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ABSTRACT

Cyclocarbonylation of R-methylene butyrolactone-containing allene-ynes affords 6,12-guaianolide ring systems. Incorporation of the
R-methylene butyrolactone early in a synthetic sequence is rare for reactivity reasons; however, this moiety proves to be beneficial to the allenic
Pauson�Khand reaction. The three double bonds and the ketone in the resulting 5�7�5 ring system bear significant differences in their reactivity
and are ideally positioned for synthetic application to 6,12-guaianolides and analogs.

Guaianolides constitute the largest class of sesquiter-
pene lactones, many of which possess an R-methylene
butyrolactone, a privileged moiety represented in 10% of
all natural products.1 The skeleton of this class of com-
pounds is represented by a 5�7�5 fused ring system and
can be further classified into four subgroups: 6,12- and
8,12-guaianolides, pseudo- and dimeric-guaianolides,
with each subgroup represented in Figure 1 by arglabin,
(þ)-achalensolide, helenalin, and arteminolide, respec-
tively. Many guaianolides are densely oxygenated
and rich in stereocenters as is the case with arteminolide.
Alternatively, these compounds may be relatively devoid

of oxygenated functional groups, an example being fulv-
enoguaianolide.2

Surrounding the guaianolides is a wealth of biological

activity.3 Bioactivity investigations are ongoing, but one

certainty is that embodiments of the guaianolides with an

R-methylene butyrolactone, the cyclopentenone and acryl-

ic ester endows this molecule with not only bioactivity but

also selectivity.4 Recently, guaianolides have captured the

attention of medicinal chemists as the importance of

controlled, target specific covalent modification as a po-

tential therapeutic option is revisited.5 Moreover, guaia-

nolides are an example of an abundant scaffold in natural

products but are sparsely populated by the bioactive

medicinal chemistry compounds.6
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The number of synthetic strategies used to access guaia-
nolides is not commensurate with the wealth and range of
biological activity associated with these compounds.7

Several reviews summarizing the synthetic chemistry and
the bioactivities associated with this class of molecules are
available. The most common approach relies on a structu-
rally advanced natural product, R-santonin possessing a
6�6�5 ring system that undergoes a skeletal reorganiza-
tion process to give the 5�7�5 ring systemwhen subjected
to light.8 Other than these hemisyntheses, the most com-
mon strategy used to form the cyclopentenone moiety
starts with a Favorskii rearrangement of a derivative of
(S)-carvone.9 While this multistep process is high yielding,
limitations arise when applying this protocol to access a
structurally diverse array of natural products. The most
common strategies for forming the seven-membered ring
include ring expansion of [3.2.0] ring systems,10 tropone
or tropylium cation alkylation,11 olefin metathesis,12

intramolecular oxidative or ene cyclizations,13 and 3,3-sig-
matropic rearrangements of 3,3-divinyl cyclopropanes.14

Finally, the R-methylene butyrolactone moiety is nearly
always constructed in the final steps of a synthetic sequence
via amultistepprocess involving a series of homologations,
oxidations, reductions, protections, and/or deprotection
steps. In some cases, late introduction of thismoiety comes
at a high price to step economy.12b,14a,15

Nature’s synthetic pathway inspires one to imagine
benefits to including theR-methylene butyrolactone earlier
in a synthetic sequence.16 For example, the lactone could
potentially serve as a means for limiting conformational
mobility, providing a stereocontrol element. One major
concern of this approach is the electrophilicity of the
R-methylene butyrolactone, but interestingly, studies have
shownthisgroup tobea selective thiol-alkylator,not reacting
with oxygen or nitrogen containing nucleophiles in vivo.17

Our group has demonstrated that a number of angular
and linear 6�7�5 ring systems can be prepared using an
allenic Pauson�Khand reaction (APKR). Incorporation
of a five- or six-membered ring in the tether of the reacting
allene-yne facilitates and increases the efficiency of the
APKR. The synthetic potential of this strategy has been
demonstrated by the representative examples depicted in
Scheme 1, where allene-ynes 1 and 3were converted to the
linearly fused and angularly fused 6�7�5 ring systems 2
and 4, respectively (Scheme 1).18 By analogy, synthetic
entry to the guaianolides by tethering an allene and alkyne
to an R-methylene butyrolactone 5 seemed appealing due
to rapid entry into a molecularly complex skeleton 6; yet
risky, because of its purported reactivity. Only rare exam-
ples incorporating this electrophilic R-methylene butyro-
lactone early in a synthesis have been reported.19

Furthering our enthusiasm for this synthetic approach is
an elegant protocol for preparing functionalized R-methy-
lene butyrolactones via an allylboration/lactonization se-
quence described by Hall and Kennedy.20

A representative example of our protocol used for
rapid assembly of an allene-yne containing R-methyl-
ene butyrolactone is depicted in Scheme 2. Methyl

Figure 1. Representative naturally occurring guaianolides.
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6-(tert-butyldimethylsilyloxy)hex-2-ynoate (7) was pre-
pared in 70% yield in two steps from commercially
available 4-pentyn-1-ol. Conjugate addition of a hydride
to the acetylenic ester of 7 followed by trapping the
alkenylalane intermediate with 2-(chloromethyl)-4,4,5,
5-tetramethyl-1,3,2-dioxaborolane (8) afforded the cor-
responding allyl boronate in a Z/E ratio of 1.5:1.21 The
boronate isomers are not easily separated so they were
taken on directly to the allylboration/lactonization step by
reactingwith 2-butynal and triflic acid to afford lactone 9
as a 4:1 mixture of trans/cis isomers.

Concomitant removal of the TBS ether occurred to give

9 in 35% overall yield for this two-step process. The

R-methylene butyrolactone isomers were separated by col-

umn chromatography and the relative stereochemistry for

each lactone isomer was assigned by comparing our results

with that ofHall20 and later unambiguously confirmedby an

X-ray crystal structure (vide infra). The resulting hydroxyl

group of 9 was oxidized to an aldehyde using Dess�Martin

periodinane conditions in 73% yield. Next, addition of

cerium acetylide to the aldehyde afforded the corresponding

propargyl alcohol that was subjected to N-isopropylidene-

N0-2-nitrobenzenesulfonyl hydrazine (IPNBSH), affording

allene-ynecontainingR-methylenebutyrolactone11 (depicted

in Table 1) in 54% yield for the two steps.22,23

Scheme 1. An APKR Approach to a Guaianolide Skeleton

Scheme 2. Synthesis of Allene-yne Containing Butyrolactone 11

Table 1. APK Reaction of Monosubstituted Allenes (R2 = H)

(21) Chataigner, I.; Zammattio, F.; Lebreton, J.; Villi�eras, J. Tetra-
hedron 2008, 64, 2441–2455.
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With an R-methylene butyrolactone-containing allene-
yne in hand, we set out to test the feasibility of the allenic
Pauson�Khand reaction. To our delight, the reaction of
allene-yne 12 with 10 mol % of rhodium biscarbonylchlo-
ride dimer in toluene at 90 �Cafforded the cyclocarbonyla-
tion product 13 in 90% yield in 20 min (entry 1, Table 1).
The efficiency and ease of this allenic Pauson�Khand
reaction warrants comment. Prior to actually carrying
out this reaction, there were concerns about the stability
of not only the R-methylene butyrolactone but also the
embedded propargylic ester, which is known to undergo
metal catalyzed depropargylation.24 These concerns ap-
pear to be unfounded, and in fact, this functionally rich
substrate represents one of the best allenic Pauson�
Khand reactions we have observed.
With the feasibility of this reaction established, we set

out to explore the scope and limitations of theR-methylene
butyrolactone-containing APKR for the preparation of
other guaianolide-type skeletons. The allene-yne 14 pos-
sessing the cis-stereochemistry at the lactone also gave the
cyclocarbonylation product in 90% yield with a reaction
time of 30 min (entry 2). Alkyl substitution of the alkyne
terminus of allene-yne 16 with a pentyl group gave cyclo-
pentenone 17 in 81% yield (entry 3). A TMS group on the
alkyne afforded the Pauson�Khand trans and cis adducts
19and21 in92%and67%yield, respectively (entries4and5).
Introduction of a methyl group on the alkyne furnished
the cyclocarbonylation product 22 in 51% yield (entry 6).
The reaction was also compatible with terminal alkynes as
depicted in entry 7 forwhich allene-yne 23 lead to the desired
product 24 in 67% yield. When the terminus of the alkyne
was substituted with a phenyl group bearing an electron-
withdrawinggroupsuchasatrifluoromethylgroup, theAPKR
product 26 was obtained in 87% yield (entry 8). Moreover,
except for entry5 (reaction timewas150min in that case), all of
the reactions reached completion in less than 30 min.
While the structures of the compounds were char-

acterized unambiguously using the NMR data, the
fortuitous crystallization of 22 provided additional
support corroborating the trans stereochemistry of
the lactone (Figure 2). The stereochemistry of the
lactone was also established by examining the coupling
constant for the proton adjacent to the oxygen of the
lactone at the ring fusion, with Jab (δ 5.36) for the trans
product 13 at 9.9 Hz and Jab (δ 5.60) for the cis product
15 at 7.5 Hz. Similarly, the respective coupling con-
stants for 17, 19, 21, 22, 24, and 26 are 9.9, 10.0, 7.2, 9.0,
10.0, and 10.0 Hz.
It is important to point out that Mukai has synthe-

sized an 8,12-guaianolide, (þ)-achalensolide using a

rhodium catalyzed allenic Pauson�Khand reaction.16

In contrast with the present approach, Mukai’s synthe-
sis requires 15 steps from isoascorbic acid for the
assembly of an allene-yne possessing a protected diol
in the tether. Five additional steps afford a cyclopente-
none that is structurally related to 13 but lacking the
R-methylene moiety on the butyrolactone. To install
this moiety for the completion of the synthesis, a reduc-
tion, protection, deprotection, and oxidation sequence
of reactions on the cyclopentenone was required.
Further comparisons between their APKR to the re-
sults within reveals theirs as high yielding, but higher
temperatures andmuch longer reaction times were required
(refluxing toluene, 24 h).
In summary, we have developed a Pauson�Khand

reaction of R-methylene butyrolactone-containing

allene-ynes to access the 5�7�5 ring system of 6,12-

guaianolides. These facile and in many cases high

yielding reactions suggest that incorporation of the R-
methylene butyrolactone early in a synthetic sequence is

a viable synthetic strategy to these targets. It is postu-

lated that this moiety serves as a tether restricting

conformational mobility of the allene-yne. Further-

more, the mild conditions of the rhodium-catalyzed

APKR are documented by the survival of both the

4-alkylidene cyclopentenone and the R-methylene bu-

tyrolactone through the reaction. This strategy also

showcases the synthetic utility of Hall’s allylboration/

lactonization protocol and paves the way for biological

studies of non-naturally occurring 6,12-guiaianolides.
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Figure 2. X-ray crystal structure of 22.
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