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Sulfurized diterpenoids in amber as diagenetic
indicators of sulfate-reducing processes in past
depositional environments+
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Two novel compounds isolated from an amber sample from the Santonian of Piolenc (Vaucluse, SE
France) were identified using nuclear magnetic resonance and high-resolution mass spectrometry as sul-
furized analogues of diterpenic acids from the isopimaric series originating from ancient conifers possibly
related to the Cupressaceae family. These two compounds are members of a diterpenoid series corres-
ponding to early diagenetic transformation products of resin diterpenoids. They were likely formed once
plant resin comes into contact with reduced sulfur species originating from bacterial sulfate reduction
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occurring in anaerobic settings such as mangroves or marshes. They represent the first evidence of sul-
furization processes affecting plant resin prior to diagenetic transformation into amber. Given their mode
of formation, these compounds may be used as indicators of sulfate-reducing processes in past deposi-
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A. Introduction

Amber results from the fossilization of tree resin. Although the
most ancient amber identified is dated back to the
Carboniferous period (359-299 Ma)," most of the amber was
formed much later in the geological record and the vast
majority of amber is found in Cretaceous and younger sedi-
mentary rocks.”” The molecular assemblages that constitute
amber are generally dominated by terpenic compounds occur-
ring as monomeric entities and polymeric moieties occurring
in macromolecular structures.® These assemblages are inher-
ited from the plants that have produced the resin at the time
of origin of the amber. Therefore, molecular investigation of
amber using, for instance, gas chromatography coupled with
mass spectrometry (GC-MS) or pyrolysis-GC-MS can furnish
valuable information concerning the botanical origin of the
amber.>* " The molecular signature of amber is, however,
generally significantly modified compared to that of the
genuine resin by various transformation processes during
burial (i.e., diagenesis). As the parent compounds are some-
times absent in amber, a correlation between the molecular
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signal and a specific biological source is difficult to establish.
In this respect, precise identification of molecular biomarkers
from amber can provide new molecular tools allowing for a
more reliable identification of the botanical sources of
amber." ™ It can also potentially provide useful information
on the palaeoenvironmental conditions prevailing in the eco-
systems where the resin-producing trees have lived and on the
alteration processes associated with these environments.

In this context, the molecular analysis of an amber sample
from the Santonian (86.3-83.6 Ma) of Piolenc (Vaucluse, SE
France) using GC-MS revealed the occurrence of an unreported
series of compounds characterized by a molecular mass of 350
Da. Isolation of two members of this series (I and II, Fig. 1) led
to their identification as sulfurized analogues of diterpenic
acids from the isopimaric series using GC-MS, high resolution
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Fig. 1 Structures of sulfurized diterpenes identified in an amber sample
from Piolenc.
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mass spectrometry (HR-MS) and comprehensive nuclear mag-
netic resonance (NMR) investigations.

B. Results and discussion

The gas chromatogram of the apolar fraction isolated from the
organic extract of an amber sample from Piolenc after methyl-
ation of carboxylic acids'®'” is presented in Fig. 2. The distri-
bution of the lipids is complex and several series of com-
pounds comprising acids from sesquiterpenes (1 and 2) and
diterpenes (3-7), as well as sesquiterpenic hydrocarbons (8
and 9), could be detected.

The tricyclic diterpenoid acids comprise, notably, dehydroa-
bietic and callitrisic acids (6 and 7, respectively), and other
diterpenic acids (e.g. 5) (Fig. 2) related to pimaric, isopimaric
and sandaracopimaric acids (10, 11 and 12, Fig. 3).
Diterpenoid aromatic hydrocarbons frequently encountered in
amber have also been identified in the amber of Piolenc
(Fig. 2) based on the comparison of their mass spectra with
published spectra.>'>'*'> The occurrence of specific mole-
cular markers in the organic extract of the Piolenc amber
sample suggests that it must originate from resin exuded by
conifers of the Cupressaceae family since such molecules
occur in the living representatives of this family. In this
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Fig. 3 Structures of some common resin acids: pimaric acid 10, isopi-
maric acid 11, sandaracopimaric acid 12, abietic acid 13, and communic
acid 14.

respect, callitrisic acid 7 (Fig. 2) has only been reported in the
resin of the Cupressaceous genus Callitris'® and is therefore
considered a specific marker of this conifer family.>"®
Similarly, cuparene 8 specifically occurs in the resin of
Cupressaceae.’%?"

The molecular distribution of the Piolenc amber sample
also comprises a quantitatively abundant compound series
characterized by a molecular weight of 350 Da (Fig. 2). To the
best of our knowledge, the occurrence of the latter has only
been reported previously twice in amber samples, either as
“unknown” or as “unassigned”.’>>* The electron impact (EI)
mass spectra of compounds I-III and three other members of
this series are shown in ESI Fig. 1S.t Since it was not possible
to obtain more structural information solely based on the
interpretation of the EI mass spectra, the isolation of com-
pounds I and II was undertaken to perform detailed NMR
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Fig. 2 Gas chromatogram (GC-MS, El, 70 eV) of the apolar fraction (FA) isolated from the methylated organic extract of a Piolenc amber sample.
The area marked with the red rectangle corresponds to the zone of elution of compounds with a molecular weight of 350 Da (compounds 1-VI).
*Tentative identification based on the similarity of the El mass spectra of compounds | and Ill (cf. ESI Fig. 1S+).

This journal is © The Royal Society of Chemistry 2023

Org. Biomol. Chem., 2023, 21, 768-774 | 769


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ob02017c

Open Access Article. Published on 19 December 2022. Downloaded on 5/23/2026 6:33:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

structural investigations. These compounds were isolated
using a chromatographic sequence comprising fractionation of
the methylated organic extract on a silica gel column followed
by further HPLC fractionation of the sub-fractions containing
compounds I and II using normal phase (silica). Compounds I
and II were isolated in sufficient amounts to allow for their
identification using detailed NMR studies comprising 1D ('H,
3C, DEPT) NMR spectra as well as homo- (‘H-'H; COSY,
NOESY) and heteronuclear (*"H-"*C; HMBC, HSQC) correlation
studies. In addition, the elemental composition of compounds
I and II was determined using HR-MS.

Identification of compound I

The [M + H]'" ion obtained by HR-MS using positive electro-
spray ionization (ESI) at m/z 351.3251 corresponds to the mole-
cular formula C,;H;350,S (caled: m/z 351.2352; ESI Fig. 2S¥),
indicating the contribution of a sulfur atom. This result was
rather unexpected since organic sulfur compounds have, to
the best of our knowledge, never been reported in amber. It
should, however, be mentioned that amber samples from
some specific geological sites have been shown to contain
sulfur, although in low amounts.>* The molecular formula
obtained using HR-MS indicates the occurrence of five degrees
of unsaturation as rings or double bonds.

According to the NMR data, it appears from the signal at
179.3 ppm in the "*C-NMR spectrum (Table 1) that one degree
of unsaturation corresponds to the carbonyl group from a
methyl ester functionality. This is corroborated by the occur-
rence of signals at 3.63 ppm and 52.0 ppm in the 1D 'H- and
BC-NMR spectra (ESI Fig. 4S and 5St), respectively, likely
corresponding to the methyl from a carbomethoxy group.
Compound I does not bear any double bond since no signals
could be detected in the 110-160 ppm range in the *C-NMR
spectrum (Table 1). The remaining unsaturations, therefore,
correspond to rings.

One deshielded proton was observed at 2.96 ppm which
could correspond to a proton located on a sulfur-bearing
carbon atom. This is supported by the chemical shift of the
carbon atom bearing this proton deduced from the HSQC
experiment (ESI Fig. 6St): a tertiary C atom at 47.4 ppm. In
addition, based on the comparison of the *C-NMR and the
DEPT spectra, it appears that there is one deshielded quatern-
ary carbon atom with a chemical shift at 58.6 ppm, which indi-
cates that it possibly bears a sulfur atom suggesting that the
sulfur atom is incorporated into a thioether bridge between a
tertiary and a quaternary carbon atom. This hypothesis was
confirmed by the interpretation of the long-range (*>*]) '"H-'3C
correlation pattern (HMBC experiment, ESI Fig. 7St), and the
carbon atom sequence of compound I could finally be estab-
lished (Fig. 4a).

Connectivities of parts of the structure which could not be
correlated based on the long-range (**J) "H-'*C correlations
could be established using, notably, the 'H-'"H COSY and
NOESY experiments. The structure of compound I could thus
be related to that of diterpenoids from the pimaric or isopima-
ric acid series (which differ by the configuration at C-13; cf.
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Table1 H (500 MHz) and 3C (125 MHz) chemical shifts for com-
pounds | and Il in CDCl3

I I
Position” 8¢ Su Su 8¢ Su Su
1 39.6% 1.79 0.92 38.2 1.69 1.04
2 17.8° 1.58 1.50 18.0 1.51 1.51
3 36.7 1.69 1.51 36.7 1.72 1.51
4 47.6 — — 47.6 — —
5 49.9 1.72 — 49.2 1.74 —
6 24.1 1.44 1.08 24.4 1.39 1.05
7 40.1 1.84 1.84 34.9 1.59 1.20
8 58.6 — — 34.9 1.69 —
9 57.1 1.51 — 47.1 1.38 —
10 39.2 — — 36.0 — —
11 19.5 2.14 1.65 20.1 1.49 1.11
12 39.4° 1.39 1.39 30.0 1.60 1.07
13 45.6 — — 43.2 — —
14 47.4 2.97 — 45.4 1.81 1.72
15 21.6 1.12 — 27.0 2.73
16 24.1 0.96 23.2 1.05 —
17 46.9 1.92 1.49 60.8 3.15 —
18 179.3 — — 179.4 — —
19 16.4 1.12 — 16.9 1.15 —
20 17.9° 0.99 — 14.6 0.86 —
1 51.9 3.63 — 51.9 3.62 —
“¢f. Fig. 1 for carbon numbering; *P: may be interchanged.
20 12
14

Fig. 4 (a) Carbon sequence (bold lines) established for compound I
based on the 23J H-'3C correlation experiment (HMBC). (b) Main
nuclear Overhauser effects (NOESY) observed for compound | allowing
the correlation between | and diterpenoids from the isopimaric acid
series to be made.

compounds 10 and 11 in Fig. 3) sulfurized at C-8 and C-14.
The relative configuration of the stereocenters and the clear
affiliation of compound I to tricyclic resin acids of the isopima-
ric series could be established based on the interpretation of
the chemical shift values of specific protons and on the
interpretation of the "H-"H NOESY correlation pattern (Fig. 4b
and ESI Fig. 8St).

Thus, the *C chemical shift of the methyl group located at
C-4 at 16.4 ppm (Table 1) clearly indicates that this methyl
group is axial due to the occurrence of a y-gauche effect with
CH3-20.”° Thus, the chemical shift of the axial methyl group at
C-4 is around 16.8 ppm in the case of tricyclic resin acids such
as abietic acid 13 (Fig. 3).%° In contrast, the *C chemical shift
of the equatorial methyl groups at C-4 in the case of bicyclic
diterpenoids related to communic acid 14 (Fig. 3) is signifi-
cantly higher (around 28.5 ppm).'®?”*® The relative configur-

This journal is © The Royal Society of Chemistry 2023
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ation at C-4 could be confirmed by the detection of spatial
interactions between CH3-19 and CH;-20 (NOESY experiment,
Fig. 4b and ESI Fig. 8St), indicating that both methyl groups
are located on the same side of the structure. In addition, the
occurrence of nuclear Overhauser effects between one proton
at C-17 and CH3-20 as well as with one proton of methylene
CH,-12 (Fig. 4b) unambiguously shows that compound I is
related to diterpenes of the isopimaric 11 acid series. Finally,
all the "H and ">C chemical shifts could be assigned (Table 1).

Identification of compound II

The mass spectrum of compound II obtained by GC-MS (EI)
shows the same molecular mass, but a very distinct mode of
fragmentation (¢f ESI Fig. 1bSt). The exact mass determined
for compound II ([M + H]": m/z 351.2354) (ESI Fig. 3ST) is com-
patible with the same molecular formula as for compound I
(C21H350,8). The signal at 3.62 ppm in the "H-NMR spectrum
(ESI Fig. 9St) and the signals at 179.4 and 51.9 ppm in the
3C-NMR spectrum (ESI Fig. 10ST) show the presence of a car-
bomethoxy group (Table 1) as observed for compound I.
Nevertheless, contrary to compound I, the occurrence of three
deshielded proton signals at chemical shifts compatible with
those of protons located o to a sulfur atom (one at 3.15 ppm
and two others at 2.73 ppm) suggests that compound II bears
a thioether bridge located between a secondary and a tertiary
carbon atom. The detailed investigation of the one-bond (%)
(ESI Fig. 11S1) and the long range (**]) (ESI Fig. 1251) "H-"*C
correlations showed that compound II corresponds to a sulfur-
ized derivative of pimaric, iso- or sandaracopimaric acid (10,
11 and 12, Fig. 3) with a five-membered ring comprising a
sulfur atom located between positions C-15 and C-17 (Fig. 5a).
The relative configurations of the chiral centers were deter-
mined using a NOESY experiment (Fig. 5b and ESI Fig. 135t).
Nuclear Overhauser effects were observed, notably, between
H-20/H-19, H-20/H-8, H-8/H-16, H-17/H-16 and H-8/H-17
(Fig. 5b), indicating that all these protons are on the same side
of the molecule. This unambiguously shows that the C/D ring
junction is cis and that compound II is also related to the
series of iso- or sandaracopimaric acid (11 and 12, respectively;
Fig. 3), with the left moiety of the carbon skeleton being iden-

Fig. 5 (a) Carbon sequence (bold lines) established for compound Il
based on the %3J H-'3C correlation experiment (HMBC). (b) Main
nuclear Overhauser effects (NOESY) observed for compound Il allowing
the correlation between Il and diterpenoids from the isopimaric acid
series to be made.
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tical to that of compound L Finally, all the 'H and **C chemi-
cal shifts could be assigned (Table 1).

Structures of compounds III-VI

Based on the identification of the structures of compounds I
and II, we propose that the other compounds with a molecular
weight of 350 Da (comprising compounds III-VI) eluting in the
range of retention times indicated by the red rectangle in
Fig. 2 also correspond to diterpenoid sulfides. These com-
pounds possibly derive from tricyclic diterpenoids from the
isopimaric (with the sulfur atom located at other positions
than in the case of compounds I and II), pimaric 10, abietic 13
or communic 14 acid series. Among these sulfides, compound
III possibly corresponds to an epimer at C-14 of compound I
(¢f: Fig. 2) given the strong similarities between their EI mass
spectra (ESI Fig. 1St). Only the retention time in gas chromato-
graphy and the relative intensities of the main fragments in
the EI mass spectra are different.

Origin and the mode of formation of compounds I-1I

NMR investigation of the structures of I and II clearly showed
that these compounds correspond to sulfurized diterpenoids
related to isopimaric or sandaracopimaric acids 11 and 12.
The occurrence of such compounds in the amber sample from
Piolenc is unexpected since the presence of organic sulfur
compounds has, to the best of our knowledge, never been
reported previously, neither in amber nor in any resin of the
extant conifer species. In addition, since we have observed
these compounds in amber samples from different geological
periods and likely from different botanical origins, the possi-
bility of a direct biosynthetic origin of these compounds is
rather improbable. It can therefore be proposed that these
compounds may rather correspond to alteration products of
isopimaric or sandaracopimaric acids 11 and 12 formed via
diagenetic sulfurization processes.

Even though organic sulfur compounds have yet not been
reported from amber/resin, numerous organic sulfur com-
pounds have been identified in the sedimentary record and
their formation has been extensively investigated during the
last decades.”**' They revealed to be formed by abiotic early
diagenetic processes involving functionalized biological lipids
and inorganic reduced sulfur species resulting from microbial
sulfate reduction in anaerobic environments.”*' Carbonyls
and double bonds are the most liable functionalities to be sul-
furized in such a context.>'® In this respect, it appears that
isopimaric or sandaracopimaric acids bear double bonds at
positions potentially allowing for sulfurization at C-8, C-14,
C-15 and C-17 by the addition of H,S or polysulfides of
microbial origin. The mechanisms illustrated in Fig. 6 can
therefore be proposed to account for the formation of com-
pound I from isopimaric or sandaracopimaric acids 11 and 12
and that of II from sandaracopimaric acid 12.

Compounds I and II present different sites of sulfurization
(C-8/C-14 vs. C-15/C-17), indicating a different selectivity in the
sulfurization processes. In the case of compound I, the sulfur
atom is located at the most substituted positions, which con-
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Fig. 6 Diagenetic pathway of the formation of (a) compound | from
isopimaric acid 11 or sandaracopimaric acid 12 and (b) compound Il
from sandaracopimaric acid 12 by reduced sulfur species (H,S, poly-
sulfides) formed by bacterial sulfate reduction in sediments.

trasts with the case of compound II, where the sulfur atom is
located at the least substituted positions. Therefore, two
modes of sulfurization might be considered to account for the
formation of I and II. A radical process involving H,S and san-
daracopimaric acid 12 can be proposed to explain the for-
mation of compound II since such a mechanism would result
in the sulfurization of the least substituted positions of the
double bonds (anti-Markovnikov-type selectivity).’” Such a
mechanism cannot be considered for the formation of com-
pound I since the sulfur atom is located at the most substi-
tuted positions of potential biological precursors as frequently
observed in the case of sedimentary organic sulfur compounds
formed by abiotic processes.’*> An acid-catalyzed process
involving diterpenic acids and H,S can also be excluded con-
sidering the strongly acidic conditions required for such a
reaction,*®?° which are not compatible with the conditions
prevailing in natural environmental settings. It can therefore
be proposed that sulfurization occurred following a concerted
reaction involving polysulfides. Thus, it has been shown that
sulfurization of isolated alkenes by polysulfides results in the
formation of thiols or polysulfides with the sulfur atom
located at the most substituted positions (Markovnikov-type
selectivity).>® In addition, under these conditions, sulfuriza-
tion of non-conjugated dienes leads to the formation of
thianes or thiolanes with the preferential formation of the
smallest sulfur-containing rings.***?° Such a mechanism
can be proposed to play a key role in sedimentary sulfurization
processes, based on laboratory experiments and on the fact
that thiolanes and thianes in sedimentary organic matter are
often sulfurized at the most substituted positions.**~**>3° This
mechanism might therefore perfectly account for the for-
mation of compound I by sulfurization of isopimaric acid 11
by polysulfides as illustrated in Fig. 7.

This process might comprise first the sulfurization of the
vinyl side-chain at the C-14 position due to lower steric hin-
drance, followed by cyclization at the C-8 position according to
a concerted mechanism. The latter would involve a cyclic
intermediate, addition of sulfur and hydrogen atoms on the
same side of the A” double bond and the formation of the
smallest ring as described previously in the case of other
substrates.>*3°
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Fig. 7 Possible mechanism of sulfurization of isopimaric acid 11 with
polysulfides leading to compound I.

Sulfurized diterpenoids in amber: geochemical implications

The sulfurized diterpenoids identified in the Piolenc amber
sample were possibly formed after the deposition of the resin
from Cupressaceae conifer shrubs or trees within sediments.
Since the formation of these organo-sulfur compounds
required the presence of reduced sulfur species produced by
bacterial sulfate reduction, it can be anticipated that the con-
ditions which prevailed in the sediments at the time of depo-
sition were oxygen-depleted, as is the case in environments
such as marshes or mangroves. Thus, in such organic-rich
environments dominated by plant inputs, the conditions are
favorable for the development of anaerobic bacteria, including
sulfate-reducing bacteria which will produce H,S or polysul-
fides able to react with organic compounds. It is unlikely that
the sulfurization of the diterpenoids occurred when the resin
had already been transformed into amber since amber is a
solid material which probably prevents sulfur species from
diffusing into it. Therefore, sulfurization most likely occurred
at an early stage of burial when the resin is sufficiently fluid
to allow the diffusion of reduced sulfur species into the
resin drops and their reaction with diterpenoids prior to
further diagenetic transformation into amber upon deeper
burial.

C. Conclusions

Two fossil diterpenoids from a Cretaceous amber sample
located in the city of Piolenc (Vaucluse, SE France) were
identified as sulfides of diterpenic acids using GC-MS,
HR-MS and detailed NMR investigations. These compounds
are related to isopimaric and sandaracopimaric acids which
can be predominant constituents of conifer resins. A possible
diagenetic pathway for their formation is proposed and it
involves the sulfurization of isopimaric and sandaracopimaric
acids by reduced sulfur species (H,S or polysulfides) originat-
ing from bacterial sulfate reduction following two different
mechanisms. Sulfurization processes leading to the for-
mation of I and II will be further investigated using labora-
tory experiments involving resin acids and reduced sulfur
species under geochemically relevant conditions. It is likely
that these compounds formed at the earliest stages of dia-
genesis, when the fresh conifer resin entered a sedimentary
setting depleted of oxygen (e.g., marsh, mangrove), and came
into contact with the reduced sulfur species generated by
sulfate-reducing bacteria. Therefore, these novel organo-
sulfur compounds represent the first evidence of sulfuriza-

This journal is © The Royal Society of Chemistry 2023
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tion processes affecting plant resin prior to its diagenetic
transformation into amber. Thus, these compounds may be
used as indicators of sulfate-reducing processes in past
depositional environments. In this respect, it should be men-
tioned that compounds I-II and related structures with the
same molecular weight have also been detected in variable
amounts, but not systematically, in other amber samples
from different origins or ages. Investigation of their presence
and significance in terms of palaeoenvironments of depo-
sition is currently underway.
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