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We report the spectroscopy-based (NMR, HRMS, IR) reassignment of the structures of two previously
mis-identified saturated methyl ketones (formerly C15 ketone: 5,9-dimethyl-6-isopropyl-2-decanone and
C18 ketone: 4,9,11-trimethyl-6-isopropyl-2-dodecanone) in the Maoming oil shale to: 5,6,9,10-tetramethy
lundecan-2-one and 4,7,8,11,12-pentamethyltridecan-2-one, respectively.
A diagenetic pathway is proposed to explain the isotopic and structural closeness between these two

methyl ketones and recently identified saturated C31 alcohols, C32 aldehydes and C33 ketones (all with a
unique methyl group b to the sole quaternary carbon in their skeletons) obtained from the same
Maoming Basin sediments. The pathway involves, firstly, epoxidation, hydration, oxidation and double
decarboxylation of the C33 botryococcene to C31 botryococcene. Subsequent photo- or autoxidation of
the internal double bond around the quaternary carbon in the C31 botryococcene in an oxic environment
leads to the formation of a C31 hydroperoxy-alkene. A heterolytic (Hock-type) or homolytic cleavage of
the hydroperoxy-alkene around the quaternary carbon then gives rise to the C15 and C18 unsaturated
methyl ketones, respectively. The so-formed unsaturated ketones are then geochemically stabilized by
hydrogenation in an anoxic environment.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In 2017, we (mis)identified two oxygenated isoprenoids (a C15

ketone 5,9-dimethyl-6-isopropyl-2-decanone and a C18 ketone
4,9,11-trimethyl-6-isopropyl-2-dodecanone: Zhang et al., 2017, now
retracted) from the polar fraction of a Maoming oil shale extract,
based on nuclear magnetic resonance (NMR) spectroscopy and
mass spectrometric (MS) analyses. The extract also contained
abundant botryococcanoid biomarkers, presumably produced by
B race Botryococcus braunii (B. braunii) (Brassell et al., 1986). More
recently, from the same sample, we identified, based on a combina-
tion of preparative gas chromatography (pGC), NMR spectroscopy,
MS and Lindeman and Adams modelling of the 13C chemical shifts
(Lindeman and Adams, 1976), a group of oxygenated botryococ-
canoids in the carbon number range of C31–C33: a C33

botryococcan-24-one, undecamethylhenicosanal (C32 UMH-al),
and two C31 decamethylheneicosanols (C31 DMH-ol), in addition
to a group of botryococcanes (two 2,3,6,7,10,12,15,16,19,20-deca
methylhenicosanes: C31 DMHs; 2,3,6,7,10,10,12,15,16,19,20-unde
camethylhenicosane: C32 UMH; C33 botryococcane), all with a
unique skeleton where a methyl group is positioned b to the sole
quaternary carbon (Liao et al., 2018a, 2018b, 2019, under review)
(Fig. 1).

Since the carbon isotopic compositions of these two groups of
compounds with different assigned skeletons are similar (the
d13C values of the C15 and C18 ketones are �8.5‰ and �8.7‰ V-
PDB, respectively, while those for C31, C32 and C33 botryococcanes
are �7.4, �7.6‰, �8.7‰ and �8.5‰ V-PDB, respectively) and since
they were found in the same oil shale sample, we suspect they are
genetically related. If this genetic relationship exists, it is highly
likely that the latter group is the precursor of the former as the B
race B. braunii is known to produce botryococcenes in the carbon
range of C30–37, and therefore shares part of the skeleton with
the former. This prompted us to re-examine the NMR and MS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2019.103946&domain=pdf
https://doi.org/10.1016/j.orggeochem.2019.103946
mailto:luhong@gig.ac.cn
mailto:youping.zhou@sust.edu.cn
https://doi.org/10.1016/j.orggeochem.2019.103946
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem


Fig. 1. TIC (total ion current, a) of the polar fraction of the extract from a sediment sample collected from Maoming Basin. The GC oven was programmed from 80 �C (held for
2 min) to 295 �C at a rate of 3 �C/min, and held for 25 min.
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evidence on which we based our original structure assignment of
these two ketones. In this submission, we report and redress the
deficiency of our previous identification by comparing the measured
and Lindeman & Adam modeled 13C chemical shifts, in addition to
the 2D-NMR spectra, HRMS and IR analyses. The comparison leads
to the conclusion that the two compounds were, as suspected, the
geochemical offspring of the C31–33 botryococcenes.
2. Material and methods

2.1. Isolation and purification

The sample was collected from the Eocene oil-shale formation in
the Chinese Maoming Basin (further details appear in Liao et al.,
2018a, 2018b). It was ground to 100 mesh and Soxhlet-extracted
with CH2Cl2/CH3OH (9:1, v/v) for 72 h. Activated Cu filings were
used to remove elemental sulfur. The asphaltene fraction was
removed centrifugally from the extracts by precipitation in
n-hexane. The saturated, aromatic and polar fractions were
eluted on silica/aluminium oxide column chromatography, with
n-hexane (80 mL), n-hexane/dichloromethane (3:2, v/v, 50 mL)
and methanol (30 mL) in sequence. The polar fraction was further
separated into three sub-fractions.

The target compounds (peaks 1 and 2 in Fig. 1) were eluted in the
polar sub-fraction (N3) with CH2Cl2/n-hexane (1:1, v/v, 40 mL),
which was next subjected to PGC (Zuo et al, 2013) on an Agilent
7890 gas chromatograph interfaced to a Gerstel-preparative frac-
tion collector (PFC), similar to that described by Eglinton et al.
(1996). Helium (purity 99.999%) with a constant 3.0 mL/min flow
was used as the carrier gas for separations through a DB-5 column
(60 m � 0.53 mm � 1.5 mm film thickness). The column tempera-
ture was held at 80 �C for 2 min, programmed to 210 �C at 3 �C/min,
and then to 300 �C at 30 �C/min, and held for 15 min at 300 �C.

About 1.0 mg of the compound peak 1 and 0.7 mg of the
compound peak 2 were collected. The purity was confirmed by
GC/MS and GC/FID analysis as greater than 95% (Figs. S1 and S2).
The purified target compounds were then subjected to NMR spec-
tral analysis for structural assignments.

2.2. Instrumental analysis

Gas chromatography-high resolution electron impact mass
spectrometry (GC/HREIMS) was performed on a Thermo Finnigan
MAT95XP mass spectrometer (Germany) to determine the accurate
mass. The HRMS system was operated in the electron ionization
mode (42 eV) at a resolution of R > 10,000 (10% valley). FT-IR
analyses were conducted on a FT-IR Tenor 27 spectrophotometer
(Bruker Corporation, Billerica, USA) with the sample loaded as a
KBr pellet. The spectrometer was operated in an absorption mode
in the wavenumber range of 475 cm�1 to 3675 cm�1 at a resolution
of 2 cm�1.

GC/EIMS 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 m/z 50–650. A HP-5 column (30 m � 0.25 mm �
0.25 mm film thickness) was used. The oven temperature
program is described in the figure legend. Helium (purity
99.999%) was used as the carrier gas with a constant 1.2 mL/min
flow mode.

1H and 13C NMR spectra were acquired on a Bruker AVANCE III
400 MHz NMR spectrometer (operating at 400 MHz for 1H NMR
spectra and 100 MHz for 13C NMR spectra). Spectra were recorded
in CDCl3 solutions, with TMS as the internal standard. Chemical
shifts in the 1H NMR spectra were referenced relative to the resid-
ual proton signal (7.26 ppm) while 13C NMR spectral chemical
shifts were referenced to the central line of 13C multiplet
(77.0 ppm) of CDCl3. A combination of 13C spectrum and distor-
tionless enhanced polarization transfer (DEPT) spectra (DEPT 90�
and 135�) were acquired to determine the multiplicity of each
13C nucleus. 1D, 2D heteronuclear (heteronuclear multiple bond
correlation: HMBC; heteronuclear single quantum correlation:
HSQC) and homonuclear (1H–1H correlation spectroscopy: COSY)
NMR spectral analysis were used to assign the individual
resonances.
3. Results and discussion

3.1. Structural assignment for the C15 and C18 ketones

In the TIC chromatogram (total ion current, Fig. 1), the C15 and
C18 ketones were readily identified as the major components in the
polar fraction of the Maoming sediment extracts. These two
ketones eluted earlier than the C31 alcohols, C32 aldehyde and C33

ketones, each with a unique b-positioned methyl group in their
skeletons (Liao et al., 2019, under review).

C15 ketone (5,6,9,10-tetramethyl-undecan-2-one). HREIMS
analysis showed that peak 1 (the C15 ketone) had an accurate mass



Table 1
1H (400 MHz) and 13C (100 MHz) NMR spectra data of the C15-ketone measured in CDCl3.

Position 1H, d (ppm), Multiplicity (J in Hz) 13C, d (ppm), multiplicity DEPT HMBC (1H? 13C) 1H-1H COSY cross peaks

1 2.15, s 29.8, q CH3

2 209.6, s C 1, 3
3 2.37, m; 2.48, m 42.3, t CH2 1 1.32, 1.63
4 1.37, overlap; 1.63, m 26.7, t CH2 12 1.37, 2.37, 2.48
5 1.37, overlap 37.1, d CH 3, 13 0.83, 1.63
6 1.34, overlap 38.1, d CH 12 0.83
7 0.97, overlap; 1.35, overlap 30.8, t CH2 13 0.96, 1.35
8 0.96, overlap; 1.35, overlap 32.3, t CH2 14 0.97, 1.35
9 1.24, overlap 38.9, d CH 10, 11, 14, 15 0.78, 1.57
10 1.57, m 31.6, d CH 0.78, 0.85, 1.24
11 0.85, d (6.8) 20.4, q CH3 10, 15 1.57
12 0.83, d (6.3) 16.3, q CH3 1.37
13 0.83, d (6.8) 16.3, q CH3 1.34
14 0.78, d (6.8) 15.3, q CH3 10 1.24
15 0.78, d (6.8) 17.6, q CH3 10, 11 1.57

Fig. 2. 1H-13C HMBC spectrum (a & b) and key 1H-1H COSY (bold bond) and HMBC correlations (1H? 13C) for the skeleton of the new C15 ketone (c). The blue numbers in 2c
are for the labelling of the carbons in the skeleton. (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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of 226.2291 (Fig. S3), in close agreement with the calculated mass
of 226.2297 for C15H30O, indicating one degree of unsaturation. In
the FT-IR spectrum (Fig. S5), there was an absorption band at
1716 cm�1 typical of that due to a C@O group (Mösle et al.,
1998) and no absorptions between 2820 and 2850 & 2720–
2750 cm�1 characteristic of the CAH stretching vibration of an
aldehyde group, indicating that the unsaturation derived from a
keto rather than from an aldehyde functional group.

1D and 2D-NMR spectral data for the C15 ketone are summa-
rized in Table 1 and can be found in Figs. S7–S11. The 13C NMR
spectrum (Fig. S8) contained 14 resonances which can be ascribed
to 1C, 4 CH, 4 CH2 and 6 CH3 according to the DEPT experiments.
Since the dC 16.3 ppm represented the overlapping resonances of
two CH3 groups, there are a total of 15 carbons, consistent with
the HREIMS-based formula C15H30O. The 2D-NMR spectra-based
structural assignment (see Figs. S9–S11, 2, Table 1 for the chemical
shift data and spectra) of the C15 ketone was conducted as follows.

The chemical shift of 209.6 ppm in the HMBC spectrum (Fig. 2a)
indicates the presence of a carbonyl carbon (Aasen et al., 1976),
which is corroborated by the absorption band (1716 cm�1) in the
IR spectrum. The HMBC correlation of the singlet of H-1 to the
carbonyl carbon C-2 implied a C-1/C-2 connection, which is
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consistent with the dC at 29.8 ppm for a CH3 (C-1) deshielded by
the neighbouring carbonyl group (Breitmaier and Voelter, 1978;
Cheng and Bennett, 1991; Cheng, 1994). HMBC correlations
(Fig. 2a, b) from H-3 to C-2 and H-1 to C-3 indicated a C-2/C-3 con-
nection. Connections C-3/C-4, C-5/C-12 and C-6/C-13 were estab-
lished by cross peaks (bold bonds in Fig. 2c) in 1H-1H COSY
spectrum between H-3 and H-4, H-5 and H-12, and H-6 and H-
13 (Fig. S10). The HMBC correlations from H-3 to C-5 and H-12
to C-4 indicates the C-4/C-5 connection, the correlations between
H-12 to C-6 and H-13 to C-5 showed a C-5/C-6 connection while
those correlations (Fig. 2b) from H-13 to C-7 and cross peak (bold
bonds in Fig. 2c) between H-7 and H-8 indicated the C-6/C-7 and C-
7/C-8 connections. The HMBC spectrum (Fig. 2b) also established
the connections C-9/C-10, C-10/C-11, C-9/C-14, and C-10/C-15 by
correlations (Fig. 2b) from H-10, H-11, H-14 and H-15 to C-9, and
H-11 to C-15 (see Fig. S10 for the COSY spectrum for the
correlations between H-9 & H-14, H-9 & H-10, H-10 & H-11 and
H-10 & H-15). HMBC correlation (Fig. 2b) from H-14 to C-8
indicates the connection between the substructure (C-9 to C-11)
and C-8. Accordingly, the C15 ketone was identified as 5,6,9,10-
tetramethylundecan-2-one (Fig. 2c).

The mass spectrum (Fig. 4a) of the C15 ketone displayed a
molecular ion atm/z 226, in accordance with the results of HREIMS
analysis. The base peak m/z 71 and the major peak m/z 99 corre-
spond to the loss of C5H11 and C7H15 from C-8/C-9 and C-6/C-7 fis-
sions, respectively (Fig. 4a). The ion at m/z 168 [M+-58] is
consistent with the theoretical prediction for a loss of acetone
Fig. 3. 1H-13C HMBC spectrum (a & b) and key 1H-1H COSY (bold bonds) and HMBC corre
are for the labelling of the carbons in the skeleton. (For interpretation of the references to
(Liao et al., 2018b). The characteristic ion at m/z 208 [M+-18] is
likely to result from the loss of the ketone-O in the form of a
H2O following a hydrogen transfer (Fig. 4a).

C18 ketone (4,7,8,11,12-pentamethyl-tridecan-2-one). The
HREIMS analysis of the C18 ketone showed an accurate mass of
268.2760 (Fig. S4), which was in agreement with a calculated accu-
rate mass of 268.2766 for a formula of C18H36O, indicating one
degree of unsaturation. An absorption band at 1716 cm�1 and
absence of absorptions between 2820–2850 & 2720–2750 cm�1

in the FT-IR spectrum (Fig. S6) indicated the unsaturation is from
a ketone rather than from an aldehyde. 1D and 2D-NMR spectra
data for the C18 ketone are summarized in Table 2 and can be found
in Figs. S12–S16. 1D 13C spectrum, DEPT 90�, 135� and 2D HMBC
spectrum (Figs. S13 and 3) show that there are 7 CH3, 5 CH2, 5
CH and 1C, consistent with the C18H36O inferred from HREIMS
analysis.

2D-NMR spectra-based structural assignment for this C18

ketone was conducted in a similar way to those conducted for
the C15 ketone (see Figs. S13–S16 and Table 2 for the 2D-NMR spec-
tra data).

Again the resonance at 209.6 ppm in the HMBC (Fig. 3a) spec-
trum indicates the presence of a carbonyl carbon. The correlation
from H-1 to carbonyl carbon C-2 indicates a C-1/C-2 connection,
consistent with the IR spectrum showing a ketone carbonyl
group. HMBC correlation (Fig. 3b) from H-1 to C-3 showed the
connection C-2/C-3. The dC at 30.4 ppm and dH at 2.13 for C-1
(CH3) are consistent with the C-1 being deshielded by the
lations (1H? 13C) for the skeleton of the new C18 ketone (c). The blue numbers in (c)
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Interpretation of the mass spectra of the C15 (a) and C18 (b) ketones.

Table 2
1H (400 MHz) and 13C (100 MHz) NMR spectra data of the C18-ketone measured in CDCl3.

Position 1H, d (ppm), Multiplicity (J in Hz) 13C, d (ppm), multiplicity DEPT HMBC (1H? 13C) 1H-1H COSY cross peaks

1 2.13, s 30.4, q CH3

2 209.6, s C 1, 3
3 2.23, m; 2.43, m 51.2, t CH2 1, 14 1.95
4 1.95, m 29.6, d CH 1, 3 0.90, 1.07, 1.30, 2.23, 2.43
5 1.07, m; 1.30, overlap 35.1, t CH2 3, 4, 14 1.95, 1.25
6 1.25, overlap 30.1, t CH2 5, 15 1.30
7 1.31, overlap 37.9, d CH 16 0.81
8 1.32, overlap 37.7, d CH 15 0.82
9 0.95, overlap; 1.35, overlap 30.7, t CH2 7 0.97, 1.32
10 0.97, overlap; 1.32, overlap 32.3, t CH2 12 0.95, 1.35
11 1.21, m 38.9, d CH 12, 13, 18 0.79, 1.57
12 1.57, m 31.6, d CH 13 0.79, 0.86, 1.21
13 0.86,d (6.8) 20.4, q CH3 12, 18 1.57
14 0.90,d (6.6) 20.0, q CH3 3 1.95
15 0.81, d (6.4) 16.3, q CH3 1.31
16 0.82,d (6.4) 16.3, q CH3 1.32
17 0.79, d (6.8) 15.4, q CH3 12 1.21
18 0.79, d (6.8) 17.3, q CH3 12, 13 1.57
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Fig. 5. Measured (a and c) and modeled (b and d) dC values for the new C15 and C18 ketones. The numbers in blue are for the labelling of the carbon in the new skeletons while
those in black are for carbon 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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neighbouring carbonyl group (Breitmaier and Voelter, 1978;
Cheng and Bennett, 1991; Cheng, 1994). The HMBC spectrum
(Fig. 3b) established the connections C-3/C-4, C-4/C-5, and
C-4/C-14 by correlations from H-14 to C-3, C-4, and C-5. Other
HMBC correlations from H-3 to C-4 and C-5 and cross peaks (bold
bonds in Fig. 3c) in the 1H-1H COSY spectrum between H-3 and
H-4, H-4 and H-14, H-4 and H-5 confirmed the three connections
(Fig. S15). Cross peaks in the 1H-1H COSY spectrum (Fig. S15)
between H-5 and H-6, H-7 and H-15, H-8 and H-16 indicated
the connections C-5/C-6, C-7/C-15, and C-8/C-16 (Fig. 3c). The
HMBC experiment (Fig. 3b, c) further established the connections
C-6/C-7, C-7/C-8, and C-8/C-9 by correlations from H-15 to C-6,
H-15 to C-8, H-16 to C-7, and H-7 to C-9. Cross peaks in the
1H-1H COSY spectrum (Fig. S15) between H-9 and H-10 indicated
the connection C-9/C-10. The HMBC spectrum (Fig. 3b) estab-
lished the connections C-11/C-12, C-12/C-13, C-11/C-17, and
C-13/C-18 by correlations (Fig. 3b) from H-12, H-13, H-17 and
H-18 to C-11, and H-13 to C-18 (see the Fig. S15 for the COSY
spectrum for the correlations between H-11 & H-17, H-11 &
H-12, H-12 & H-13 and H-12 & H-18). HMBC correlation
(Fig. 3b) from H-12 to C-10 connected C-10 indicates that C-11
is connected to C-10. Accordingly, the C18 ketone was assigned
as 4,7,8,11,12-pentamethyl-tridecan-2-one (Fig. 3c).

The molecular ion, m/z 268, in the mass spectrum (Fig. 4b) of
the C18 ketone is consistent with the inferred formula of C18H36O
from HREIMS analysis. The major ion at m/z 154 [M+-58-56] is
interpreted as resulting from a loss of the fragment C-1 ~ C-6 fol-
lowing a McLafferty rearrangement. The characteristic ion at m/z
250 [M+-18] was likely to result from the loss of the ketone-O in
the form of H2O following a hydrogen transfer, while m/z 208
was likely to be a result of a further loss of the terminal propylene
following the water loss.

To validate the assigned structures, the measured carbon chem-
ical shifts (dC values) for the proposed new ketones (Fig. 5a, c) were
compared with the calculated dC values of their corresponding
alkanes following Lindeman and Adams modelling (Lindeman
and Adams, 1971; Fig. 5b, d). The measured dC values for all car-
bons (except for the carbonyl carbon C-1 and those a- and b- to
it which were deshielded by the carbonyl group, Fig. 5a, c) were
very close to the calculated values (C-4 ~ C-15 for C15 alkane,
C-4 ~ C-18 for C18 alkane, Fig. 5b, d). The discrepancies between
the measured and calculated dC values of corresponding carbons
were in most cases less than 1.0 ppm (Fig. 5), indicating the
robustness of the structural assignments for the two new
ketones.

3.2. Proposed pathway for the formation of the novel C15 ketone and
C18 ketone.

Since the C15 and C18 ketones identified here clearly represent
parts of the skeleton of the tertiary C31 DMH-ols identified in the
same polar fraction as the two new methyl ketones (Liao et al.,
2019, under review) and with their d13C also close to the latter, it
is reasonable to assume that they are genetically related. In the shal-
lowoxic lacustrine environment of theMaoming Basin, indicated by
molecular andmicroscopic examination of the stratigraphic succes-
sion of the Maoming oil shale (Brassell et al., 1986), aerobic
biodegradation (e.g. Deming and Baross, 1993; Hinrichs, 1993) and
photo- and autoxidation (e.g. Wheeler, 1972; Rontani et al., 1987,
1988, 2011; Simoneit et al., 2009) of the botryococcenes seem likely
pathways for their formation. As photo- and autoxidation of alkenes
is known to lead to the formation of hydroperoxides (Frimer, 1979;
Rontani et al., 2011, 2013), and homolysis and heterolysis (Hock
cleavage) of the OAO bond in the hydroxyperoxide (Olah et al.,
1976; Rontani, 2012; Rontani et al., 2013) can lead to the formation
of ketones, we propose the following pathway (Fig. 6) to account for
the presence of these twomethyl ketones and their genetic relation-
ships with the oxygenated botryococcene derivatives with the
unique b-position methyl group (Liao et al., 2018a, 2018b).

The proposed pathway starts from the novel C33 botryococcene
(1) (Fig. 6) formed from an unusual c10-2-3-20 condensation
(cyclobutanation) of two farnesyl diphsophates (FPP) in vivo (Liao
et al., 2018a). Following sequential epoxidation, hydration, oxida-
tion and decarboxylation to produce the C32 botryococcenoic acid
(2) (Liao et al., 2019, under review), C31 botryococcene (3), C31 botry-
ococcenols (11 and12), andC31 botryococcanols (13 and14) are suc-
cessively produced by decarboxylation (Bigley and Clarke, 1982),
syn- or anti-addition of H2O (Jin and Hanefeld, 2011; Resch and
Hanefeld, 2015), hydrogenation and dehydration (Fig. 6). Photo-
oxidation or auto-oxidation of 3 would produce the hydroperoxy-
alkene (4). A heterolytic (Hock type) or homolytic cleavage of 4 then
leads to the corresponding C31 alkoxyl cation (5) or C31 alkoxyl rad-
ical (6), respectively. Cleavage a or b to the quaternary carbon gives
C15 (7) andC18 (8) alkenyl ketones, respectively. Hydrogenation then
stabilizes 7 and 8 as the C15 and C18 ketones (9 and 10) identified
herein. Photo- or autoxidation of the central trisubstituted double



Fig. 6. Proposed pathways for the formation of the C15 and C18 ketones. Cf Liao et al., 2018a, 2018b, 2019, under review) for further details for the pathway leading to the
synthesis of C33 botryococcene (1) and C32 botryococcenoic acid (2).
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bond in the C31 botryococcene (3) might produce other isomeric
hydroperoxides (Rontani et al., 2013), but none of these putative
products have been found in our sample.
4. Conclusions

Degradation of botryococcenes synthesized by the B race B.
braunii to produce short-chain oxygenated derivatives and altered
skeletons is a likely geochemical pathway but has not been sub-
stantiated. This is due, at least in part, to the lack of rigor in the
identification of compounds suspected to be the degradative prod-
ucts of the botryococcenes. Here, we redressed the deficiency in
our previous identifications of two C15 and C18 ketones co-
occurring with the C31–C33 (oxygenated) botryococcanes with
2D-NMR spectroscopy, IR, HRMS and Lindeman & Adam chemical
shift modelling. The C15 and C18 ketones were re-identified as
5,6,9,10-tetramethyl-undecan-2-one and 4,7,8,11,12-pentamethyl-
tridecan-2-one, respectively.

Photo- or auto-hydroperoxidation of the C31 botryococcene in
an oxic environment followed by heterolytic (Hock-type) and
homolytic cleavages around the quaternary carbon and subsequent
hydrogenation is proposed to be the most likely pathway for the
formation of the saturated C15 and C18 ketones.
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