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Two new Cz; branched alkanes (botryococcanes) presumably produced by the B race of Botryococcus
braunii were isolated and purified from the Maoming Basin shales using column chromatography and
preparative gas chromatography and structurally characterized with HR-EI-MS and 1D and 2D NMR.
Interpretation of their EI mass spectral and 1D and 2D NMR (HMBC and HSQC) data led to the firm assign-
ments of the two alkanes as diastereoisomeric 2,3,6,7,10,12,15,16,19,20-decamethylhenicosanes (DMHs).
The structural assignments were further confirmed by the close match of the measured '>*C NMR chem-
ical shifts with those predicted by Lindeman-Adams 'C chemical shift modeling. The skeletons of these
two DMHs are virtually identical to that of the recently identified Cs33 botryococcane/botryococcanone in
the same sample. It is proposed that these two DMHs share a precursor C33 botryococcene biochemically
formed by condensing two farnesyl diphosphates involving an unusual cyclobutanation, a retro-Prins
reaction and a tetramethylation. A photo-mediated geochemical oxidation of the double bond in the
ethenyl group connected to the sole quaternary carbon C-10 is also proposed to be responsible for the

formation of the co-occurring DMHs and Cs3 botryococcane/botryococcanone.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Botryococcanes are the geochemically saturated botryococce-
nes produced by the B race of the freshwater alga Botryococcus
braunii (Moldowan and Seifert, 1980; Brassell et al., 1986;
McKirdy et al., 1986; Volkman, 2014) and as important biomarkers,
carry useful depositional environmental and geological age infor-
mation (Philp and Lewis, 1987; Guy-Ohlson, 1992; Volkman,
2014). In the Chinese Maoming Basin oil shale and sediments,
abundant botryococcanes with “normal” carbon skeletons (where
no substituents exist at positions o or § to the sole quaternary car-
bon C-10) have been reported since 1980s (Fu et al., 1985; Brassell
et al., 1986). Subsequently, we have recently identified a C33 botry-
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0146-6380/© 2018 Elsevier Ltd. All rights reserved.

ococcane and a Cs3 botryococcan-24-one from a sample collected
from the same oil shale formation with an unusual skeleton where
a methyl group is B-positioned to the sole quaternary carbon C-10
and we proposed a new biogeochemical pathway for the occur-
rence of these two new biomarkers in the oil shale (Liao et al.,
2018).

When acquiring low resolution mass spectra of the saturated
fraction by GC-MS, two well separated peaks in the total ion chro-
matogram (DMH-1 and DMH-2 marked with asterisks in Fig. 1; see
also Supplementary Fig. S1) eluting before the identified Cs3 botry-
ococcane (Liao et al., 2018) attracted our attention. The mass spec-
tra of these two compounds were essentially identical, containing a
prominent ion at m/z 434, in addition to ions at m/z 308, 253 and
281, all characteristic of a botryococcanoid skeleton, (Fig. 1), in par-
ticular the novel C33 botryococcane and Cs3 botryococcan-24-one
(Liao et al., 2018). We suspect these the two compounds repre-
sented by these two peaks were genetically related to the Cs3
botryococcane. We therefore isolated and purified, using column
chromatography and preparative gas chromatography and struc-
turally characterize these two compounds with a combination of
HR-EI-MS, and 1D and 2D NMR techniques. We report here the
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Fig. 1. Segment from the total ion chromatogram (TIC) of saturated hydrocarbon fraction from: (a) the studied Maoming sample; (b) mass spectrum together with the
assignment of fragment ions for DMH-1. For clarity, the assignment of fragment ions for the left part of the structure is omitted as the molecular has a perfect centro-

symmetry; (c) mass spectrum for DMH-2.

complete elucidation of their structures and discuss the pathway
leading to their co-occurrence with the Cs3 botryococcane and
C33 botryococcan-24-one in the Maoming Basin oil shale
sediments.

2. Material and methods
2.1. Sample preparation, target compound isolation and purification

The Eocene sediment sample used in this study was collected
from an outcrop of the Maoming Basin located in the southwest
part of Guangdong Province, China. Detailed geological and geo-
chemical background information for the sediment sample and
sample pretreatment can be found in Liao et al. (2018). Briefly,
the sample was ground and Soxhlet-extracted with CH;0H/CH,Cl,
(1:9, v/v) for 72 h. The asphaltene fraction was centrifugally
removed by precipitation in n-hexane. The maltene fraction was
further separated into saturated, aromatic and polar fractions on
a silica-aluminium oxide column (0.3 m x 1 cm), with sequential
elution with n-hexane (80 mL), n-hexane/dichloromethane (1:1,
v/v, 40 mL) and methanol (40 mL).

The saturated hydrocarbon fraction was subjected to prepara-
tive gas chromatography (PGC) (Ozek and Demirci, 2012; Zuo
et al., 2013) on an Agilent 7890 gas chromatograph interfaced to
a Gerstel-preparative fraction collector (PFC), similar to that
described by Eglinton et al. (1996). High purity helium (He) was
used as a carrier gas at a flow rate of 3.0 mL/min. A DB-5 column
(60 m x 0.53 mm x 1.5 pum film thickness) was used to separate
and purify the target compounds. The column temperature was
held at 80 °C for 2 min, then programmed to 300 °C at 30 °C/min,
and held for 40 min. The isolated compounds were weighed (2.8

and 2.6 mg, respectively) and purity confirmed by GC-MS and
GC-FID analysis as greater than 95% (Supplementary Fig. S2). The
purified target compounds were then subjected to high-
resolution mass spectrometry (HR-MS), and nuclear magnetic res-
onance spectroscopy (NMR) for structural assignment.

2.2. Instrumental analysis

'H and '3C NMR spectral analyses were conducted on a Bruker
AVANCE III 600 MHz NMR spectrometer (operating at 600.19 MHz
for '"H NMR and 150.92 MHz for '>*C NMR). Spectra were recorded
in CDCl; solutions, with TMS as internal standard. '"H NMR chem-
ical shifts were referenced relative to the residual proton signal
(7.26 ppm) while >C NMR chemical shifts were referenced to the
central line of the '*C multiplet (77.0 ppm) of CDCl3. A combination
of 1D and 2D experiments 'H-'H correlation spectroscopy (COSY),
heteronuclear single quantum coherence (HSQC), and heteronu-
clear multiple bond correlation (HMBC) were performed to assign
the individual resonances. Distortionless enhanced polarization
transfer (DEPT) spectra were used to determine the multiplicity
of each '3C nucleus.

GC-MS analysis was performed on a Trace Ultra GC interfaced
with a Thermo DSQ-II mass spectrometer operating at 70 eV
with a mass range of mjz 50-600. A HP-5 column
(30 m x 0.25 mm x 0.25 pm film thickness) was used. The oven
temperature was programmed from 80°C (2 min) to 295 °C
(25 min) at a rate of 4 °C/min. High purity helium was used as
the carrier gas with a constant flow of 1.2 mL/min.

High resolution electron impact mass spectrometry (HR-EI-MS)
analysis was performed on a Thermo Finnigan MAT95XP mass
spectrometer to determine the accurate mass of the target



214 J. Liao et al./Organic Geochemistry 125 (2018) 212-219

compounds. The HR-MS system was operated in the electron
impact ionization mode (42 eV) at a resolution of R > 10,000 (10%
valley).

Time of flight mass spectrometry (TOFMS) was performed
on a Waters GCT Premier. The FI emitter (from CarboTech) of the
field ionization-time of flight mass spectrometer (FI-TOFMS) con-
sisted of a 5 um tungsten wire on which micro carbon needles

formed. The emitter (at ground voltage) was located 1.5 mm from
a pair of high potential (—12 kV) extraction rods, producing high
electric fields (1077-10"8 V/cm) around the tips of the carbon
dendrites. The FI emitter current was set at 0 mA during the scan.
The emitter was flashed by a current of 7 mA during a 0.3 s inter-
scan cycle to regenerate the emitter. The heater current was
2500 mA.

b) sacredicene from Huang et al. (1995)

Fig. 2. (a) Interpretation of key 'H-'H COSY (bold bonds) and HMBC (arrows) correlations (*H — '3C) of DMH-1; (b) Sacredicene from Huang et al. (1995), the left
substructure was the same as substructures A and A’ of DMH-1. The numbers in blue are the same used for compounds 1-10 in Fig. 7 while those in black are the chemical
shifts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Assignment for the novel moiety (a) in DMH-1 using (b) 'H-'H COSY and (c) HMBC spectra.
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2.3. Lindeman-Adams chemical shift modeling

In 3C NMR, the chemical shift of a nuclei is determined by its
local electronic environment in the molecule (Lindeman and
Adams, 1971). Strong correlations therefore must exist between
the chemical shift and the (local) structure of a molecule. The
chemical shifts of the four classes (primary, secondary, tertiary
and quaternary) of carbon atoms sub-grouped based on the num-
ber of nearest (o), next-nearest (B), the third nearest (y) and the
fourth nearest (A) carbon atoms can be predicted from the model
of Grant and Paul (1964) or an improved version of it by Lindeman
and Adams (1971). Here we use Lindeman-Adams modelling to
confirm the new structure proposed in this study. According to
their empirical formula, the chemical shift ¢ (k) of the k™ Cin a
molecule can be calculated using: ¢ (k) = Bs + Z;l,,,z(DMAsm)’r YsNi3
+ AgNy4, where B is the carbon class-dependent parameter, while
Asn, Vs and A are parameters related to the type of the nearest, the
third nearest and fourth nearest carbon atoms to a particular car-
bon respectively; Dy, Nis, and Ny, are the number of the nearest,
the third nearest and the fourth nearest carbon atoms, respec-
tively. The values of B, Asy, Vs, and Ag can be found in the
Table II of Lindeman and Adams (1971).

3. Results and discussion
3.1. Structural identification of DMH-1 and DMH-2

HR-EI-MS analysis of DMH-1 gave an accurate mass at m/z
436.5003, in agreement with the calculated value of 436.5008 for

substructures B and B’

215

the formula of C31Hg4 (Supplementary Fig. S3). The FI-TOFMS spec-
trum (Supplementary Fig. S4) also confirmed the molecular mass
and formula.

The 3C NMR spectrum of DMH-1 (Fig. 5a; see also Supplemen-
tary Fig. S6) contained 16 resonances which can be ascribed to 6
CHs, 5 CH; and 5 CH according to the DEPT experiment (Supple-
mentary Fig. S7). Since there are 31 carbons in DMH-1, it is reason-
able to assume at this stage that it has 15 pairs of carbons centered
symmetrically around one carbon in its skeleton, i.e., there exists a
16-carbon substructure in the skeleton.

To elucidate the structure of DMH-1, we first examined the 2D
NMR data (see 'H-'H COSY and 'H-'3C HMBC spectra in Fig. 3;
HSQC spectrum in Supplementary Fig. S8; an interpretation of
the NMR data is displayed in Fig. 2a). 'TH-'H COSY cross peaks
between H-13 and H-12, H-14, H-15 established the C-13/C-12,
C-13/C-14, and C-13/C-15 connections, which were confirmed by
the HMBC ('H — '3C) correlations from H-15 to C-12 and C-14.
Cross peaks between H-12 and H-17 and HMBC correlations from
H-13 to C-17 indicated that C-17 was attached to C-12. HMBC
and COSY experiments also established the correlations (Fig. 2a)
between the methylene carbon C-11 and the methylene carbon
C-9 and the methine carbon C-12. Cross peaks between H-8 and
H-10, H-7 and H-16 indicated that the methyl carbons C-10 and
C-16 were bound to C-8 and C-7, respectively. The HMBC correla-
tions from H-10 to C-7 suggested that C-7 is bound to C-8. Taken
together, a substructure A (Fig. 2a) can be established for DMH-
1. This substructure A was essentially the same as the left moiety
of the skeleton of the monocyclic C33 sacredicene (Fig. 2b) identi-
fied in Sacred Lake sediments in Kenya (Huang et al., 1995). The
identification of this substructure A is further corroborated by
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Fig. 4. Assignment for the novel moiety (a) in DMH-2 using (b) 'H-'H COSY and (c) HMBC spectra.



Table 1
H (600 MHz) and '>C (150 MHz) NMR data for the DMH-1 and DMH-2 recorded in CDCl; and their pairwise 8¢ differences.

DMH-1 Pairwise 3¢ (ppm) DMH-2

C.No. 'H, 5 (ppm), 3¢, 5 (ppm), DEPT  HMBC cosy difference C.No. 'H, & (ppm), 3¢, 5 (ppm), DEPT  HMBC COSY cross
multiplicity (J in Hz) multiplicity ("H - '3C)  cross peak multiplicity (J in Hz) multiplicity ('H - '3C)  peak

3 1.36, m 30.5,d CH 2,5 075,098,120 0 3 1.38, m 30.5,d CH 2,5 0.78, 1.15

4 1.20, overlap; 0.94, overlap 36.1,t CH, 2',3,5 1.36 1 4 1.26, overlap; 0.90, overlap 35.1,t CH, 23,5

5 0.75, overlap 198, q CH; 2,3 1.36 -0.7 5 0.78, overlap 20.5, q CH5 2.3 1.38

6 1.26, overlap; 0.93, overlap  30.1, t CH, 3 0.3 6 1.18, overlap; 0.99, overlap  29.8, t CH, 3

7 1.25, overlap 38.0,d CH 10 0.74 -0.2 7 1.25, overlap 38.2,d CH 10 0.74

8 1.25, overlap 37.8,d CH 6 0.74 -0.1 8 1.25, overlap 37.9,d CH 6 0.74

9 1.28, overlap; 0.89, overlap 324, t CH, 0 9 1.29, overlap; 0.90, overlap 324, t CH,

10 0.74, overlap 16.7, q CH; 1.25 0 10 0.74, overlap 16.7,q CH;5 1.25

11 1.28, overlap; 0.89, overlap 308, t CH, 12,17 0.2 11 1.28, overlap; 0.89, overlap 30.6, t CH, 12,17

12 1.16, m 39.0,d CH 13,15 0.72, 1.49 0 12 1.16, m 39.0,d CH 13,15 0.72, 1.50

13 1.49, m 31.7,d CH 0.72,0.78,1.16 0 13 1.50, m 31.7,d CH 0.72, 0.79, 1.16

14 0.72, d(6.30) 17.8, q CH; 15 1.49 0.1 14 0.72, d(6.72) 17.7,q CHs; 15 1.50

15 0.78, d(6.66) 204, q CH; 13 1.49 0 15 0.79, d(6.66) 204, q CHs; 13 1.50

16 0.74, overlap 16.7, q CH3 1.25 0.2 16 0.74, overlap 16.5,q CHj; 1.25

17 0.72, d(6.30) 15.5, q CH; 13 1.16 0 17 0.72, d(6.72) 15.5, q CHs; 13 1.16

2 0.98, m 447, t CH, 3,3,5,5 1.36 -0.5 2 1.15, overlap; 0.85, m 452, t CH, 3,3,5,5 1.38

3 1.36, m 30.5,d CH 5’ 0.75,0.98,1.20 0.2 3 1.38, m 30.3,d CH 5 0.77,1.00, 1.15

4! 1.20, overlap; 0.94, overlap 36.1,t CH, 2,35 1.36 14 4 1.15, overlap; 1.00, overlap 347, t CH, 2,35

5’ 0.75, overlap 19.8, q CH; 2,3 1.36 -0.6 5 0.77, overlap 204, q CHs5 2,3 1.38

6’ 1.26, overlap; 0.93, overlap 30.1,t CH, 3 0.1 6 1.27, overlap; 0.90, overlap 30.0, t CH, 3

7 1.25, overlap 38.0,d CH 10 0.74 0.4 7 1.25, overlap 37.6,d CH 10 0.74

8’ 1.25, overlap 37.8,d CH 6 0.74 -0.1 8 1.25, overlap 37.9,d CH 6’ 0.74

9 1.28, overlap; 0.89, overlap 324, t CH, 0 9 1.29, overlap; 0.90, overlap 324, t CH,

10 0.74, overlap 16.7,q CHj; 1.25 0 10 0.74, overlap 16.7,q CH; 1.25

11 1.28, overlap; 0.89, overlap 308, t CH, 12,17 -0.1 11 1.28, overlap; 0.89, overlap 309, t CH, 12,17

12/ 1.16, m 39.0,d CH 13,15 0.72, 1.49 0 12 1.16, m 39.0,d CH 13,15 0.72, 1.50

13 1.49, m 31.7,d CH 0.72,0.78,1.16 0 13 1.50, m 31.7,d CH 0.72,0.79, 1.16

14 0.72, d(6.30) 17.8, q CH; 15 1.49 0 14 0.72, d(6.72) 17.8,q CHs; 15 1.50

15 0.78, d(6.66) 204, q CH; 13 1.49 0 15 0.79, d(6.66) 204, q CHs; 13 1.50

16’ 0.74, overlap 16.7,q CH; 1.25 0 16 0.74, overlap 16.7,q CH;5 1.25

17 0.72, d(6.30) 15.5, q CHs 13 1.16 0 17 0.72, d(6.72) 15.5,q CHs 13 1.16

91¢C
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the less than 0.2 ppm position-specific chemical shift discrepancies
between the two compounds (Fig. 2a and b).

Examination of the HMBC and 'H-'H COSY experiment also
established the correlations (Figs. 2a and 3) between the methine
carbon C-3 and the two methylene carbons C-2’ and C-4, the
methyl carbon C-5 and between C-4 and C-6. Thus, a substructure
B could be established. Furthermore, as the HMBC correlation from
H-6 to C-8 indicated that C-8 was bound at C-7, substructure B
must be connected to substructure A via a C-6/C-7 bond. Taken
together, this novel compound DMH-1 is a symmetrical molecule
with the symmetrical center on C2’ and two symmetrical substruc-
tures (A +B) and (A’ + B’) as shown in Fig. 2a. Since it has 21 car-
bons in the backbone and 10 methyl groups attached to the
backbone, this C3; hydrocarbon corresponds to 2,3,6,7,10,12,15,
16,19,20-decamethylhenicosane (see 14 in Fig. 7 for the IUPAC
naming).

The NMR-based assignment of the structure for DMH-1 is also
supported by the mass spectrum of DMH-1 (Fig. 1b): the two weak
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ions m/z 434 and m/z 392 are interpreted as a (double) deproto-
nated molecular ion m/z 436 [M-2H]™ and the neutral loss of the
two symmetrical isopropyl groups at the two ends of the backbone.
The prominent characteristic ion at m/z 308 [M-CgH,o]™ is believed
to be the result of a cleavage of the C-7/C-8 and C-7’/C-8' bonds.
The base ion at m/z 71 (CsHy,) is interpreted to be the result of
the cleavage of C-12/C-11 and C-12’/C-11’ bonds. Other ions at
m/z 127, 211, 225, 281, and 336 can also be assigned to the cleav-
ages of relevant chemical bonds as shown in Fig. 1b.

The mass spectrum of DMH-2 (Fig. 1¢) is nearly identical to that
of the DMH-1 (Fig. 1b) suggesting these two compounds have very
similar structures. The '3C NMR spectrum of DMH-2 contained 29
resonances (Fig. 5b and Supplementary Fig. S9) which can be
ascribed to 11 CHs, 9 CH, and 9 CH according to the DEPT experi-
ment (Supplementary Fig. S10). Since there are 31 carbons in the
DMH-2 according to the FI-TOFMS analysis (Supplementary
Fig. S5), resonances for two of the 31 carbons must have over-
lapped with other resonances (resonances at 39.0 ppm and

g
r 1 b) DMH-2
: 17,17
o 12,12°
g
| 5,15 )
S 9,9’ 55 1414 40
. 8,8°,7,7 13,13 5 16,{16’
i . , 15 ¢
2 4,4 17,16
g L L—JW.U»MWA lw
| USSR OR "R NJL,.,,: Mw %«JM
a) DMH-1 | / i
- ' i |
1 / 10, 10°
| 1 | i 1 16,16
! / 13,131 ! , )
& "= 12,12’ ; '," 9ly’ 4,8 15,157 14,14’ 17,17
, 8877 T e, 6 55
_ ”
© —|mitwhiomn n;;lr ATt Ao Ty iyt »MWMM ‘mJ

40

T
[ppm]

a) measured J
of DMH-1

b) measured 6.
of DMH-2

¢) calculated & of the
skeleton in this study

Fig. 6. Measured ¢ values of: (a) DMH-1 and (b) DMH-2, together with the ¢ values calculated by the Lindeman-Adams modeling for the new skeleton proposed in this

study (c).
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15.5 ppm). A pair-wise comparison of the chemical shifts between
DMH-1 and DMH-2 and examination of the 'H-'>C HMBC correla-
tions and 'H-'H COSY (Fig. 4a; see Supplementary Fig. S11 for the
other 2D HSQC spectrum) reveals that DMH-2 also has the same
substructures B and B’ identified in DMH-1. Similarly, substruc-
tures A and A’ in DMH-1 can also be identified in DMH-2 as the rel-
evant position-specific chemical shifts are very close to (but
nevertheless slightly different from) those of DMH-1 (Table 1)
and the left moiety of the monocyclic C33 sacredicene (Fig. 2b)
identified in Sacred Lake sediments in Kenya (Huang et al,
1995). Thus DMH-2 can also be assigned as a decamethylheni-
cosane having the same structure of DMH-1.

Nevertheless the slight pairwise differences in 3¢ values (of C-2,
C-4, C-4/, C-5, C-5' in the substructures B and B') between DMH-1
and DMH-2 (Table 1, Fig. 5) and nearly identical pairwise 3¢ values
for the other carbons in the substructures A and A’ (Fig. 6 and

|22 24 ‘27 )i
/\ RS 9/\/\ 14%9 2%

23 2
DMH-1/DMH-2 (2,3,6,7,10,12,15,16,19,20-

Table 1) implies that the two compounds might have different con-
figurations for the two chiral carbons C-3 and C-3’ and therefore
are diastereoisomers. Since according to the '*C NMR data DMH-
1 is configurationally perfectly centro-symmetrical while DMH-2
is not, it is inferred that only one of the two chiral carbons C-3
and C-3' is configurationally different between DMH-1 and DMH-
2. We will show in Section 3.3 that this carbon is most likely to
be C-3.

3.2. Additional support for assignment of the skeletons

To confirm the new structure proposed in this study, we made
pair-wise comparison of the Lindeman-Adams modelled chemical
shifts (Lindeman and Adams, 1971; refer to the Method section
for parameterizing of the empirical formula). The modeled ¢ val-
ues were juxtaposed with the measured values of the two com-

decamethylhenicosane, name following the IUPAC guidelines)
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Fig. 7. Proposed pathway for the formation of the two novel isomeric DMHs. See also Liao et al. (2018) for further details for the pathway leading to the synthesis of Cs3
botryococcane (13) and Csz3 botryococcanone (11). The carbons in compounds 1-10 are numbered to facilitate explanation of the biosynthetic pathway and interpretation of
the NMR and mass spectral data of the two DMHs, while those in compound 14 follows the IUPAC guidelines for numbering organic compounds.
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pounds in Fig. 6. The measured §¢ values for both DMH-1 (Fig. 6a)
and DMH-2 (Fig. 6b) were very close to the modeled values of their
common skeleton (Fig. 6¢). The position-specific discrepancies
between the modeled and measured §¢ values for the majority of
the carbons were< 1.0 ppm. Thus, the results from the
Lindeman-Adams modeling strongly support the newly assigned
skeleton for the two DMHs.

3.3. Geochemical pathway for the formation of the two novel
polymethyl henicosanes

Since the skeletons of the two DMHs identified in the present
study are very similar to that of a recent reported Cs3 botryococ-
cane/botryococcanone (Liao et al., 2018) with a methyl group B
to the quaternary carbon and since these compounds co-occurred
in the same sediment sample, we propose that the two DMHs
are derived from the same precursor Cs3 botryococcene (2 in
Fig. 7) from which the C33 botryococcane (13 in Fig. 7) and Cs3
botryococcan-24-one (11 in Fig. 7) are derived. As proposed in
our previous work (Liao et al., 2018), the C33 botryococcene (2)
skeleton was biochemically formed as a result of unusual c1’-2-
3-2’ condensation (cyclobutanation) of two FPPs (farnesyl diphos-
phates, 1) followed by a retro-Prins reaction and tetramethylation
(see Fig. 6 of Liao et al., 2018). When present in shallow water
(note that B. braunii is a shallow water alga), photo-mediated oxi-
dation of 2 (Sebedio et al., 1984; Rontani et al., 1987; Kawamura
and Gagosian, 1987) can convert it to an unsaturated Cs, carboxylic
acid (3) by cleaving the double bond of the ethenyl group con-
nected to C-3 in compounds 1-9 (C-10 in 14 in Fig. 7) or an unsat-
urated Cs3 ketone (10) without breaking the ethenyl group in the
light-penetrable zone. Deeper in the water column and sediments
the oxidative process is expected to be gradually replaced by
reduction of the double bonds in the backbones of 3 and 10, lead-
ing to the formation of 4 (saturated acid) and 11 (saturated ketone)
respectively. Decarboxylation of 4 gives rise to a hypothetical
cation (5) with the positive charge located on C-3 (Fig. 7). Alco-
holization of (5) can epimerize the quaternary carbon C-3, leading
to the formation of two epimeric C3; botryococcanols (6 and 7). On
dehydration and subsequent hydrogenation, two epimeric Cs;
alkanes (8, DMH-1 and 9, DMH-2) can result. As DMH-1 is perfectly
centro-symmetrical while DMH-2 is not, this may be the reason
why they are base-line separated by gas chromatography (Fig. 1)
even though their mass spectra and 3¢ values are nearly identical
or very close as diastereoisomers are known to have differential
retention times in gas chromatography columns of various polari-
ties (phases).

4. Conclusions

In the Maoming Basin oil shale sample where a C33 botryococ-
cane and a Cs3 brotryococcan-24-one with a unique methyl group
positioned beta to the sole quaternary carbon C-10 were identified
recently (Liao et al., 2018), two epimeric C3; botryococcanes (DMH,
2,3,6,7,10,12,15,16,19,20-decamethylhenicosanes) with the same
skeleton were identified. It is proposed that these two isomeric
DMHs share the same precursor C33 botryococcene (formed as a
result of an unusual cyclobutanation during the condensation of
two farnesyl diphosphates, retro-Prins reaction and tetramethyla-
tion) with the Cs3 botryococcane and Cz3 botryococcan-24-one.
Differential photo-mediated oxidation of the ethenyl group con-
nected to the sole quaternary carbon C-10 of the Cs3 botryococcene
is believed to be responsible for the formation of the co-occurring
DMHs and Cs3 botryococcane/botryococcanone.
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