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ABSTRACT

Application of iterative protocols to the synthesis of functionally and stereochemically complex small molecules is an emerging area of research
with the potential to create new efficiencies in complex molecule synthesis. Similarly, the discovery of tandem or cascade reactions can aid in the
rapid generation of new structures for biological screening programs. This report describes a cascading 6-endo-trig/5-exo-trig radical cyclization
across bis-vinyl ether substrates, which are themselves iteratively synthesized from simple building blocks.

The introduction of solid phase synthesis techniques in
the 1960s1 stimulated an explosion in the development of
efficient iterative protocols for the synthesis of polynucleic
acids (i.e., DNA and RNA)2 and polyamino acids (i.e.,
peptides or proteins).3 Ready access to these synthetic
materials revolutionized biochemistry and molecular biol-
ogy and inspired the subsequent development of related
approaches to oligosaccharides.4

Historically, the application of iterative techniques to
the synthesis of secondary metabolite natural products, or
other functionally and stereochemically complex small
molecules, has been less actively pursued;notwithstand-
ing some excellent contributions to the syntheses of
polyketides,5 “ladder”-type polyethers,6 and other select
classes of oligomeric natural products.7 More recently, the
invention of protective groups for aryl or vinyl boranes has
led to the development of powerful iterative Suzuki coup-
ling strategies for small molecule synthesis.8

As is the case for iterative synthesis, the use of tandemor
cascade reactions in the assembly of complex molecules
can significantly enhance the efficiency of the overall
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approach by reducing the number of steps requiring
independent optimization.9

In principle, combining the inherently complementary
strategies of iterative synthesis and cascade methodology
could reduce the development time associated with the
synthesis of certain types of architecturally complex struc-
tures. Specifically, we propose the use of short iterative
protocols to prepare reactive oligomers, followed by the
application of a cascade cyclization to access a (poly)cyclic
target with good regiochemical and stereochemical con-
trol. In this way, the synthesis of structural analogues
should only require input of an array of simplemonomeric
building blocks, while the core structures of the (poly)cycles
themselves might be altered through the use of chemically
orthogonal cascades.
In this Letter, we describe an iterative conjugate addi-

tion/reduction sequence leading to a family of oligo-vinyl
ethers (e.g., 4�10, Table 1). These highly functionalized
structures (or related congeners) should be amenable to
cascade cyclization through a variety of orthogonal trans-
formations; as a proof of concept, we demonstrate here the
conversion of bis-vinyl ethers 6 to functionalized hexahy-
dro-2H-furo[3,4-b]pyrans 15 through an unusual 6-endo-
trig/5-exo-trig radical cascade. To the best of our knowl-
edge, this is the first radical cascade reported for a bis-vinyl
ether substrate.
In the first iterative step, reactionof 1 equiv of alcohol (1,

4, 6, or 8, Table 1) with 1 equiv of alkyne 2 proceeded
smoothly under the influence of 10 mol % of PMe3

10 to
afford addition products (3, 5, 7, or 9) with generally
high yield and good selectivity for the E isomer.11 With
more hindered electrophiles (particularly those bearing
a trifluoromethyl group), the E:Z selectivity was sub-
stantially eroded; in these cases (3f and 5i) the two
isomers were separated chromatographically before
proceeding. Depending on the substitution at the R1

and R2 positions, bis-vinyl ethers 5 were occasionally
prone to unwanted Claisen rearrangements. These were
particularly problematic when the R2 substituent was an
electron-withdrawing group (unless R1 was also an
electron-withdrawing group, as in the case of 5i), or an
aromatic group. We therefore focused our methodology
on substrates incorporating alkyl groups or protons at
the R2 position. After reduction with diisobutylalumi-
num hydride (DIBAL), rearrangement was no longer
observed.
Products 3�10 were purified over triethylamine-treated

silica. However, both the addition and reduction steps
yielded relatively pure material for most substrates (ca.
90% purity by NMR) even in the absence of column
chromatography; simple filtration through basic alumina
was sufficient to remove impurities in the addition reaction,

while aqueousworkupremovedmostof the aluminum-based
byproducts following DIBAL reduction. This lack of
required chromatographic purification steps suggests
that the iterative conjugate addition/reduction sequence

Table 1. Iterative Synthesis of Vinyl Ethersa

aConditions: (i) CH2Cl2, 0 to 23 �C, 24 h. (ii) Et2O, �78 to �40 �C,
4 h. bFor compoundswithmore than one vinyl ether, theE:Z ratio refers
the ratio of the all-E product to all other adducts. cPure E isomer,
separated from 59% of the corresponding Z isomer. d Isolated along
with 22% of a transesterification product. ePure E isomer, separated
from 58% of the corresponding Z isomer.
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described here could form the basis for an automated or
semiautomated assembly of oligo-vinyl ethers.
Barring a few reports of Claisen rearrangements,12 the

chemistry of bis-vinyl ethers like 6 is unknown. We opted
to first explore their reactivity in radical cascade reactions,
since this would provide an opportunity to directly com-
pare the behavior of bis-vinyl ethers with that of the
analogous polyene systems, for which numerous radical
cascades have been described previously.13 To better un-
derstand the reactivity of these substrates, we also briefly
investigated the radical cyclization of monovinyl ethers 4a
and 4b. Following methylation14 of the alcohol in 4a (to
provide 11, Scheme 1), treatment with triphenyltin hydride
and azobisisobutyronitrile (AIBN) in refluxing benzene
afforded a good yield of 12, consistent with results for
related systems.15 No 5-exo product was observed. The
methyl ether of 4b also provided mostly the corresponding
6-endo product, but with less selectivity. Subsequent reac-
tions were exclusively carried out with alkyl or aryl sub-
stituents at the R1 position.
Moving on to the cascading cyclization of bis-vinyl

ethers (6, and alkylated derivatives thereof), we found that
many such substrates engaged in a highly selective 6-endo-
trig/5-exo-trig reaction to provide 15.16 Not surprisingly,
the reaction leading to 15was most efficient for substrates
in which R2 was a proton (Table 2, entries 1�5), presum-
ably owing to the reduced steric hindrance for the final
bond-forming step.
Substrates bearing alkyl groups at the R2 position were

more resistant to bicycle formation (Table 2, entries 6�9).
Nonetheless, the use of high dilution (Table 2, entry 7)
provided an acceptable yield of 15f (R1=Me, R2=Me),
containing two adjacent quaternary centers. Further in-
creasing the size of the substituents (Table 2, entries 8 and
9) blocked the formation of 15, such that only monocyclic
products 16g and 16h were isolated cleanly. The presence
of a free hydroxyl group (Table 2, entry 10) or a benzyl
function in place of the terminal methyl ether (entry 11)
did not adversely affect the yield, but in both cases the
diastereoselectivity was eroded.
Assignment of the relative stereochemistry for 15 was

complicated by the presence ofminor isomers visible in the
NMR spectra. To simplify the assignment, representative
structures 15a and 15f were subjected to protodestannyla-
tion with aqueous HCl (Scheme 2). The structures of
the products were fully assigned by 2D NMR methods
(see Supporting Information); assignments of the major

products inTable 2weremade by analogy.Destannylation
of 15a (as a 4:1 ratio of major isomers, each of which could
be further resolved by NMR into a mixture of secondary
isomers) afforded both possible diastereomers of product
(17a and 18a, again in a 4:1 ratio), while destannylation of
15f (as a 5:1 mixture of isomers) provided a single diaster-
eomer (17f) in excellent yield. These results indicate that
the bicyclic structure of 15f is formed as a single diaster-
eomer and that the minor isomer visible spectroscopically
corresponds to a second geometric isomer at the double
bond. By contrast, the less-substitued analogues (15a� 15e,

Table 2. Radical Cyclization across Bis-Vinyl Ethersa

aConditions: (i) Ph3SnH (1.5 equiv), AIBN (0.1 equiv) added over
6 h to a refluxing solution of 14 in benzene. Heating was continued
for 1.5 h prior to workup. Major diastereomers are shown for products
15 and 16. bReported values refer to the ratio between the major
observed product and the next most abundant species; refer to the
Supporting Information for more details. cProduct was not observed
in g10% yield.

Scheme 1. Radical Cyclization onto a Mono-Vinyl Ether
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as well as 15i and 15j) are formed asmixtures of epimers at
the carbon bearing R2, as well as geometric isomers at the
double bond. No evidence of trans-fused products was
observed.

As described in a series of papers by Pattenden, polyenes
that are structurally related to 6a (but which lack polarized
double bonds) react in radical cascades through a series of
6-endo-trig cyclizations, a fact that has been attributed to
steric control.13,17 Thus, the first ring-closing event in the
synthesis of 15 (i.e., 19f 20, Scheme 3) is in keeping with
the reactivity observed for the corresponding olefinic
system (and is, likewise, probably due largely to steric
factors),16 while the second ring closure takes the opposing
5-exo pathway. We attribute this regiochemical switch to
the electronic properties of intermediate 20 (Scheme 3);
due to electronic donation from the adjacent oxygen atom
to the radical-bearing carbon, the energy of the SOMO is
increased, thereby enhancing the nucleophilicity of the
radical.18 Although a second 6-endo-trig cyclization (to
afford 22) would be favored on steric grounds (at least for
derivatives of 6a) this pathway is disfavored electronically,
since it would require the nucleophilic radical to add to the
nucleophilic end of the vinyl ether function. Addition to
the more hindered, but less nucleophilic, end of the vinyl
ether group in a 5-exo-trig cyclization19 (to provide 21) is
therefore favored on electronic grounds.
Regarding the relatively high levels of diastereoselectiv-

ity observed in the cascade reaction (particularly in the
formation of 15f), we hypothesize that the allylic ether side
chain is preferentially oriented away from the tetrahydro-

2H-pyran core during the final cyclization event (as repre-
sented by 20a, Scheme 3).20 This picture is consistent with
both the increase in selectivity for 15f over 15a (a methyl
group in the R2 position is more easily accommodated anti
to theR1 substituent) and the decrease in selectivity for 15e
(in which the bulky protecting group in the R1 position
may present an obstacle to the allylic ether).
Hexahydrofuropyrans of the type described here (and

oxidized forms thereof) comprise the core structures of
several natural products21 and have also been utilized in
medicinal chemistry programs.22 Their selective formation
through a high-yielding radical cascade reaction across
iteratively synthesized vinyl ether precursors provides a
compelling validation of the potential efficiency that may
be achieved by uniting iterative synthesis and cascade
cyclization methodologies.
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Scheme 2. Protodestannylations

Scheme 3. Proposed Mechanism for the Radical Cascade
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