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Palladium mediated C–H activation in the field of terpenoids:
synthesis of rostratoneq
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Abstract—We present results, which indicate that Pd-mediated C–H bond activation can be used under mild conditions for the
remote functionalization of C-4 methyl groups of molecules with different terpenoid-like skeletons containing six- or seven-mem-
bered A rings. This procedure has allowed us to complete a novel strategy for the synthesis of c-dioxygenated terpenoids in three
stages: (i) selective epoxidation of commercial polyenes, (ii) titanium(III)-catalyzed cyclization of epoxypolyprenes, and (iii) Pd-
mediated remote functionalization of equatorial methyl groups. This strategy has proved to be useful for the synthesis of the natural
labdane rostratone (1).
� 2004 Elsevier Ltd. All rights reserved.
In nature there are numerous terpenoids bearing a
characteristic c-dioxygenated system on ring A (Fig. 1),
as occurs in the labdane diterpenoid (1), found in the
plant Nolana rostrata,1 in the antibiotic aphidicolin (2),
excreted by Cephalosporium aphidicola,2 and in the
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Figure 1. The c-dioxygenated system of the A ring present in several

bioactive terpenoids.
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meroterpenoid (+)-pyripyropene A (3), isolated from the
fungus Aspergillus fumigatus.3 Many of these terpenoids
possess interesting pharmacological properties; aphidic-
olin, for example, shows marked activity against Herpes
simplex,4 whilst pyripyropene A has proved to be a
potent inhibitor of acyl-CoA:cholesterol acyltransferase
(ACAT),5 an enzyme related to atherosclerosis.

These compounds have consequently attracted the
attention of chemists, who have reported some proce-
dures for synthesizing 26 and 3.7 These syntheses, how-
ever, generally require numerous steps, including tedious
protection and deprotection protocols, and eventually
provide only low overall yields.

We have recently developed a novel method for the
synthesis of complex terpenoids8 that adheres to the
principles of selectivity and atom- and step-economy
required in contemporary chemistry.9 The method is
based on the titanium(III)-catalyzed cyclization of
epoxypolyprenes (such as 5), which are easily prepared
from commercially available polyenes.8 Based on
biomimetic concepts, this cyclization provides 3b-
hydroxy terpenoids (such as 6) with two ‘unactivated’
methyl groups at C-4 (Scheme 1). With such derivatives
in our hands, we only need to oxidize their equatorial
methyl group to achieve the c-dioxygenated system of
compounds such as 7 (including 1–3). To make this
transformation by remote functionalization at the end
of the synthetic sequence has the advantage that
protecting groups would not be required during the
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Scheme 2. Remote functionalization of terpenoids via dimeric organo-

palladium complexes.
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Scheme 1. Synthesis of terpenoids with the c-dioxygenated system on

the A ring: (a) selective epoxidation; (b) titanium(III)-catalyzed cycli-

zation; (c) oxidation and Pd-mediated remote functionalization.
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building of the carbocyclic framework. Nevertheless,
conventional remote-functionalization methods10

require thermal or photochemical conditions that are
often incompatible with the functional groups present in
natural products, and generally give relatively low
yields.11 In this scenario organometallic chemistry may
become a valuable alternative, providing milder and
more effective procedures to activate C–H bonds.12 In
particular, cyclopalladation reactions have proved to be
capable of activating primary C–H bonds for the for-
mation of C–I, C–O, and even C–C bonds.13 Surpris-
ingly, this kind of chemistry has been largely overlooked
in the field of terpenoids.14

We have explored the efficiency of palladium-mediated
C–H activation reactions over a wide range of terpenoid
skeletons to facilitate the completion of the sequence
depicted in Scheme 1 and thus devise a novel strategy for
the straightforward synthesis of natural products such
as 1–3.

We began the process by preparing a set of model sub-
strates (8a–14a) with different terpenoid-related skele-
tons containing five-, six-, and seven-membered rings
(Fig. 2), which we treated with hydroxylamine to form
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Figure 2. Chemical structure of the model terpenoids 8a–14a, the

corresponding oximes and the products derived from Pd-mediated

remote functionalization.
the corresponding ketoximes (8b–14b) at yields ranging
from 70% (9b) to 92% (13b).15

Remote functionalization processes were then carried
out as depicted in Scheme 2. Reactions between ketox-
imes 10b–14b and sodium tetrachloropalladate(II) gave
palladacycle dimers (such as 10e–14e), which were
treated with pyridine and lead tetraacetate to obtain
acetoxy oximes 10c–14c at yields ranging from 72% to
100% (Table 1).16 In contrast, 8b and 9b decomposed
after treatment with Na2PdCl4. Apparently, terpenoids
with either a five-membered ring or a six-membered one
containing an exocyclic double bond cannot be func-
tionalized under these conditions.

Finally, the hydrolysis of oximes 10c–14c with TiCl3/
H2O provided acetoxy ketones 10d–14d (Table 1), thus
avoiding any undesirable isomerization of double
bonds.15

To check the possibility of activating C–H bonds of
terpenoid (pseudo)axial methyl groups, reactions with
sodium tetrachloropalladate(II) were carried out again,
this time using acetoxy oximes 10c–14c as substrates. In
this manner, we obtained moderate yields (40%) of
acetates 15 and 16 (Fig. 3) deriving from monocyclic
oximes 10c and 11c, although the polycyclic substrates
12c–14c remained unchanged. Presumably, the stereo-
chemical rigidity of these compounds prevents the ade-
quate conformation to form the required palladacycles.
Table 1. Yields of products obtained by Pd-mediated remote func-

tionalization of oximes 10b–14b

Substrates Acetoxy oximes

(yield (%))

Acetoxy ketones

(yield (%))

10b 10c (82) 10d (82)

11b 11c (88) 11d (85)

12b 12c (100) 12d (85)

13b 13c (85) 13d (85)

14b 14c (72) 14d (85)
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Figure 3. Chemical structure of products 15 and 16.
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Once we were confident about the possibilities of the Pd-
based method we attempted to synthesize the target
molecule 1 (Scheme 3).

As starting material, we chose ethylene ketal 17, which is
easily prepared from commercially available farnesyl-
acetone.15 Bromonium-mediated epoxidation of 17,
followed by titanium(III)-catalyzed cyclization of
epoxypolyene 18 under anhydrous conditions gave
exocyclic alkene 19 (17% yield from farnesylacetone)
with high degrees of regio- and stereo-selectivity. Fur-
ther hydrolysis of ketal 19 with CeCl3/H2O avoided
undesired double-bond isomerization and provided an
85% yield of ketone 20. Horner–Emmons olefination of
20, followed by the oxidation of alcohol 21 with Dess–
Martin periodinane (DMP) and treatment of the cor-
responding ketone with hydroxylamine led to the oxime
22 (60% yield from 20). Finally, Pd-mediated remote
functionalization of 22 and hydrolysis of oxime 23
provided acetoxy ketone 24 (53% yield from 22). The
natural metabolite (1) from N. rostrata has been isolated
and characterized by Garbarino et al. as its acetate (24).1

Spectroscopic data of synthetic 24 matched those of the
acetate reported by Garbarino and co-workers,1 sup-
porting the structure proposed for the natural product 1.
Moreover, these authors described the selective saponi-
fication of the acetate group of 24 to give 1, and there-
fore the sequence depicted in Scheme 3 may be regarded
as the formal synthesis of 1. To the best of our knowl-
edge this is the first chemical synthesis of this ketone,
which we have called rostratone.

In summary, the results described here show that Pd-
mediated C–H activation is a suitable procedure for the
remote functionalization of C-4 methyl groups of dif-
ferent terpenoid-like skeletons containing six- and
Scheme 3. Formal synthesis of rostratone (1).
seven-membered A rings. This procedure might facili-
tate the chemical preparation of terpenoids with a c-
dioxygenated system on the A ring and, in fact, it has
proved itself useful for the synthesis of the natural dit-
erpenoid rostratone (1). At the moment, we are working
on the synthesis of both aphidicolin (2) and pyripyro-
pene A (3) employing this strategy.
Supplementary material

Supplementary data Synthetic procedures and 1H and
13C NMR data for some selected compounds.
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