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ABSTRACT: Intramolecular Diels−Alder reactions of dioxa-
none-fused (Z,Z)-dienes, available in a stereoselective manner
from the corresponding alcohols are described. These dienes
exhibited high reactivity and high levels of endo selectivity,
giving functionalized trans-fused bicyclic compounds.

In our recent study on natural product synthesis, we reported
an approach to functionalized cyclohexane derivatives via a

three-component assembly using dioxinone as a key platform
(Scheme 1).1 The halogen−lithium exchange of iododioxinone

A followed by the reaction with aldehyde B gives alcohol C,
which undergoes facile 1,4-elimination by treatment with Tf2O,
giving (Z,Z)-diene D with rigorous stereoselectivity. Due to the
s-cis diene structure enforced by fusion to a dioxanone ring,
diene D is an excellent Diels−Alder substrate, reacting with
various dienophiles E at room temperature. Worthy of note is
the excellent endo-selectivities, giving stereodefined cycloadduct
F with high synthetic potential by the regenerated dioxinone
moiety ready for various transformations.2

We envisaged that such features would be also useful in the
intramolecular Diels−Alder (IMDA) reactions, which are
powerful tools for constructing highly functionalized bicycles.3,4

Herein, we are pleased to report positive results, realizing the
expeditious, stereoselective construction of functionalized
bicyclic skeletons with high stereoselectivity (Scheme 2).

Scheme 3 illustrates the preparation of triene precursors 5a
and 5b. TMS-Dioxinone 1 served as the starting material,
allowing selective γ-alkylation via the derived lithium dienolate

Received: April 21, 2015
Published: May 14, 2015

Scheme 1. Diels−Alder Reactions of Dioxanone-Fused
Dienes

Scheme 2. IMDA Reactions of Dioxanone-Fused Dienes

Scheme 3. Preparation of Triene Precursors
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(LiHMDS, HMPA, THF, −78 °C, 1 h) followed by a reaction
with iodoolefin 2a (2.0 equiv, −78 °C → rt, 2 h), giving the
product 3a in 77% yield.5 The presence of the TMS group in 1
was essential, as the reaction of the corresponding non-TMS
congener suffered from a competing α-alkylation and/or
polyalkylations. Conversion of 3a, involving the olefin meta-
thesis with ethyl acrylate (3.0 equiv, second Grubbs catalyst,
CH2Cl2, reflux, 2 h) and iodo-desilylation,6 gave iododioxinone
4a in 90% yield. Upon addition of i-PrMgCl (2.0 equiv) to a
mixture of 4a and isobutyraldehyde (2.3 equiv) in Et2O (−30
°C, 10 min), the iodine−magnesium exchange followed by 1,2-
addition proceeded to give alcohol 5a in quantitative yield.
Along the same lines, homologue 5b with a one-carbon longer
chain was prepared (Scheme 3).
With the potential diene precursors 5a and 5b, generation of

the diene was examined. Treatment of 5a with Tf2O in the
presence of a Hünig base (4.0 equiv, CH2Cl2, −30 °C, 20 min)
gave triene 6a in 90% yield. The (Z,Z)-isomer was exclusively
obtained, and the stereochemistry was assigned by diagnostic
NOEs (Scheme 4, below left).

Upon heating (toluene, 50 °C, 12 h), triene 6a underwent
slow cycloaddition, giving the endo cycloadduct 7a in moderate
yield (Method A). The stereochemistry of 7a was assigned by
the diagnostic NOE correlations (Scheme 4), indicating an all-
cis relationship of the hydrogens Ha, Hc, and Hd. Further
optimization identified Sc(OTf)3 as an effective catalyst,7

allowing smooth cycloaddition at room temperature with
complete endo selectivity (Method B: Sc(OTf)3, CH3CN, H2O,
rt, 48 h).
The rigorous stereoselectivity was also the case for the one-

carbon homologue 5b (Scheme 5). Upon treatment of alcohol
5b with Tf2O (Hünig base, 4.0 equiv, CH2Cl2, −30 °C, 10
min), (Z,Z)-triene 6b was obtained in 85% yield. Surprisingly, a
small amount of different product was obtained, which proved
to be the cycloadduct 7b8 in 11% yield, suggesting the high
reactivity of 6b in the IMDA reaction. Indeed, after
sulfonylation, warming to rt enabled the IMDA reaction to
proceed, giving 7b in 90% yield.
The facile and exclusive formation of the endo cycloadducts

7a and 7b is notable, which stands in sharp contrast to the
reactions of simpler trienes, such as I and II, requiring high

temperatures and resulting in poor stereoselectivities (Scheme
6).9,10 Thus, the dioxanone fused to the diene moiety poses a
significant influence on the reactivity and the reaction course.

What is the role of the dioxanone moiety? The high reactivity
is attributed to the s-cis diene structure enforced by fusion to a
dioxanone ring. On the other hand, the high endo selectivity
calls for other arguments.
Although endo selectivities have been traditionally attributed

to the secondary orbital interaction, recent arguments invoked
other effects, e.g. steric effects, electrostatic forces, etc.11

Indeed, a computational study12 on the reaction of 6b
suggested that the decisive factor is the steric repulsion,
although the secondary orbital interactions are operative (vide
inf ra).
In the transition structure TSexo going to the exo cycloadduct,

the tethering chain and one of the oxygen atoms in the
dioxanone ring are repulsive. By contrast, transition structure
TSendo, 3.22 kcal/mol lower than TSexo, is free from such
repulsion (Figure 1).13

To gain further insight, NBO analysis14 was conducted on
TSendo for evaluating the donor/acceptor interactions. Two
stabilizing interactions were suggested in TSendo (Figure 2). We
found that the π electrons of the CC bond of the diene
moiety are delocalized into the antibonding orbital of the C
O bond of the dienophile moiety, providing stabilization of 0.76
kcal/mol. This represents the secondary orbital interaction,
which is relatively small when accounting for the rigorous
selectivity.
Indeed, the NBO analysis suggested an additional stabilizing

effect by a C−H/n interaction in TSendo. The carbonyl oxygen
is placed in close proximity to the methyl group (2.15 Å),
suggesting the lone pair of the carbonyl group is delocalized to
the antibonding orbital of the carbon−hydrogen bond.

Scheme 4. Sulfonylation and IMDA Reaction

Scheme 5. Reaction of Alcohol 5b

Scheme 6. Previous Examples
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Thus, the high endo selectivity could be attributed to the
following factors: (1) destabilization of TSexo by steric
repulsion, and (2) stabilization of TSendo by a weak secondary
orbital interaction and by a C−H/n interaction.
We next examined the reactions of the oxygen-tethered

trienes, for which the precursors 11a and 11b were prepared
(Scheme 7). Meldrum’s acid (8) was combined with acid

chloride 9a (pyridine, CH2Cl2, 0 °C → rt, 20 min), and heating
of the resulting product in the presence of acetone (toluene,
reflux, 2 h) afforded dioxinone 10a in 60% yield in two steps.
The following manipulation to the triene precursor 11a was
conducted in a similar way as mentioned above. The protocol
was also applied to the synthesis of 11b.15

Upon treatment of alcohol 11a with Tf2O (i-Pr2NEt,
CH2Cl2, −30 °C, 20 min, then rt, 6 h), hydrobenzofuran
12a8 was obtained in 87% yield. The NOE correlations
confirmed the stereochemistry as indicated (Scheme 8).

Notably, the reactivity is much higher for the oxygen-tethered
triene, generated from alcohol 11a, as it underwent the IMDA
reaction without resorting to any catalyst. This stands in
contrast to the corresponding carbon-tethered triene 6a that
required Lewis acid catalysis (vide supra). This enhanced
reactivity is due to the electron donation from the oxygen lone
pair, raising the HOMO level of the diene. Under the same
conditions, the reaction of alcohol 11b with a longer chain also
gave the endo cycloadduct 12b8 as the sole product in 88%
yield.
In summary, the intramolecular Diels−Alder reactions of

dioxanone-fused dienes proceeded with high endo selectivity
under mild conditions, giving trans-fused bicyclic products. The
regenerated dioxinone moiety provides additional opportunities
for further elaboration. Further work is in progress on the
synthesis of natural products.
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Figure 2. NBO analysis on TSendo.
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