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ABSTRACT

A fully substrate controlled stereoselective route to construct cis -hexahydronaphthalene 4 is described starting from nonracemic butenolide
6. The key step is an exo-selective transannular Diels −Alder reaction (TADA) of tetraene 5, whose intrinsic constraint allows selective formation
of one stereodefined product. Compound 4 is a key intermediate in the synthesis of the novel antibiotic branimycin (1).

Transannular Diels-Alder (TADA) reactions1 have repeat-
edly proven their value in the construction of bicyclo[4.3.0]-
nonane and bicyclo[4.4.0]decane systems present in natural
products. In the overwhelming majority of cases, these
reactions proceed viaendo transition states.1 We were
intrigued by the idea to overrule this intrinsic preference by
a suitable conformational constraint so that theexo-transition
state would instead be favored.2 This concept gained
momentum when we embarked on a total synthesis of
branimycin (1),3 a novel antibiotic that has been isolated from
Streptomycesby the Laatsch group.4 Structurally,1 belongs
to the nargenicin-type antibiotics such as nodusmycin (2a)
and the nargenicins (2b,c)5 which have been the object of

intensive synthetic efforts over the past twenty years (Figure
1).6,7 Despite this, only the synthesis of2c has been
completed so far.6

Our retrosynthetic concept envisaged the synthesis of the
octahydronaphthalene core (3) of branimycin (1) via Diels-
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Figure 1. Branimycin and related nargenicins.
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Alder cycloaddition (Figure 2). Early studies had shown that
an open-chainZ,E,Z-trienol was unstable under various
IMDA conditions. Therefore, a TADA version under sub-
strate control showed the highest promise to perform this
reaction with optimal stereocontrol. This led us to intermedi-
ate 4 as this compound could be constructed by a TADA
reaction from macrolide5. To obtain the correct relative
configurations at C6, C9, C10, and C11 the macrolide must
have a 6,7-E-8,9-Z-10,11-E-configuration. The absolute
configuration can be induced by the chiral tether, for which
we chose a lactol ring. On the basis of molecular model
inspections we found that a cis-fused lactol at C3/C12 is
too flexible for a stereocontrolled cyclization. In the trans-
fused system, however,endo-geometries are strained, where

only the twoexo-transition statesTS-A (leading to4) and
TS-B (leading to4′) can be adopted. DFT calculations
(B3LYP/6-31G(d)) predicted a better conjugation of the diene
unit and a lower energy difference between HOMO and
LUMO in the reactants ofTS-A, making it 2.5 kcal/mol
lower in energy thanTS-B. Hence,4 was expected to be
formed with high selectivity. However, it was an open
question how such a highly unsaturated macrocycle as5 can
be constructed and if the (Z)-double bonds would survive
the Diels-Alder conditions, to yield the desired cis-fused
hexahydronaphthalene ring.8 Additionally, the behavior of
Z,E,Z-trienol derivatives as diene substrates in Diels-Alder
reactions is unknown and, as already mentioned,exo-
transition states are uncommon in TADA reactions. On this
background, our project promised novel insight into such
transformations,9 all the more so as the Roush group reported
a related TADA example in which acis-octahydronaphtha-
lene is formed via anendotransition state.7a

The synthesis of macrolide5 was started from known
butenolide6,10 which was protected as the TBDPS-ether
(Scheme 1). Vinyl-1,4-addition was found to proceed

smoothly by using catalytic amounts of CuCl/LiCl at-78
°C. As lactone7 proved incompatible with the subsequent
reaction conditions, it was reduced immediately with
DIBAL-H and converted to the methyl lactol8 with Ag2O
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Figure 2. Retrosynthesis and transition state calculations: forTS-
A, C11-C6 ) 243.7 pm and C10-C9 ) 214.5 pm; forTS-B,
C11-C6) 251.5 pm and C10-C9 ) 210.8 pm.

Scheme 1. Synthesis ofE,Z-Diene10
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and MeI11 in refluxing CH2Cl2 (70% over 3 steps,syn:anti
g 95:5).

After ozonolysis of8, the installation of the desired (E,Z)-
diene could be most effectively accomplished by using a (Z)-
selective, modified Julia-olefination with sulfone9,12 which
yielded10 in 60% yield and aZ,E:E,E-selectivity of 85:15.

As preliminary experiments had shown that an open-chain
Z,E,Z-triene obtained from intermolecular Stille coupling of
10 with phosphonate12 was prone to isomerization, we
decided to construct this delicate part of the molecule as late
as possible. We therefore decided to build the triene as the
last step in an intramolecular Stille-coupling to form mac-
rocycle5.

After TBDPS-cleavage, alcohol11 could only be con-
verted to theR,â-unsaturated ester13 by using a TPAP-
oxidation/Roush-Masamune olefination sequence as the
intermediate aldehyde turned out to be highly unstable. By
using phosphonate12under these conditions,seco-compound
13 could be obtained in acceptable 75% yield (Scheme 2).

Intramolecular Stille-coupling13 under high-dilution condi-
tions gave the desired macrocyclic tetraene5 in 51% isolated
yield (Scheme 3). The TADA reaction of tetraene5 under

thermal conditions (140°C, 24 h) yielded4 as a single
diastereomer in 70% yield.14 Its structure was determined

on the basis of extensive NOE studies and also by single-
crystal diffraction.14

The MM-model and the solid-state conformation are fully
superimposable, thus demonstrating the rigidity of the
polycyclic template. The two cyclohexene moieties adopt
half-chair envelope-like geometries with planes nearly
perpendicular to each other (Figure 3).

In conclusion, we have demonstrated that the TADA
reaction of macrolide5 prefers anexo-transition state. The
overall sequence, starting from lactone6, establishes 6 new
stereogenic centers in 11 linear steps via purely substrate
controlled transformations. We are currently exploiting this
approach to finalize the total synthesis of branimycin, which
will be reported in due course.
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Scheme 2. Synthesis ofseco-Compound13

Scheme 3. Coupling and TADA Reaction of13

Figure 3. (a) ORTEP projection (ellipsoids: 50% probability) of
TADA product4 and (b) observed NOE interactions on a molecular
mechanics model.
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