
Internationale Ausgabe: DOI: 10.1002/anie.201608040Natural Product Synthesis
Deutsche Ausgabe: DOI: 10.1002/ange.201608040

Convergent Assembly of the Tetracyclic Meroterpenoid
(@)-Cyclosmenospongine by a Non-Biomimetic Polyene Cyclization
Klaus Speck, Raphael Wildermuth, and Thomas Magauer*

Abstract: The cationic cyclization of polyenes constitutes
a powerful and elegant transformation, which has been utilized
by natureQs biosynthetic machinery for the construction of
complex polycyclic terpenoids. Previous studies by chemists to
mimic this cyclization in the laboratory were limited to
different modes of activation using biosynthetic-like precur-
sors, which accommodate only simple methyl-derived sub-
stituents. Here we describe the development of an unprece-
dented and highly efficient polyene cyclization of an aryl enol
ether containing substrate. The cyclization was shown to
proceed in a stepwise manner to generate three rings and three
consecutive stereocenters, two of which are tetrasubstituted, in
a single flask. The developed transformation is of great
synthetic value and has enabled the convergent assembly of
the tetracyclic meroterpenoid (@)-cyclosmenospongine.

Nature utilizes cationic polyene cyclizations as a powerful
tool to construct terpenoids of remarkable structural com-
plexity.[1] The carbon decoration of these natural products
originates from the individual alkyl substituents along the
acyclic polyene precursors and varies depending on the
degree of post-modifications. The underlying enzymatic
processes have been extensively studied during the last
decades[2, 3] and the development of methods to mimic these
steps in the chemical laboratory have also received great
attention.[3] Owing to the substitution pattern of most
terpenoids, cyclization precursors with methyl-substituted
olefins represent the majority of investigated substrates thus
far (Figure 1a). To the best of our knowledge, precursors that
contain more complex substituents or heteroatoms at the
central olefin unit have been unexplored (Figure 1b). We
envisaged the investigation of such substrates as part of our
program to develop highly convergent and efficient synthetic
approaches to polycyclic terpenoids.[4] Herein we describe the
first realization of a non-biomimetic cationic polyene cycliza-
tion and its application to the convergent assembly of the
marine natural product (@)-cyclosmenospongine (1),[5] whose
tetracyclic carbon framework is conserved among a whole
family of meroterpenoids with remarkable biological activ-
ities.[6,7] Our studies revealed that subtle modifications within
the acyclic precursor proved to be crucial for the successful

cyclization, which generates three rings and sets three
stereocenters in a single transformation.

For the realization of this concept, we first analyzed the
structure of 1 from several three-dimensional perspectives
and thereby identified the retrosynthetic bond disconnections
as depicted in Scheme 1. This operation revealed the highly
simplified cyclization precursor 5, itself derived from the
convergent component coupling of commercially available
phenol 6, known 1-bromoalkyne 7,[8] and alkyl iodide 8. The
aryl substituent in 5 not only served as the masked p-quinone
subunit of 1 but also led to increased chemical stability when
compared to alkyl enol ethers.

Figure 1. a) Chemists have developed various methods to mimic
nature’s stereospecific cationic polyene cyclization to assemble com-
plex polycyclic terpenoids. b) The cyclization of aryl enol ether contain-
ing substrates has been unexplored and would enable rapid access to
hydroxylated decalin subunits of polycyclic terpenoids.
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To overcome the lack of cation stabilization at C15 upon
C9@C10 bond formation, we equipped iodide 8 with a thio-
phenyl ether unit. While the devised synthetic strategy
accounts for maximum modularity and allows rapid structural
adjustments, we were uncertain at this stage about the impact
of the enol ether geometry on the cis/trans-decalin selectivity.

We commenced our investigations with the synthesis of
iodide 8 from the known ketone 10 (Scheme 1).[9] Subjecting
a solution of 10 in tetrahydrofuran to trimethyl((phenyl-
thio)methyl)silane and n-butyllithium cleanly afforded the
thiophenyl ether as a mixture of double-bond isomers (E/Z =

2:3). Since the double-bond geometry was inconsequential for
the subsequent steps, cleavage of the silyl ether and iodination
was carried out without further separation of the isomers to
give iodide 8 in good yield on multigram scale. Initial attempts
to establish a gold(I)-catalyzed addition of p-methoxyphenol
(6) to 7 were unsuccessful due to a competing enyne
cyclization.[8] We then adopted a recently reported procedure
for the base-mediated addition of phenols to 1-bromoal-
kynes.[10] Extensive experimentation revealed that the reac-
tion proceeded best in N,N-dimethylformamide (DMF; 1.0m)
at 70 88C, employing excess phenol (10 equiv) and cesium
carbonate as base (3 equiv). The intermediate bromo enol
ether, which is surprisingly stable to flash-column chroma-
tography on silica gel, was then converted into 13 by
dihydroxylation of the sterically less hindered olefin using
freshly prepared AD-mix-a [K2OsO4·2 H2O, (DHQ)2Phal,
K2CO3, K3Fe(CN)6] and subsequent intramolecular displace-

ment of the secondary alcohol via the corresponding mesy-
late. Since low yields were encountered in a Negishi cross-
coupling reaction between iodide 8 and enol ether 13, we
considered the B-alkyl Suzuki–Miyaura coupling reaction[11]

as a viable alternative. Under the optimized reaction con-
ditions (5 mol% SPhos Pd G2, 5 mol % SPhos, Cs2CO3, THF,
DMF, H2O, 40 88C), coupling of 11 with 13 proceeded
efficiently to afford the cyclization precursor 5 in excellent
yield (85%, 5.6 g). Extensive screening revealed that the
choice of BuchwaldQs SPhos ligand[12] in synergism with
cesium carbonate was crucial for high conversion and also
essential for avoiding b-hydride elimination from the inter-
mediate palladium(II) species. It is noteworthy that an
intramolecular coupling process to give the corresponding
benzofuran product was not observed in any of these experi-
ments.[10]

With large quantities of 5 in hand, we focused our
attention on the crucial polyene cyclization as illustrated in
Scheme 2. To our delight, addition of ethylaluminum dichlor-
ide (EtAlCl2) to a solution of 5 in dichloromethane at @78 88C
resulted in rapid consumption of the starting material and
immediate formation of two new products as judged by thin-
layer chromatography. After 30 minutes at @78 88C, we
observed complete disappearance of the less polar intermedi-
ate and accumulation of the lower component as a single
product. Isolation of this compound and extensive two-
dimensional NMR spectroscopy supported the structure and
stereochemistry as depicted for 17. Further evidence was

Scheme 1. The non-biomimetic guided retrosynthetic bond disconnection of 1 at C4@C5, C9@C10, and C15@C16 produces enol ether 5, which can
be rapidly assembled by a highly convergent three-component coupling strategy. Reagents and conditions: a) TMSCH2SPh, nBuLi, THF, 0 88C to
23 88C, 86%; b) NEt3·3HF, CH3CN, 23 88C, 95%; c) I2, PPh3, imH, CH2Cl2, 0 88C, 81%; d) 6 (10 equiv), Cs2CO3, DMF, 70 88C, 56%; e) AD-mix-a,
tBuOH, H2O, 0 88C to 23 88C, 94%; f) MsCl, NEt3, CH2Cl2, 0 88C to 23 88C, then K2CO3, MeOH, 23 88C, 76%; g) 8, tBuLi, B-OMe-9-BBN, THF, @78 88C to
23 88C; SPhos Pd G2 (5 mol%), SPhos (5 mol%), Cs2CO3, DMF/H2O (9:1), 40 88C, 85%; B-OMe-9-BBN=9-methoxy-9-borabicyclo[3.3.1]nonane,
imH= imidazole, MsCl = methanesulfonyl chloride, THF = tetrahydrofuran, TMS= trimethylsilyl.
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provided after esterification with ferrocenecarboxylic acid
chloride (FcCOCl)[13] and subsequent single-crystal X-ray
diffraction of 18.

The cyclization of 5, which is remarkable in many ways,
produces 17 as a single diastereomer. This highly efficient
sequence of carbon–carbon bond forming events leads to the
formation of three rings and installation of four stereocenters,
three of which are part of the final meroterpenoid skeleton.
The excellent stereoselectivity in this transformation can be
attributed to a highly organized transition state, which is fully
controlled by the double-bond geometry of the enol ether and
the stereocenters at C3 and C8. In view of our results and
seminal work by Corey,[14] we believe that only epoxide
activation and carbon–carbon bond formation between C4@
C5 to give 14 might proceed via a concerted process
(Scheme 2). Acetal 14, which is short-lived using ethylalumi-
num dichloride (EtAlCl2), and was initially only observed by

thin-layer chromatography, could be isolated in pure form
after exposure of 5 to the less reactive diethylaluminum
chloride (Et2AlCl) and hydrolysis of excess Lewis acid at
@78 88C. Further cyclization presumably proceeds via a non-
concerted, stepwise mechanism and involves the transient
species 15 and 16. Support for this hypothesis also comes from
the observation that both thioenol ether double-bond isomers
fully equilibrate to give 17 as a single diastereomer. Notably,
the presence of the thioenol ether[15] turned out to be critical
for successful promotion of the polyene cyclization. Sub-
strates that were lacking this substitution pattern proved to be
unreactive, as nucleophilic attack of the remote C9@C15
olefin at C10 would generate an energetically unfavorable
primary carbocation at C15, thus suppressing any further
productive pathway.

For the final stage of the synthesis, we had to develop
a sequence that allowed us to remove the traceless conforma-

Scheme 2. Realization of a stepwise cationic polyene cyclization that creates three rings and sets four stereocenters in a highly efficient manner
on gram scale, and advancement of the tetracycle 17 to the natural meroterpenoid (@)-cyclosmenospongine (1). Reagents and conditions:
a) EtAlCl2, CH2Cl2, @78 88C, 83%; b) FcCOCl, DMAP, CH2Cl2, 23 88C, 70%; c) Et3SiH, CH2Cl2, BF3·OEt, 0 88C, 97%; d) (C6F5)OC(S)Cl, DMAP, CH2Cl2,
then AIBN, nBu3SnH, benzene, 64%; e) BBr3, CH2Cl2, @78 88C to 23 88C, 85%; f) Br2, CH2Cl2, @55 88C, 93 %; g) Me2SO4, K2CO3, acetone, 23 88C, 87 %;
h) tBuLi, (iPrO)Bpin, THF, @78 88C to 0 88C, then H2O2, NaOH, 0 88C to 23 88C, 75 %; i) salcomine, O2, DMF, 23 88C, 77%; j) NH3, MeOH, H2O,
pyridine, 23 88C, 60 %. Thermal ellipsoids shown at 50% probability.[19] AIBN= azobisisobutyronitrile, DMAP= 4-dimethylaminopyridine, Fc = ferro-
cene, pin= pinacol.
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tional anchor at C3 and liberate the benzylic position at C15.
Desulfurization of 17 using Raney nickel proved to be
sluggish in many cases and gave moderate yields (63%) in
large-scale experiments. Gratifyingly, we found that removal
of the thiophenyl substituent could be accomplished in
excellent yield upon exposure of 17 to triethylsilane in the
presence of boron trifluoride dietherate (97 %, 3.3 g;
Scheme 2). Subsequent Barton deoxygenation[1b] of the
secondary alcohol and methyl ether cleavage (BBr3, @78 88C)
afforded 5-epi-aureol (19 ; 1.6 g), which has yet to be isolated
from natural sources.[7e, 16] Although efforts to isomerize the
trans-decalin to the cis-form were unsuccessful at this stage,
we were able to convert 19 into (@)-cyclosmenospongine (1)
via sequential functionalization and oxidation of the arene
portion.

For this purpose, 19 was first selectively brominated and
methylated to give 20 (1.6 g). Exchange of the bromine
substituent for a hydroxy group could be best achieved by
formation of the boronic ester (tBuLi, (iPrO)Bpin) followed
by oxidation (H2O2, NaOH). Treating a solution of the phenol
in N,N-dimethylformamide with salcomine under an atmos-
phere of oxygen[17] led to selective p-quinone formation to
give 5-epi-smenoqualone (21; 740 mg), whose spectroscopic
data were in full agreement with those reported previous-
ly.[7e, 18] From there, (@)-cyclosmenospongine 1 (420 mg) was
obtained as a dark-red solid after aminolysis (NH3, MeOH,
23 88C)[5] and column chromatography on silica gel. Crystal-
lization from diethyl ether yielded crystals suitable for single-
crystal X-ray diffraction and allowed us to unambiguously
validate the proposed structure of 1. However, we were
surprised to observe that the 1H and 13C NMR data (CDCl3)
showed major inconsistencies (D = 1.0–4.7 ppm) when com-
pared to the values reported for the isolated natural
product.[5] To rationalize the exact origin of this discrepancy,
we conducted a series of NMR experiments. While concen-
tration effects could be excluded, successive addition of
hydrogen chloride led to immediate formation of a deep-
purple solution and significant shifts of the key NMR signals,
in particular the C17 to C21 region of the aminoquinone
subunit of 1. The so-obtained 1H and 13C NMR data were now
in better agreement (D, 2.5 ppm) with those reported in the
literature.[5] Interestingly, formation of the hydrogen chloride
adducts was reversible as concentration and re-measurement
in acid-free chloroform gave the same spectra as before (see
the Supporting Information for NMR studies and details).

In summary, we developed a powerful and operationally
simple cationic polyene cyclization for the convergent assem-
bly of tetracyclic terpenoids. This work, which enables rapid
access to the cyclization precursor via a modular three-
fragment coupling strategy, has enabled the total synthesis of
the unique meroterpenoid (@)-cyclosmenospongine (1). The
highlights of this synthesis are a base-mediated phenol–
alkyne addition to give a bromoenol ether, a highly efficient
C(sp2)@C(sp3) Suzuki coupling to provide the trisubstituted
aryl enol ether and an unprecedented polyene cascade
cyclization to forge the crucial benzo[d]xanthene skeleton.
In the key step, four adjacent stereocenters, two of which are
tetrasubstituted, are generated in a highly diastereoselective
manner. We hope to stimulate further research in the area of

cationic polyene cyclizations and thereby further enhancing
the power of organic synthesis. An application of this strategy
to other polycylic terpenoids, investigations aimed at the
influence of the enol ether geometry on the cis/trans-decalin
selectivity, and detailed biological studies of 1 are currently
underway.
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