isoprenoid thiolanes 

a 5-(2,6-dimethylheptyI)-2-(3-methylpentyl)-3-methy~thiolane 
b 2-(3,7-dimethyloctyl)-5-(2-methylbutyl)-3-methylthio~ane 
c 5-(2,6-dimethyloctyl)-2-(3-methylbutyl)-3-methylthiolane 
d 2-(3,7-dimethylnonyl)-5-(2-methylpropyl)-3-methylthio~ane 
e 2,3-dimethyl-5-(2,6,l0-trimethylundecyl)thiolane 

isoprenoid bithiophenes and (thienyQa1kylthiophenes 
I 2-(4-(2’,3’-dimethyl-5‘-thienyI)-3-methylbutyl)-5-(2-methylpropyl)-3- 

I1 5-(3-(2’,3’-dimethyl-5’-thienyl)-2-methylpropy~)-2-(3-methylbutyl)-3- 

111 5’-(3-methylpentyl)-5-(2-methylpropyl)-3,~-dimethyl-2,2’-bithiophene 
IV 5-(2-methylbutyl)-S-(3-methylbutyl)-3,~-dimethyl-2,2’-bithiophene 
V 5-(2,6-dimethylheptyI)-3,4,5’-trimethyl-2,2’-bithiophene 

methylthiopliene 

methylthiophene 

isoprenoid thienylthiolanes 
1 5-(S-(2-methylbutyl)-3’-methyl-2’-thienyl)-2-(3-methylbutyl)-3-methylthiolane 
2 2-(2’-(3-methylbutyl)-3‘-methyl-5’-thienyl)-5-(2-methylbuty~)-3-methylthio~ane 
3 2-(2’-(3-methylpentyl)-3’-methyl-5‘-thienyl)-5-(2-methylpropyl)-3-methylthiolane 
4 5-(2,6-dimethylhepty1)-2-(2’,3’-dimethyl-5’-thieny~)-3-methylthio~ane 
5 isomer of 4 

isoprenoid benzothiophenes 
CY 4-(2,6-dimethylheptyl)-2,3,6-trimethylbenzo(b)thiophene 
p 4-(2-methylbutyl)-2~3-methylbutyl)-3,6-dimethylbenzo(b)thiophene 
y 2-(3-methylpentyl)-4-(2-methylpropyl)-3,6-dimethy~benzo(b)thiophene 
6 2-(3,7-dimethyloctyl)-3,6-dimethylbenzo(b)thiophene 
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8 J. S .  SINNINGHE DAMSTE AND J. W. DE LEEUW 

mass spectra with those of synthesized standards5s8 and relative 
retention times with respect to the n-alkylthiolane series. It is notable 
that the retention behaviour on the alumina column is dependent on 
the position of the thiolane ring in the molecule; isoprenoid thiolanes 
with the thiolane ring at the end of the chain elute later than those 
possessing the ring in the centre of the molecuie. A typical mass 
spectrum of 2,3-dimet hyl-5-( 2,6,1O-trimet h ylundecyl) t hiolane (9, is 
shown in Figure 2b. The mass spectrum of this compound, exhibiting 
fragment ions at m/z 115, 171, 237 and 308, is completely analogous 
with that of 3-methyl-2-(3,7,1l-trimethyldodecyl)thiolane as reported 
by Sinninghe Damste et aL5 

In the fractions RPO-5 and RPO-6 four new series of isoprenoid 
sulphur compounds were encountered; bithiophenes (111-V), 
(thieny1)alkylthiophenes (I-II), benzothiophenes (a-6) and thienyl- 
thiolanes (1-5). The assignment of the structures of these compounds 
is based on mass spectral data, GC-retention times and on the 
differences in response of flame ionization and flame photometric detec- 
tion. Figure 4, for example, shows the partial GC-FID and GC-FPD 
traces of fraction RPO-6. It is clearly seen that some compounds (i.e. 
1, 2, 111, IV and V) have a much higher response with FPD detection 
than is expected from the FID-trace if only one sulphur atom is 
present. Such an enhanced response on the FPD therefore indicates 
the presence of more than one sulphur atom. From a comparison of 
the ratio j / l  and y/2 in the FID and FPD chromatogram, bearing 
in mind the quadratic response of the FPD, it was estimated that 
the compounds 1 and 2 contain two sulphur atoms per molecule. 
The relative intensity of the M + 2  isotope peak in the mass spectra 
of the bithiophenes, (thieny1)alkylthiophenes and thienylthiolanes 
(see Figure 5a-c) of about 10% of the intensity of the molecular ion, 
indicative for the presence of two sulphur atoms, also supports these 
identifications. Exact mass measurements of the molecular ion 
(m/z 334) of the bithiophenes and a fragment ion of the bithiophenes 
I11 and IV (m/z 220) with high resolution mass spectrometry (exact 
mass: found 334.173, calculated for C,,H,,S, 334.179; exact mass: 
found 220.037, calculated for C,,H,,S, 220.038) established the 
presence of two sulphur atoms per molecule in these bithiophenes. 

Typical mass spectra representing these four new series of isopren- 
oid sulphur compounds are shown in Figures 5a-d. 

Figure 5a shows the mass spectrum of a bithiophene, 5’-(3- 
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SULPHUR COMPOUNDS IN SEDIMENTS AND OILS 9 

RPO 6 

I I 

200 220 +T°C 

mt: 
RPO E 

FPC 
il 

I I 

20G 220 -+T0C 

FIGURE 4 Partial GC-FID (left) and GC-FPD (right) traces of fraction 6 of the 
aromatic fraction of the Rozel Point Oil (RPO-6). Symbols refer to compounds 
assigned in Table 1. Note the differences in the /3/1 and y/2 ratio between the two 
traces. These differences in response on the FID and FPD strongly support the 
identification of the bithiophenes, (thieny1)alkylthiophenes and thienylthiolanes. 

methylpentyl)-5-(2-methylpropyl)-3,4-dimethyl-2,2’-bithiophene (111). 
This mass spectrum is characterized by a molecular ion (m/z 334), 
two primary fragments (m/z 291 and 263) originating from p- 
cleavages of both side chains and a fragment ion at m/z 220. This 
last fragment ion cannot be formed directly from the molecular ion 
because that should imply loss of the saturated C,H,, since the 
exact mass measurements of m/z 220 showed that this fragment ion 
still contains two sulphur atoms. Therefore it is assumed that this 
highly aromatic ion (CI2Hl2S2; note also the double charged ion at 
m/z 110 in the mass spectrum) originates from the two primary 
fragments (m/z 291 and 263) due to loss of the other alkyl side chain 
as an alkyl radical. Although this is an unusual fragmentation, its 
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10 J. S. SINNINGHE DAMSTE AND J.  W. DE LEEUW 

formation is explained by the stability of the structure of the fully 
conjugated ion A. A similar process is observed in the mass spectral 
fragmentation pattern of 1,4-di-t-butylbenzenel where a loss of two 
CH,-radicals leads to the fully conjugated ion B. 

Figure 5b shows the mass spectrum of a (thienyl)alkylthiophene, 5 - (3 - 
(2’,3’- dimethyl - 5’- thienyl) -2- methylpropyl) -2 - (3 - methylpropyl) - 3 - 
methylthiophene (11). The mass spectral fragmentation pattern of this 
compound is outlined in Scheme 1. 

Figure 5c shows the mass spectrum of a thienylthiolane. Apart 
from the molecular ion at m/z 338, two fragment ions at m/z 267 
and 281, which originate from cleavages of the alkyl side chains at 
the thiophene and the thiolane moieties in the molecule, give clues to 
the identity of these compounds. The spectrum, however, is not 
assigned to a particular compound because three of the five thienyl- 
thiolanes present (1, 2 and 3) explain the fragment ions at m/z 267 
and 281. Four rearrangement ions (m/z 144, 156, 200 and 214) are 
also observed in this mass spectrum. 

Figure 5d shows the mass spectrum of a typical isoprenoid 
benzothiophene, 2 - (3, 7-dimethyloctyl) - 3, 6 - dimethylbenzo(b)thio- 
phene (6). P-cleavage leads to the base peak in the mass spectrum 
at m/z 175. The alkyl side chain of this compound is thought to be 
branched because of its relative GC retention time with respect to 
the 4-n-alkyl-2-ethylbenzothiophene series.8 

Several isoprenoid C, sulphur compounds were also encountered 
in the Rozel Point Oil. They are listed in Table 11. 

Although the results reported here focus on the isoprenoid C,, 
and C,, sulphur compounds occuring in Rozel Point Oil, most of 
the identified compounds were also present in other oils from China 
and from Sicily (Italy) and in extracts from recent and ancient 
sediments. In Table I11 an overview of the samples investigated and 
the presence of isoprenoid C,, sulphur compounds in these samples 
is given. The first four samples or their source rocks (in case of oils) 
originate from hypersaline environments. 
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SULPHUR COMPOUNDS IN SEDIMENTS AND OILS 11 

50- 

50 100 150 200 250 300 350 400 

182 D,182kHh-208 
I 1 . I  

338 

200 21 4 

261 ‘ C 281 

’“1 

1 ° i ;  M 

175 

L 1 7 5  

u m / 2  

FIGURE 5 Mass spectra corrected for background of (A): 5’-(3-rnethypentyl)-5-(2- 
methylpropyl)-3,4-dimethyl-2,2’-bithiophene (111), (B): 5-(3-(2‘,3’-dirnethyl-5’-thienyl)-2- 
methylpropyl)-2-(3-methylbutyl)-3-methylthiophene (11), (C): a thienyl thiolane (3) and 
(D): 2-(3,7-dirnethyloctyl)-3,6-dim~thylbenzo(b)thiophene (6). 
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12 J. S. SINNINGHE DAMSTE AND J. W. DE LEEUW 

Y 
Y \  / \  

+LL. +M ++.a 
m / z  182 m/z 152 m/z 208 m/z 126 

rn/z 151 

SCHEME 1 Some fragmentation pathways of the (thienyl)alkylthiophene, 5-(3-(2,3’- 
dimethyl-S-thienyl)-2-methylpropyl)-2-(3-methylbutyl)-3-methylthiophene (11). The 
symbols that refer to the fragmentation reactions are adopted from McLafferty.26 

TABLE I1 
Isoprenoid C,, sulphur compounds identified in the Rozel Point Oil 

isoprenoid thiophenes 

F 2-(3-methylpentyl)-5-(2-methylpropyl)-3-methylthiophene 
G 5-(2-methylbutyl)-2-(3-methylbutyl)-3-methylthiophene 
H 5-(2,6-dimethylheptyI)-2,3-dimethylthiophene 

isoprenoid thiolanes 

g 5-(2-methylbutyl)-2-(3-methylbutyl)-3-methylthio~ane 
h 5-(2,6-dimethylheptyI)-2,3-dimethylthiolane 

isoprenoid bithiophenes 

VI 5-(2-methylpropyl)-2,4,S-trimethyl-2,2-bithiophene 
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DISCUSSION 

At this stage it is thought that the C,,  isoprenoid sulphur com- 
pounds originate from C, ,  isprenoid alcohols with different degrees 
of unsaturation. Phytol, the alcohol moiety of (bacterio)chlorophylls 
a and b,14 is very abundantly present in recent sediments which 
receive an input from algae. 

Especially photosynthetic green and purple sulphur bacteria- 
omnipresent and sometimes abundantly present in evaporitic 
environments-are known to biosynthesize di- and poly-unsaturated 
isoprenoid alcohols such as geranylgeraniol, A', lo- and 
phytadienol as alcohol moieties of bacteriochlorophylls.' * Geranyl- 
geraniol has also been reported to occur as such in ar~haebacteria.'~ 

D 

SCHEME 2 Diagenetical scheme showing the possible origin and presumed path- 
ways of several organic sulphur compounds encountered in several oils and sediment 
extracts starting from unsaturated phytanols. The symbols refer to the compounds 
assigned in Table I. Dotted lines in the structures indicate the possible presence of 
double bonds. Symbols A-E refer to the structures with saturated alkyl side chain(s). 
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SULPHUR COMPOUNDS IN SEDIMENTS AND OILS 15 

These isoprenoid C,, alcohols have been encountered in relatively 
high concentrations in very recent hypersaline environments like 
Solar Lake,,’ the Gavish Sabkha21 and Roquetas de Mar.,’ 
Therefore an origin from these precursors is suggested. The reaction 
of these precursor molecules or their diagenetical products such as 
unsaturated phytenes might result in the formation of a number of 
isoprenoid thiophenes (A-E) as indicated in Scheme 2. These kinds 
of sulphur incorporation reactions are postulated to occur in 
recent sediments to explain the presence of several isoprenoid 
thiophenes4 and of a thiophene containing hopane.’ Whether or not 
the corresponding isoprenoid thiolanes (a-e) are intermediate struc- 
tures in the thiophene formation remains to be seen (Scheme 3) .  A 
further incorporation of sulphur triggered by the presence of addi- 
tional double bonds might result in the formation of bithiophenes 
(111-V) and (thieny1)alkylthiophenes (I and 11). Supporting evidence 
for this diagenetical pathway is the presence of several alkenylthio- 
phenes in RPO-1 as revealed by the m/z 306 mass chromatogram 
in Figure 3 .  Here too, it remains to be seen whether the corres- 
ponding thienylthiolanes are intermediates. Another possibility for 
subsequent reactions of the unsaturated isoprenoid thiophenes is 
the formation of the corresponding isoprenoid C,, benzothiophenes 
(a-6) (Scheme 2). 

Further circumstantial evidence for this diagenetical scheme is 
obtained from data concerning isoprenoid C1 sulphur compounds. 
Farnesol (2,6,10-trimethyldodecatrienol) has been reported as the 
alcohol moiety of bacteriochlorophylls c, d and el4 and those of 
green photosynthetic b a ~ t e r i a ~ ~ , ~ ~ . ~ ~  and has been identified, 
although in much lesser abundance as the C,, isoprenoid alcohols, 
in the microbial mat of the Gavish Sabkha.’l In the playa lake 
environment in which the source rock of the Rozel Point Oil is 
thought to be deposited,’,1° an input of farnesol seems highly 
probable. Therefore, analogous to the diagenetical pathways of the 
isoprenoid C,, alcohols, isoprenoid C, sulphur compounds were 
expected from sulphur incorporation into farnesol. Indeed, although 
much less abundant, some isoprenoid C1, sulphur compounds were 
identified (Table 11) in Rozel Point Oil. In addition, an isoprenoid 
C, alkenylthiophene was encountered. 

It can be speculated that an additional thiophene ring is formed 
upon further sulphur incorporation into bithiophene V (Scheme 3). 
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16 J. s. SINNINGHE DAMSTE AND J. w. DE LEEUW 

1 , . e 7 

.!, and/or 5 

hz a ? I =  
SCHEME 3 Part of the diagenetical scheme proposed for OSC, showing the 
presumed role of thiolanes and thienylthiolanes as intermediates. The symbols refer to 
the compounds assigned in Table I. Symbols refer to the structures with a saturated 
alkyl side chain. 

The benzothiophenes and bi- and trithiophenes might upon further 
cyclization give rise to the highly aromatic, one to three sulphur 
atoms containing compounds reported to occur in several crude 

To summarize we can conclude that C,, isoprenoid sulphur 
compounds of types described here do occur in both recent and 
ancient sediments and in crude oils. Hence, in sediments anaerobi- 
cally laid down or of evaporitic nature these compounds are 
naturally formed. These types of depositional environments show 
their signature in the composition of the OSC. In hypersaline 
environments relatively high concentrations of polyunsaturated phy- 
tanols show up, which lead to the formation of “midchain”- 
thiophenes (A-D), -thiolanes (a-d) and two sulphur atoms contain- 

2 5  
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SULPHUR COMPOUNDS IN SEDIMENTS AND OILS 17 

ing OSC (1-5, I-V). In anaerobically deposited sediments (not 
hypersaline) no polyunsaturated phytanols occur and only the 
formation of OSC that originate from sulphur incorporation into 
phytol (E, e) is expected. 

Erosion of more ancient sediments in the hinterland or human 
caused oil spills are other pathways by which the isoprenoid C,, 
and C, sulphur compounds can contribute to recent sediments. 
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