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a b s t r a c t

A total synthesis of the bioactive tetracyclic natural product acremine G has been achieved in which a
regio- and stereoselective biomimetic Diels–Alder reaction between two readily assembled building
blocks, accelerated on a solid support (silica gel), forms the key step.

� 2010 Elsevier Ltd. All rights reserved.
Endophytic fungi, as they grow on their plant hosts, continually
interacting and exchanging evolutionary memories, produce a wide
range of novel and interesting secondary metabolites.1 In particular,
fungal metabolites of the genus Acremonium have proved to be a rich
repository of diverse natural products, endowed with broad-ranging
biological activity, encompassing immunosuppressant cyclosporins
to tremorgenic indoles.2 A research group3 in Italy has explored a
strain of Acremonium byssoides named A20, isolated from the grape-
vines of a Sicilian vineyard and found to parasitize Plasmopara vitico-
la, for new metabolites. From the cultures of this fungus, a dozen
structurally related metabolites named acremines A–F,3a G3b and
H, I, L–N,3c originating through a mixed polyketide and mevalonate
biosynthetic pathway, were isolated, characterized and their stereo-
structures elucidated.3 Among these, acremine G (1), whose struc-
ture was determined through single crystal X-ray crystallography,
is particularly interesting in view of its compact tetracyclic frame-
work and its dimeric relationship with respect to other acremines,
for example, acremine A (2). As with other acremines, 1 also exhib-
ited mild inhibition of sporangia in P. viticola.

In structural terms, acremine G (1) possesses an architecture
reminiscent of allomicrophyllone 3, a bioactive
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prenyl benzoquinone dimer from the medicinal plant Ehretia micro-
phylla.4 Drawing on the earlier proposal for the biogenesis of allomi-

crophyllone 3, Nasini and co-workers3b proposed a Diels–Alder (DA)
cycloaddition–enzymatic oxidative coupling-based biosynthetic
pathway for acremine G, Scheme 1.5 The monomeric units 4a and
5 could readily arise from acremine A (2) involving appropriately
sequenced dehydration/oxidation steps. Stereoselective Diels–Alder
reaction to 6 and further oxidative coupling was expected to lead to
1. In view of our ongoing interest6 on acremines that recently cul-
minated in the synthesis of acremines A, B and I,6 we decided to em-
bark on a synthesis of acremine G (1) following the proposed
biogenetic pathway involving the Diels–Alder cycloaddition as the
pivotal step.7,8

To commence our study towards acremine G (1) via the biomi-
metic Diels–Alder cycloaddition strategy, the synthesis of the two
monomeric units, diene 4b and prenylated quinone 5, was under-
taken from readily available starting materials. Methyl hydroqui-
none 7a, obtained commercially, was methylated to 7b and
further Vilsmeier–Haack formylation furnished 8,9 Scheme 2. Wit-
tig–Horner olefination of 8 led to the cinnamate ester 9, which, on
addition of excess methyllithium, resulted in the tertiary alcohol
10. After some initial difficulties, we found that 10 could be readily
dehydrated with mesyl chloride in the presence of DMAP and Et3N
to deliver the desired diene 4b,10 Scheme 2.

The formylated compound 89 also served as the precursor for
the prenylated quinone 5. Demethylation of 8 led to diol 11 and
Horner–Wittig olefination furnished the cinnamate ester 12,
Scheme 3. Addition of excess methyllithium to 12 furnished the
tertiary alcohol 13. After investigating several reaction conditions
for the oxidation of hydroquinone 13 which would not be detri-
mental to the sensitive tertiary hydroxy group, we found that
aqueous NaIO4 fitted the requirement and delivered the prenylated
benzoquinone 5 in good yield.

With somewhat labile diene 4b and the prenylated benzoqui-
none 5 in hand, we were keen to avoid thermal activation for the
Diels–Alder reaction and looked for mild conditions to affect the
cycloaddition. After evaluating several catalysts, we were delighted
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Scheme 1. Proposed biogenesis of acremine G (1).
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Scheme 2. Reagents and conditions: (a) Me2SO4, K2CO3, acetone, rt, 24 h, quant.; (b) DMF, POCl3, DCE, 80 �C, 12 h, 80%; (c) Ph3P@CHCO2Me, C6H6, reflux, 4 h, 80%; (d) MeLi
(3 equiv), THF, �78 �C, 30 min, 83%; (e) MsCl, Et3N, DMAP, CH2Cl2, 0 �C to rt, 1 h, 78%.
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to find that commonly used chromatographic silica gel [100–200
mesh; SiO2/(4b+5) = 5:1] accelerated11 dramatically the DA reac-
tion between 4b and 5 and the reaction was complete within one
hour under ambient conditions to furnish two adducts, endo-1410

and exo-15,10 in a ratio of 4:1 and in 80% yield, Scheme 4. The
structures of 14 and 15 were determined from 2D NMR data, par-
ticularly NOE experiments; however, for the sake of unambiguity,
the structure of the required endo-adduct 14 was fully secured
through single crystal X-ray structure determination12 and its OR-
TEP diagram is displayed in Figure 1. The stereo- and regiochemical
outcomes of the Diels–Alder reaction between 4a and 5 are quite
notable and the preferential formation of the desired endo-adduct
14 among other regio- and stereochemical possibilities can be rec-
onciled through the endo transition state 16.13 Having obtained the
key DA adduct corresponding to 6 as envisaged in Scheme 1, the
next task was to attempt the crucial oxidative cyclization to the
natural product 1 and this a priori necessitated deprotection of
the aromatic methyl ether functionality in 14.10 However, given
the sensitivity of 14, this proved to be a major hurdle, and forced
us to seek a modified approach employing a more pliable protect-
ing group for the phenolic hydroxy groups.

Consequently, the phenolic hydroxy groups in cinnamate ester
12 were protected as the di-TBS derivative 17 and further addition
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Scheme 3. Reagents and conditions: (a) BBr3, CH2Cl2, �78 �C, 24 h, 87%; (b) Ph3P@CH
recovered starting material); (d) NaIO4, MeOH/H2O (2:1), 0 �C to rt, 1 h, 83%.
of methyllithium led to the tertiary alcohol 18, Scheme 5. As ex-
pected, the tertiary hydroxy group in 18 proved to be amenable to
smooth dehydration and furnished the desired diene 4c to partner
the prenylated benzoquinone 5 in a DA cycloaddition. We were de-
lighted to observe that the DA reaction between 4c and 5 progressed
to completion under ambient conditions14 in the presence of silica
gel [100–200 mesh; SiO2/(4c+5) = 5:1] and two adducts, endo-19
and exo-20, were obtained in �4:1 ratio, Scheme 6. The structures
of 19 and 20 followed from their 2D NMR analyses and spectral com-
parison with their sibling adducts 14 and 15, respectively. The pre-
ferred formation of the endo-adduct 19 was once again along
expected lines (vide supra) with good regio- and stereocontrol.

At this stage, we attempted deprotection of the –OTBS groups in
19 to explore the key oxidative coupling (see Scheme 1). However,
this deprotection step proved to be surprisingly complicated in spite
of employing a variety of desilylation protocols. Thus, we decided to
adopt the very recently reported8 procedure of Stratakis and co-
workers to complete the synthesis of acremine G, Scheme 7. Indeed,
exposing endo-19 to in situ-generated HF under oxygen and careful
monitoring (TLC) of the reaction led to the isolation of acremine G
(1)10 in a satisfactory yield through successive desilylation, epimer-
ization and oxidative cyclization. The mechanism of this interesting
radical-mediated oxidative coupling reaction has already been dis-
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Figure 1. ORTEP diagram of 14, drawn at 30% probability.
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cussed.8 Our sample of synthetic 1 was found to be spectroscopically
(1H, 13C NMR) identical to the natural product.

In short, we have accomplished a total synthesis of the dimeric
natural product (±)-acremine G following a short and simple assem-
bly of the diene and dienophile monomeric units and employing a
silica gel-accelerated Diels–Alder reaction as the pivotal step. We
are currently extending this successful biomimetic Diels–Alder
cycloaddition strategy towards the synthesis of microphyllone, allo-
microphyllone and related bioactive natural products.4
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