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Article

The results of ruthenium tetroxide (RuQO,4) oxidation of a mature Class Ib amber polymer are reported and
discussed. These data indicate that the residual double bond present in mature Class I ambers is not located in
the A/B ring structure of these materials and that C17 of the original labdanoid precursors is retained in
mature Class I ambers as a methyl group. These data also suggest that the reaction which results in formation
of the residual unsaturated structure in mature ambers also results in a second covalent connection between the
A/B ring system and the polymer backbone, probably through C8 of the original labdanoid structure.

Introduction

Fossil resins (ambers), are common sedimentary constituents in
many areas, and occur in great abundance in some deposits,
(e.g., around the Baltic region, where amber has been
commercially produced for centuries and in the Dominican
Republic where commercial deposits are also mined). The
majority of significant deposits are Tertiary but older deposits,
stretching back to at least the Triassic, are known.

Ambers are classified chemically on the basis of their
molecular structure.” Class I ambers are derived from higher
plant resins based primarily on polymers of labdatriene
diterpenes. When the plant exudes resin, (usually in response
to injury or stress of some form), these compounds undergo
polymerization across the terminal double bond located in the
side chain to give a general 14,15-poly(labdatriene) polymer
structure® (numbering used is the accepted numbering of
labdanoid diterpenes, see Fig. 1). In many cases, a variety of
related labdanoid precursors are incorporated into the
developing polymeric structure resulting in a final copolymeric
structure incorporating labdanoid carboxylic acids, alcohols
and hydrocarbons. Ambers based on both regular (Fig. 1B)
and enantio (Fig. 1C) labdanoids are well known in the
geosphere,® and sub-classification of Class I ambers is based
on this distinction (and on the incorporation, or lack thereof, of
succinine acid).?

It has been found that maturation of Class I ambers results
in regular changes in their structure, but details of the
transformations involved remain elusive. It is known that
maturation results (in some cases) in defunctionalization of
susceptible labdanoid monomers,® but the primary maturation
pathway of these materials involves changes in the nature and
abundance of unsaturated structures. It has been shown that
maturation results in a progressive loss of exomethylene
character,”” and also a net progressive loss of total unsatura-
tion, approaching 1 double bond (ie., 2 olefinic C) per
monomer in mature samples.®° It has also been found that the
structural characteristics of the residual double bond in mature
Class I ambers are not comparable to either of the double
bonds present in the initial poly(labdatriene), nor any of their
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simple isomerization products.'® This suggests that maturation
of these materials involves reaction(s?) which transform both of
the double bonds present in the initial polymeric structure.
Since no obvious mechanism exists for reduction of either of
these structures, it is likely that some form of cyclization and/or
cross linking reaction is involved.

To further elucidate the details of this process, a mature
Class Ib amber (Upper Cretaceous, Yantardakh Hill region,
Siberia) has been subjected to ruthenium tetroxide (RuQOy)
oxidation. This reagent aggressively cleaves carbon-carbon
double bonds but does not attack saturated structures. In order
to simplify interpretation of the resulting data, the sample was
first extracted to isolate a soluble polymer phase'' which was as
free as possible of extraneous occluded materials. The results of
these investigations are reported herein.

Experimental
Sample

The sample used for the analyses reported here was collected
from Upper Cretaceous (Santorian) sediments in the Yantar-
dakh Hill region (Khatanga depression) of Siberia. Analyses of
the bulk sample have been described previously.”

Extraction

Amber (251.9 mg) was placed in a micro Gregar extractor and
extracted with 1:1 (v/v) CH,Cl,:n-pentane to remove
occluded materials. After 24 h, extraction was stopped and

Fig. 1 (A) Labdanoid carbon skeleton (accepted numbering conven-
tion indicated). (B) Regular configuration labdanoid diterpene.
R = CO,H, communic acid; R = CH,OH, communol; R = CHj,
biformene. (C) Enantio configuration labdanoid diterpene. R = CO,H,
ozic acid; R = CH,OH, ozol; R = CH3, enantio biformene.
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the CH,Cl,—n-pentane solution removed and replaced with
CH,Cl,: CH;0H (1:1 v/v) and the extraction recommenced.
After a further 24 h, the CH,CIl,—-CH3;OH soluble phase was
rotary evaporated to near dryness, then taken up to the extent
possible in 10 mL CH3;OH and fully precipitated by slow
addition of cold H,O. The resulting precipitate was recovered
by filtration and washed with cold H,O. Residual insoluble
materials were also collected, and washed with CH;OH-
H,0. Both products were then dried overnight in vacuo at 60 °C
to give 149.6 mg soluble polymer (60% yield relative to original
amber) and 15.2 mg insoluble residue (6% yield relative to
original amber).

RuQ,4 oxidation

Soluble polymer (24.8 mg) was placed together with NalOy4
(220 mg) and RuO,-xH,0 (9.6 mg) in a 25 mL round-bottom
flask to which CCly (1.0 mL), CH3CN (5 mL) and H,O (4 mL)
were then added. The resulting mixture rapidly yellowed and
was allowed to stir for 4 d, after which time the reaction was
quenched by addition of CH;OH (0.5 mL). The entire crude
product was then evaporated to dryness, then taken up in
CH;0H (4 x 10 mL washes) and filtered to remove insoluble
byproducts (largely RuO,, NalO3; and any unreacted NalOy).
To this MgSO, was added to remove residual H;O and the
resulting mixture refiltered to give a clear CH;OH solution
which was then evaporated to ca. 20 mL. To this solution 2 mL
of BF;—CH3;OH complex was then added and the reaction was
refluxed for 2 h, then allowed to stand overnight, after which
5 mL saturated aqueous NaHCO; was added to terminate the
reaction. This product was then taken up in diethyl ether—
CH3;0H (1:3 v/v 40 mL) filtered over MgSQ,, evaporated to
dryness, washed again with H,O, then finally recovered by
filtration and dried at 60 °C overnight. Yield ca. 70% (by mass).

'H and '3C NMR spectroscopy

NMR experiments were performed on a Bruker model DMX
500 NMR spectrometer (11.7 T). With the use of the nitrogen
pre-cooler, heater coil, and the variable temperature controller,
the temperature was stable at 294.3 x 0.1 K. '3C NMR spectra
were recorded with 22,000 acquisitions, 10s recycle delay,
9 ms pulse width (70°) and 33 kHz sweep width using a two
channel 10 mm broadband, direct detection, variable tempera-
ture probe with proton decoupling and 2H lock at
76.773 MHz.'"H experiments were carried out using a three
channel 5 mm inverse detection, three axis gradient, variable
temperature probe with 2H lock at 76.773 MHz. 'H spectra
were recorded with 64 acquisitions, 4 s recycle delay, 4 ms pulse
width (70°) and 6 kHz sweep width. Solvent used for both *C
and 'H experiments was CD,CL,—CD;OD ca. 1:1 vol.

Pyrolysis GC-MS and GC-MS analyses

Both the isolated soluble polymer and the product of its RuOy4
oxidation (which was found to be unamenable to analysis by
gas chromatography—no significant products observed) were
further analyzed by Py-GC-MS. Details of the analytical
system used have been reported elsewhere.'? Briefly, Tpyrol
= 480°C (10 s). Chromatographic conditions: 60 m DB-XLB
(0.25 mm id, 0.25 um phase thickness), T, = 40 °C (4 min),
ramp at 4° min~ ', Thna = 310°C (16 min). For analysis of the
isolated polymer, TMAH was added as described elsewhere. !>
No TMAH was used in Py-GC-MS analyses of the RuO,4
oxidation product of the soluble polymer.

GC-MS analyses were conducted using an HP 5972 MSD
coupled with an HP 5890 (II) equipped with an automated
direct on-column injector. GC-MS analyses reported herein
(data set 1) were carried out using a 60 m DB-5 MS column
(0.25 mm id, 0.25 um phase thickness) programmed as follows:
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Dataset . GC-MS data for the crude product of hydrolysis—
dehydration/methylation of sclareolide by oxalylchloride. MS data
and structural assignments for these eluants are presented in pdf format
as supplementary data.§

Tinie = 140°C (4 min), ramp at 4° min~!, Thna = 300°C
(10 min).

Synthesis of (2,5,5,8a-tetramethyl-1,4,44,5,6,7,8,8a-octahydro-
naphthalen-1-yl)-acetic acid methyl ester (1.5,4a5,8a4S5), (5,5,8a-
trimethyl-2-methylene-decahydro-naphthalen-1-yl)-acetic acid
methyl ester (15,84S) and (2,5,5,8a-tetramethyl-
3,4,4a,5,6,7,8,8a-octahydro-naphthalen-1-yl)-acetic acid methyl
ester (4aS,8a5)

In order to confirm the assignments of products identified in
Py-GC-MS analyses of the RuO,4 oxidation product described
above, these compounds were synthesized by hydrolysis—
dehydration of 3aR(+)-sclareolide (Aldrich Chemical Co.).
These products have been previously identified by Hinder and
Stoll'* as products of the H,SO, hydrolysis of 3aR(+)-
sclareolide. In the present study it was found that the synthesis
described by these authors'® could be considerably simplified
(reduced to a single step) as follows: 3aR(+)-sclareolide
(103.2 mg) was dissolved in oxalylchloride (2 M in CH,Cl,)
(8 mL) and the mixture brought to reflux for 45 min. After this
time, the reaction mixture was allowed to cool and quenched
with CH30H (3 mL) to give quantitative (GC) conversion to
the mixture of products described in data set 1. The observed
distribution of products could be affected (slightly) by varying
reaction conditions, but the same qualitative mixture was
obtained in all cases.

Results and discussion

13C NMR analysis of the soluble polymer prior to oxidation
indicates terminal CHj : total other CC (excluding aromatic C)
of approximately 1:7.5, indicating that maturation related
transformation of the initial exomethylene double bond is
advanced to essentially complete in this sample. '"H NMR
spectra for this sample are also consistent with this conclusion
(NMR data are illustrated in the supplementary data$).
Results of Py-GC-MS analyses of the isolated soluble
polymer of the amber used in this study are given in data set 2.
All of the products observed in these data belong to one of
the series of regular bicyclic compounds derived from the A/B
ring system of various regular labdanoid monomers (see
Fig. 2). These compounds are characteristic of the pyrolysates
of Class Ia and Ib ambers.>® Structures in which Cl11 is
retained (Fig. 2, C and D) predominate over those in which this
carbon is absent (Fig. 2, A and B), as is typical for mature Class
I ambers.” These data are, not surprisingly, closely comparable
with data from analyses of the whole amber from this site,’ the
only significant difference being the presence in significant
abundance of bicyclic methyl ethers, which are undoubtedly an
artefact of the isolation procedure used. These data also show

§Electronic Supplementary Information available. See http://www.
rsc.org/suppdata/gt/b1/b102650j/
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Data set 2. Py-GC-MS data for the isloated (soluble) polymer fraction of Yantardakh Hill (Siberia) Cretaceous amber. MS data and structural

assignments for these eluants are given in the supplementary data§.
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Fig. 2 Bicyclic products characteristic of the pyrolysates of Class la
and Ib ambers. R = H(a or B), CH3;, CH,OH, CH,OCHj3, CO,CHj.

that this product is free of occluded materials, especially
abietane-type diterpenes, which are observed in the pyrolysate
of the whole amber® and which may have complicated
interpretation of subsequent data from RuO, oxidation
studies.

Data from Py-GC-MS analysis of the RuO, oxidation
product of the amber polymer described above, are given in
data set 3.

Although not all of the observed products can be
unambiguously assigned at this time, data from the hydro-
lysis—-methylation of sclareolide (data set 1) and comparison of
the data given in data set 3 with literature data'* do allow the
majority of products, including most of the major products, to
be assigned with a high degree of confidence. All of these
compounds (data set 3, 1-3 and 6-8) belong to two homo-
logous series of compounds which are clearly derived from, and
which preserve the A/B ring of the original labdanoids (see
Fig. 3).

The structural characteristics of these compounds are very
informative in a number of ways. Firstly, as just noted, these
compounds all preserve intact the original labdanoid A/B ring
structure. Given the high yield recovered from the oxidation
procedure, this indicates that the residual double bond present
in this amber is not located in this ring system, since had it been
so, these rings would have been cleaved by the oxidation
procedure. It can also be concluded that the final double bond
is not directly attached to this ring system since if it were then
one would anticipate keto products at the point of attachment,
and no such products have been identified.

It is also informative that all of these products are themselves
unsaturated. Clearly this is a result of the pyrolytic analyses
used in this investigation since olefinic structures are very

480 500 520 540 560 580

susceptible to cleavage by RuO4 and NMR analyses of this
product prior to pyrolysis confirm the absence of C=C
unsaturation. All of these products are unsaturated around
C8. This suggests that prior to pyrolysis (and after oxidation)
this carbon is likely to be functionalized and that on pyrolysis
this functionality is being lost, probably through dehydration
or decarboxylation or a similar mechanism.

In all of these products C17 of the original labdanoid is
retained. In the original labdanoid structure this carbon is
present in an exomethylene structure. Progressive ‘loss’ of
exomethylene character is one of the defining characteristics of
maturation of these polymers,>’® and it might be (and in fact
has been®%!%) postulated that this reflects cross-linking or
condensation reactions directly involving this structure. How-
ever, the preservation of this carbon in all cases as a methyl
group argues against this possibility since such reactions would
retain this carbon as a methylene structure and it is difficult to
postulate any mechanism by which such a structure can be
universally converted to a methyl group upon pyrolysis. It is
also noteworthy that all of the characteristic bicyclic structures
observed in the pyrolysates of Class I ambers also retain this
carbon as a methyl group, which supports the view that this
carbon is retained as a methyl group in mature Class I ambers.

If it is correct that C17 is retained in mature Class I ambers
as a methyl group, then this implies that isomerization of the
initial exomethylene structure is an early step in the maturation
of these materials. However, as noted above, the data given in
data set 3 preclude the presence of a double bond in, or on the
labdanoid A/B ring system in mature samples. How then, can
these observations be reconciled? One additional observation is
helpful in this regard—the product of RuO,4 oxidation of this

Fig. 3 Major products observed in pyrolysate of RuO, oxidation
product of Siberian amber polymer. R = CH; or CO,CHs.
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Data set 3. Py-GC-MS data for the RuO, oxidation product of the (soluble) polymer fraction of Yantardakh Hill (Siberia) Cretaceous amber. MS
data and structural assignments for these eluants are given in the supplementary data§.
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polymer was not amenable to analysis by GC-MS. Although it
was not possible to determine absolute molecular weights for
the RuO, oxidation products described herein, this observation
suggests that this product is still a high molecular weight
material.

If maturation of polymers with an initial 14,15-poly(labda-
triene) structure results in a structure with one double bond,
which is not located in nor directly attached to the A/B ring
systems of the labdanoid monomers, then it follows ex
necessitate rei, that the double bond must be located some-
where in the side chain structure. However, one would expect
oxidation of such a structure to give volatile, low molecular
weight products due to cleave of the linkage between the
polymer backbone and the A/B ring system, and this is
observed on oxidation of immature samples (Anderson,
unpublished results). The absence of volatile products from
the RuO, oxidation of this mature sample therefore suggests
that covalent connection still exists between the polymer
backbone and the A/B ring system after oxidation.

Hence, we are left with the following:

(1) Maturation of Class I ambers results in a structure with
~1 double bond per original monomer.>°

(i1) This residual double bond is not structurally equivalent
to either of the initial double bonds,'° nor is it located in, or
directly attached to the labdanoid A/B ring system of the
original monomer.

(iii) C17 of the original labdanoid structure is retained in the
mature structure as a methyl group.

(iv) In addition to the connection through the original side
chain, maturation results in a new covalent connection between
the polymer backbone and the labdanoid A/B ring system.

Conclusions

On the basis of the data presented and discussed above, the
following conclusions may be drawn: During the early stages of
maturation of Class I ambers, the (8,17) exomethylene
structure undergoes a slow isomerization into the B ring of
the original monomer. This process sets up a (relatively) rapid
second reaction involving both this isomerized double bond
and the second double bond located in the side chain of the
monomer. This second reaction results in a new covalent
linkage between C8 and the polymer backbone and leaves the
residual double bond in a structural environment dissimilar to
that of either of the original double bonds (or their simple
isomerization products) as shown by NMR data.'® This
reaction may occur between double bonds present within a
single monomer unit, but is more likely to involve reaction
between double bonds originally located in different mono-
mers.
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