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Abstract: Steroid hormones are C18-C21-sterane deriva-
tives, featuring the typical 6–6–6–5 ring system. Here we
report on a novel C18-steroid ring system named
batrachane with a contracted A-ring resulting in a 5–6–
6–5 ring arrangement. The isolation, structural elucida-
tion, and total synthesis of three members of the novel
batrachopolyene family occurring in the tropical frog
genus Odontobatrachus is reported. The batrachopo-
lyenes represent an entirely new collection of volatile
steroidal natural products produced by anuran amphib-
ians. Alongside the contracted A-ring, each member
contains a Δ16-17 double bond but differs in the central
belt of the steroidal structure. To create these atypical
structural features, syntheses featuring a combination of
Breslow radical chain relay chlorination, Favorskii ring
contraction, and Clemmensen reduction proved success-
ful. The occurrence of such compounds in another distal
anuran group, the Mantellinae, suggests a more wide-
spread distribution of the batrachane-type compounds
among frogs. The new structural steroid type raises
questions concerning steroid biosynthesis and reception,
as well as distribution in frogs in general and the
structures of their hormones.

Introduction

The most common and well-known communication channels
in anuran amphibians use acoustic, and to a lesser extent,
visual and tactile signals.[1] However, these animals also
utilize pheromone signaling, by releasing peptide or protein
compounds that dissolve in or spread along the surface of
water.[2] Recently, it has become evident that some frog
lineages also use volatile compounds as signals, secreted by
scent glands. Males of the Madagascan mantellid frog
Mantidactylus katae (previously known as M. multiplicatus)
emit a mixture of the lactone (S)-phoracantholide J (1) and
(R)-8-methylnonan-2-ol (2) that attract conspecifics (Fig-
ure 1).[3] Several other mantellid species have been shown to
contain a high compound diversity of often macrocyclic
lactones in these glands, resulting in species-specific
mixtures.[4,5,6,7] The compounds can be detected by the main
olfactory organ in conspecifics.[8] Other descriptions of
olfactory communication include stress[9] or disturbance
cues,[10] and larval alarm pheromones.[11]

Another group of frogs, the African Hyperoliidae, uses
male-specific gular glands that emit volatiles during the
mating period, along with acoustic and optical signals.[12]

Compounds emitted by the hyperoliids are again macro-
cyclic lactones,[6,13] but additionally sesquiterpenes.[7,14] A
selection of compounds identified from the scent glands of
frogs is shown in Figure 1. Frogs also seem to emit
compounds produced by bacteria associated with the skin,
as demonstrated for Boana prasina[15] and others.[16]

The West African saber-toothed torrent-frogs Odonto-
batrachus are a recently described genus and family, the
Odontobatrachidae.[17] Recently it was shown that both
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Figure 1. A selection of volatile natural products from anuran amphib-
ians.
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sexes possess mandibular gland-like structures that produce
species- and sex-specific compounds that are believed to
function in intra-specific communication.[18] Male Odontoba-
trachus also have femoral glands on the ventral skin of their
thighs (Figure 2), structures that have been implicated with
intraspecific communication in the Mantellidae.

To our surprise, the analysis of the femoral gland
contents of various species revealed a novel compound class,
steroidal hydrocarbons with a contracted A-ring resulting in
5–6–6–5-ring arrangement, in contrast to the normal steroid
type featuring a 6–6–6–5-ring system. Such C18-steroids are
not known from any natural source. In this paper, we will
describe the isolation, identification, and synthesis of a novel
class of steroidal volatile natural products from Odontoba-
trachus, the batrachopolyenes.

Results and Discussion

Identification

The femoral glands obtained from all five Odontobatrachus
spp., O. arndti, O. ziama, O. fouta, O. natator, and O. smithi,
were extracted with DCM and the extracts were analyzed by
GC/MS. In many samples only two major compounds were

detected, cholesterol and compound A (gas chromato-
graphic retention index I 1835) with an unusual mass
spectrum (Figure 3b). HRMS revealed the molecular for-
mula as C18H26 (m/z 242.20474, calc. 242.20345) with six
double bond equivalents (DBE). GC/IR analysis showed an
infrared spectrum suggesting the presence of aromatic or
olefinic moieties (3050, 1645, 1587, 720 cm� 1, Figure S4).
Microhydrogenation increased the mass by 4 amu indicating
the presence of two double bonds. A total of 6 DBE
suggested that the unknown compound had a tetracyclic
diene structure.

After combining all extracts containing only A and
purification by flash column chromatography, about 1.5 mg
material was obtained allowing 1H and 2D (1H-1H COSY,
1H-13C HSQC, 1H-13C HMBC) NMR data collection. The 1H
NMR spectrum displays two singlets at δH 0.84 (s, H-18) and
0.82 (s, H-19), corresponding to two tertiary methyl groups,
as well as two signals in the alkenyl region at δH 5.93 (dt, H-
16) and 5.74 (dt, H-17). The 1H-1H COSY spectrum confirms
that these two vicinal alkenyl peaks are in the same spin
system with H2-15 and H-14 (Figure 4). HMBC correlations
from H3-18 to C-12 (δC 33.8), C-13 (δC 46.4), C-14 (δC 51.5),

Figure 2. Male Odontobatrachus arndti (top), ventral view with visible
femoral glands (bottom). Photo Credit: M. Schäfer

Figure 3. a) Total ion chromatogram of a femoral gland extract of
Odontobatrachus arndti (Ch – cholesterol); b) EI mass spectrum of A;
c) EI mass spectrum of hydrogenated A.
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and C-17 (δC 143.0) connect the two spin systems (H-17/H-
14 and H2-12/H2-11) and generate the C/D rings with an
angular methyl group (at C-13). The 1H-1H COSY spectrum
also details one more spin system (H2-1/ H2-7) and HMBC
correlations from H3-19 to C-1 (δC 35.9), C-5 (δC 46.7), C-9
(δC 136.4) and C-10 (δC 44.0) generate the A/B ring system,
with an angular methyl group (at C-10) and an unusual 5-
membered A ring. HMBC correlations from H3-19, H-14,
H2-12, H2-11 to C-9 (δC 136.4) and H2-15, H-14, H2-11 and
H2-6 to C-8 (δC 127.6) confirm that the A/B and C/D ring
systems are connected by a central quaternary Δ8-9 double
bond. Therefore, the structure of A was established as A-
norandroster-8,16-diene, to which we assign the trivial name
8,16-batrachodiene. It should be noted that this contracted
A-ring is an almost unique feature amongst steroidal natural
products and that the central Δ8-9 double bond is also very
rare in steroids.

A second related compound, B, was also found in some
species, with HRMS data (m/z 240.18814, calc. 240.18780)
leading to a molecular formula of C18H24. This second
unknown compound had one DBE more than A, suggesting
an additional double bond, and was most likely a tetracyclic
triene. Fortunately, about 1 mg could be isolated for 1H and
2D (1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC) NMR
analysis.

The 1H NMR data were analogous to that of A,
displaying two singlets at δH 0.86 (s, H-19) and 0.82 (s, H-
18), corresponding to two tertiary methyl groups, and two
vicinal signals in the alkenyl region, δH 5.88 (d, H-17) and
5.74 (d, H-16). The 1H-1H COSY and 1H-13C HMBC spectra
were also analogous, displaying the same three spin systems
(H-17/H-14, H2-12/H-11, and H-7/H2-1) and the correlation
to generate the two ring systems (A/B and C/D) respec-
tively, containing the angular methyl groups (at C-10/C-13)
and the unusual contracted A-ring. The key difference was
the presence of two additional alkenyl protons, δH 5.45 (d,
H-7) and 5.39 (d, H-11). The HMBC correlations from H2-
12 to C-11, H3-19, and H2-12 to C-9, H-11 to C-8, and H-7 to
C-14 placed a rare Δ7-8,9–11 conjugated diene at the center of
the molecule, connecting the two ring systems. Therefore,
the structure of B was established as A-norandroster-
7,9(11),16-triene, to which we assign the trivial name 7,9
(11),16-batrachotriene.

Although the constitution of both A and B was thus
established as A-nor-sterenes, the configuration of the four
stereogenic centers remained unclear. A DFT calculation of
the 13C NMR spectra of the eight possible diastereomers
after conformer analysis revealed the lowest mean average
error of 1.09 and 1.17% for the two compounds with
trans,trans-connected ring systems, while the four cis,trans-
connected diastereomers had errors between 1.38 and
1.66%, and the two cis,cis-connected ones 2.14 and 2.57%
(see Supporting Information, section 2).

Synthesis

With these data in hand, a synthesis of both A and B was
planned to prove the structural proposals, assuming a typical
steroid-like arrangement of rings A� D with trans,trans-
configuration. Commercially available 5-dehydroepiandros-
terone (8) was selected as the starting point of the synthesis,
as it contained the backbone of both proposed structures A
and B, as well as three distinct synthetic zones that could be
developed orthogonally (Scheme 1).

The 3-hydroxyl moiety is used to install the Δ8-9 alkene
utilizing Breslow radical relay chemistry.[19] The A-ring is
then contracted by way of a Favorskii rearrangement.[20]

Triene B could be accessed via a common late-stage
intermediate 9 from the synthesis of A. The central α,β-
unsaturated ketone is then elaborated into the desired
alkenyl arrangement and finally, the C-17 ketone is deoxy-
genated to form the Δ16-17 alkene and yield the proposed
structure for either A or B.

The initial transformations are detailed in Scheme 2 and
involve the introduction of a ketone at C-7 to guide the
alkene into the desired Δ8-9 position through conjugation.
Following an acetate protection of ketone 8, the allylic
oxidation of the C-7 position was required. Many catalytic
procedures were tested but only a superstoichiometric
pyridinium dichromate (PDC)/N-hydroxyphthalimide
(NHPI) system[21] gave high and reliable yields of 10 at 89%
on a large scale. The Δ5-6 alkene was then hydrogenated with
Pd/C and ammonium formate, and the acetate was removed
under standard basic conditions. A Mitsunobu inversion of

Figure 4. Selected 1H-1H COSY and 1H-13C HMBC NMR interactions for
A and B.

Scheme 1. Proposed synthetic pathway starting from commercially
available 5–5-dehydroepiandrosterone (8). Areas of transformation are
highlighted in red.
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the alcohol with 3-iodobenzoic acid[19] gave 12 in a 94%
yield. Diisopropyl azodicarboxylate was substituted with its
di-tert-butyl variant (DtBuAD) to aid the purification of 12
by chromatography. Exposure of 12 to radical chlorination
conditions (PhICl2, hv)

[19] proceeds with complete stereo-
selectivity in a yield of 83%. The concomitant removal of
the ester auxiliary and elimination of the chloride is usually
affected by refluxing in KOH/MeOH[22] but this led to poor
yields in this case. Protecting the ketones as acetals under
standard conditions gave 13, which was smoothly trans-
formed with the aforementioned KOH/MeOH system in an
88% yield over the two steps.

The next task was the contraction of the A-ring via a
Favorskii rearrangement.[20] The ketone 14, created by
oxidation with Dess–Martin Periodinane (DMP), was
treated with diacetoxyiodobenzene (DAIB)/KOH to con-
tract the ring with a 66% yield. Following saponification of
the ester, the resulting carboxylic acid 15 was converted into
a thiohydroxamate ester, which was then immediately
treated with tert-butyl sulfide[23] and irradiated with a full
visible spectrum lamp to affect the desired Barton decarbox-
ylation and produce the corresponding alkane in a 70%
yield over 2 steps. Treatment with aqueous HCl yielded 9
quantitatively, with the concomitant isomerization of the
alkene into the desired central Δ8-9 position.

The final act of the synthesis of A required the removal
of both ketones and the installation of the Δ16-17 alkene
(Scheme 4). The ketone and the α,β-unsaturated ketone in 9
were differentiated by careful reduction with NaBH4 at very
low temperatures to give 18.[24] During the optimization of
this step, it was fortuitously discovered that treatment of 9
with NaBH4 at room temperature and acidification with
aqueous HCl would yield 16 in a 72% yield, which contains
the desired Δ7-8, Δ9-11 diene arrangement required for B
(Scheme 3).

Oxidation of 16 with DMP gave ketone 17 in an 85%
yield. Conversion to the Δ16-17 alkene was affected by the
formation of the tosylhydrazone through condensation, and
subsequent reduction via a Shapiro reaction,[25] involving
treatment with n-butyllithium, to give B in a 45% yield over
two steps. The comparison of the GC, MS, and NMR data

(see SI, Tables S4 and S5) proved unequivocally that
compound B is indeed 7,9(11),16-batrachotriene.

A full slate of reductions was tested for the conversion
of 18 to 19 (Scheme 4), including the Henbest-modified
Wolff–Kishner reduction[26] and multiple Clemmensen re-
ductions. Unfortunately, the best conditions were the treat-
ment of 18 with Zn dust/HCl in ethanol at 0 °C,[27] which
gave an inseparable mixture of two isomers Δ8-9 19 and Δ7-8
20, with a favorable ratio of 1:0.3 respectively, in a total
yield of 87%. The synthesis of batrachodiene was continued
with this mixture, with the assumption that isomers could be
separated at a later point. To this end, the mixture of 19/20
was oxidized with DMP to give 21/22, with a slightly worse
ratio of products. Several of the following transformations
induced partial isomerization to the undesired Δ7-8 alkene,
which seems to be thermodynamically more stable than the
Δ8-9 isomer, and thus each method was carefully selected to
avoid this. Fortunately, a new method of the C-17 ketone
deoxygenation, treatment of 21/22 with PhNTf2 and
LiHMDS to form the respective enol triflates and reduction
of the crude material under palladium-catalyzed
hydrogenation,[28] yielded A and its Δ7,8-isomer 23 in a 68%
yield over two steps, without a change in the ratio of
isomers.

For each mixture of products in these final steps (19/20,
21/22, and A/23), separation by flash column chromatogra-
phy, with both unmodified and AgNO3-impregnated silica,
was unable to efficiently separate the two isomers. Purifica-

Scheme 2. Preparation of key intermediate 9.

Scheme 3. Preparation of target compound B, 7,9(11),16-batracho-
triene.
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tion by preparative GC also failed. However, despite not
being able to fully isolate A, the comparison of the GC, MS,
and NMR data (see SI, Tables S4 and S5) again proved
unequivocally that compound A is indeed 8,16-batracho-
diene.

The batrachane compounds A and B were not uniformly
present in all species (Table S1 in the SI). The diene A
occurred in all five species investigated, mostly as a major
compound, while the triene B occurred only in O. ziama
(Figure 5), O. fouta, and O. natator, and in one of the three
samples of O. smithi. The latter contained generally only
low amounts of these compounds. In contrast, O. arndti did
not contain B, but another compound D in minor amounts
in some samples, which was tentatively identified to be
16,17-epoxybatrach-8-ene (see Supporting Information, part
4).

Discovery of a Related Compound in Mantellid Frogs

The batrachopolyenes show distinct mass spectra; therefore,
we surveyed mass spectral data obtained from other frogs
for similar spectra. Surprisingly, an unknown related com-
pound C with a similar mass spectrum was detected in
extracts of the femoral glands of Gephyromantis tandroka, a
member of the Madagascan Mantellidae, which belong to
the same major anuran clade, Ranoidea, as the Odontoba-
trachidae (Figure 6).

The HR-MS revealed the molecular formula to be
C18H26O (m/z 258.19794, calc. 258.19837) corresponding to
six DBE. The IR spectrum (see SI, Figure S6) showed the
presence of a ketone (1707 cm� 1). Therefore, this compound
C is a tetracyclic molecule with a ketone and a single double
bond. A comparison of the IR spectrum to literature data
suggested that the ketone would most likely be located at
the C-6, C-7, or C-11 positions. In addition, comparing the
mass spectrum to that of 5α-androst-16-en-7-one[29] showed
that the two were almost identical in appearance when the
mass reduction due to ring contraction was taken into
account. Thus the ion m/z 191 is shifted to 177 in C.
Unfortunately, there was not enough material for NMR
analysis but we were confident that the unknown compound
C was 7-oxobatrach-16-ene and thus our synthetic target.

Scheme 4. Preparation of target compound A, 8,16-batrachodiene.

Figure 5. a) Total ion chromatogram of a femoral gland extract of O.
ziama, b) EI mass spectrum of B.

Figure 6. EI mass spectra of compound C from Gephyromantis
tandroka.
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Synthesis of Compound C

The synthesis of C is simpler, as the Breslow radical
chlorination is not required to install a central alkene
moiety, and contains chemistry analogous to the previous
syntheses, albeit in a different sequence (Scheme 5).

Differentiation between the two ketone moieties in 10 is
realized by treatment of NaBH4 at 0 °C to give a sole
product in an 84% yield. The double bond was hydro-
genated under standard conditions to give 24 and the ketone
was protected as an acetal. The alcohol was oxidized with
DMP and removal of the acetate protecting group under
standard basic conditions gave 25. The condensation with
tosylhydrazine proceeded smoothly with a 96% yield,
followed by treatment with n-BuLi to give 26 in only a
moderate yield.[25] The use of TMEDA as a co-solvent was
required to maintain the yield and reproducibility of this
reductive step. The alcohol was oxidized with DMP and was
treated with DAIB/KOH to affect the Favorskii ring
contraction to produce 27 in a moderate yield.[20] Saponifica-
tion of the resulting methyl ester also caused partial
deprotection of the acetal, however, the two products 28 and
29 could be separated by chromatography. The Barton
decarboxylation of 28 was again completed with the
formation of the activated thiohydroxamate ester and
reduction with tBuSH/hv to give the corresponding alkane in
a 72% yield over two steps.[23] Finally, the acetal was
removed under acidic aqueous conditions to give 7-oxobac-
trach-16-ene that proved to be identical to compound C (see
SI).

The batrachopolyenes and ketone C represent a new
class of volatile steroids with a contracted A-ring and absent
side chain. A-nor-steroids are extremely rare in nature, so
far reported only in a few cases from marine sponges[30] and
corals,[31] all still containing the side chain. Because com-
pounds A to C are volatile, their occurrence in male-specific
femoral glands makes their use in chemical communication
likely. However, this will be difficult to assess because the
very shy Odontobatrachus are active only at night and live
preferentially in and on rocks next to torrent water. Still,
some territoriality and intensive male-male competition
including fighting, have been observed.[18] Chemical signaling
can be expected in these circumstances.

This new structural class of steroids seems to be more
widespread in anurans, given their occurrence in two differ-
ent spatially separated families. Further research of batra-
chane-type steroids in other these and other anuran families
is necessary to clarify this point.

The use of steroids as pheromones is not unprecedented
in vertebrates. Androstenol and androstenone serve as boar
pheromones, eliciting sexual behavior in sows.[32] However,
their likely biosynthetic origin might be different from that
of A and B, indicating an earlier divergence from the
cholesterol biosynthetic pathway (for biosyntheitic aspects
see Supporting Information part 7, Scheme S1).

Conclusion

In conclusion, we have isolated a novel class of volatile
steroid natural products of the batrachane type from anuran
frogs, elucidated their identity through GC/MS, GC/IR, and
NMR analyses, and proven their structure through total
synthesis. These compounds may inspire more research into
steroid biosynthesis in anurans, the receptors needed to
detect these compounds, and the overall distribution of
mammal steroid types.

Supporting Information
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Supporting Information.[33]
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Scheme 5. Preparation of target compound C, 7-oxobactrach-16-ene.
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