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Abstract—A variety of 2-alkenyl-4-methylene tetrahydropyrans were synthesized via consecutive transition metal-catalyzed bond
forming processes. In this approach, ruthenium-catalyzed coupling of homoallylic carbonates and homopropargylic alcohols gen-
erates substrates containing the requisite functionality for a palladium-mediated cyclization, thereby providing concise access to the
target structures. The installation of a trisubstituted alkene at the C-2 position was achieved using an olefin cross metathesis process.
� 2004 Elsevier Ltd. All rights reserved.
Functionalized tetrahydropyrans are structural motifs
found in many marine- and terrestrial-originated
biologically active natural products such as phorboxaz-
oles,1 bryostatins,2 and zampanolide.3 The tetrahy dro-
pyran building blocks incorporated in these natural
products are often decorated with both 2-alkenyl and
4-methylene functionality, thereby providing 2-alkenyl-
4-methylene tetrahydropyran subunits represented by a
general structure 1 (Scheme 1). There are a number of
approaches developed for the construction of this func-
tionality, which include the Prins-type cyclization4 and a
multi-step operation employing oxidation and olefina-
tion from 2. A direct assembly of 1 from simple building
blocks without the involvement of conventional multi-
step transformations is rare and would constitute an
effective synthetic tool. We envisioned that the imple-
mentation of transition metal-catalyzed carbon–carbon
and carbon–heteroatom bond-forming processes would
provide an effective entry to the preparation of this
structural motif.

In the context of the total synthesis of natural products
possessing the 2-alkenyl-4-exo-methylene tetrahydropyr-
ans such as zampanolide, we planned to develop a gen-
eral approach to construct this substructure via a
streamlined use of three transition metal-catalyzed
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transformations; Ru-catalyzed ene–yne coupling,
Pd-catalyzed C–O bond formation, and Grubbs cata-
lyst-mediated cross-metathesis5 (Scheme 2). The key
step of our strategy is the Ru-catalyzed Alder-ene6 type
C–C bond formation, whereby direct installation of the
exo-methylene unit and the precursor functionality for
the p-allyl-Pd-mediated cyclization7 will be achieved
from alkene 4 and alkyne 5. Subsequent ring closure
reaction of 6 would provide tetrahydropyran 7, which
possesses an exo-methylene and the pendent vinyl
group. One of the limitations of this strategy is the
difficulty of installing a trisubstituted vinyl group. This
is due to the low reactivity of the Ru-catalyzed Alder-
ene type reaction for an alkene partner 4 possessing a
branched carbon at the allylic center to give a trisubsti-
tuted olefin product 6.8 Another difficulty is to install a
tertiary carbonate with defined configuration on the
alkene substrate 4. Faced with this encumbrance, we
designed a new strategy in which the cross metathesis
reaction between the terminal alkene of 7 (R2 =
R2 = H) and appropriate olefins is used in order to
expand the range of substrates available by this method,
including the trisubstituted vinyl group. Recently, Trost
and Machacek9 have published an approach for the
synthesis of five- and six-membered oxygen and nitrogen
heterocycles utilizing Ru-catalyzed ene–yne coupling
and Pd-catalyzed carbon–heteroatom bond formation
in the context of developing a one-pot heterocyclization.
We report herein an efficient and stereocontrolled syn-
thesis of a variety of functionalized 2-vinyl-4-methylene
tetrahydropyrans from homochiral, homoallylic carbon-
ates 4 and homopropargylic alcohols 5.
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To test the validity of our plan, the ethyl carbonate
derived from racemic 4-pentene-2-ol and racemic 4-
pentyne-2-ol (R1 = R4 = Me, R2 = R3 = H) were treated
with CpRu(CH3CN)3PF6, (10mol%) to give the desired
branched isomer with complete selectivity in 65% yield.
The Pd-catalyzed cyclization of this substrate produced
a 1:1 mixture of racemic 2,6-cis and 2,6-trans diastereo-
mers that are readily separated by chromatography.
Encouraged by this result, a variety of structurally more
elaborated tetrahydropyrans were synthesized employ-
ing readily available enatiomerically enriched homo-
allylic and homopropargylic alcohols (Table 1).

The ruthenium catalyzed coupling proceeded with mod-
est yields (40–60%) and excellent selectivity for the
branched isomer in most of the cases. Under the stand-
ard conditions10 developed by Trost et al.6c the
branched isomers 6a–f were generated predominantly
or exclusively from the combinations of alkene 4a and
alkynes 5a–f. Subsequent palladium catalyzed cycliza-
tion11 proceeded without difficulty thereby providing
the tetrahydropyrans 7a–f in 70–85% yield. The only
minor side product in this reaction results from the b-
hydride elimination of the p-allyl-Pd complex to form
the conjugated tri-ene. The transfer of stereochemistry
from the starting materials to the final tetrahydropyrans
is exemplified in entries 1 and 2. Starting with suitable
stereochemistry on alkenes and alkynes, the more ther-
modynamically favorable cis-2,6-disubstituted tetrahyd-
ropyran 7a was obtained in 71% yield (entry 1) while the
reversed stereochemistry of the homopropargylic alco-
hol gave the trans-2,6-disubstituted isomer 7b with equal
efficiency (entry 2). The structures of both isomers were
confirmed by NOE experiment, showing a positive NOE
enhancement between protons at the C2 and C6 posi-
tions for cis-isomer 7a while no NOE between these pro-
tons for trans-isomer 7b. This Pd-mediated-ring closure
process is not sensitive toward the stereochemistry of the
substituents in the 5-position (entries 3 and 4). Both sub-
strates 6c and 6d possessing axial and equatorially dis-
posed methyl groups were effectively cyclized to the
corresponding tetrahydropyrans.

For the preparation of tetrahydropyrans with an unsub-
stituted vinyl group such as 7g, alkene 4b was coupled
with 5b to give the terminal allylic carbonate 6g in
44% yield (92% BORSM) that lacks stereochemical
information at the allylic carbon (Scheme 3). Cyclization
of this substrate gave both cis- and trans-isomers in 3:2
ratio and overall 77% yield. The tendency for formation
of the cis-isomer in the Pd-catalyzed ring closure could
be enhanced to 10:1 by using Trost�s (R,R)-DPPB lig-
and12 while using the (S,S)-DPPB ligand reversed the
ratio to 1:2 in favor of the trans-isomer.

The effectiveness of the Ru-mediated Alder-ene reaction
was greatly diminished for generating a tri-substituted
double bond. As seen in Scheme 4, the allylic carbonate
4c gave only 20% of the desired product 6h. When the
epimeric carbonate 4d was coupled to the same alkyne,
only 10% of the product was isolated with a 1:1 ratio
of branched to linear isomers. Unexpectedly, the Pd-
mediated cyclization of substrate 6h under the standard
conditions was also problematic. A higher reaction tem-
perature (70 �C) was required for the ionization of the
carbonate compared to the room temperature reaction



Table 1. Tetrahydropyrans from the coupling of 4a and 5

Entry Alkene Alkyne (5) Coupled producta (6) Yield (BORSMb) Cyclized productc (7) Yield
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a Reaction performed at room temperature with 1.5equiv alkene, 1.0equiv alkyne at 0.5M in DMF.
b BORSM yield is based on recovered alkyne.
c Reactions performed with 5% Pd(PPh3)4 in THF at 25 �C.
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of other allylic carbonates 6a–g. Yet under these condi-
tions, only the eliminated product triene 9 was isolated
without any indication of the formation of 7h. The for-
mation of triene 9 is believed to be the consequence of a
faster reductive elimination than nucleophilic attack on
the intermediate p-allyl-Pd complex by the hydroxyl
group.

To expand the scope of the Ru-catalyzed Alder-ene type
C–C bond formation and the p-allyl-Pd-mediated cycl-
ization strategy toward the construction of a wider
variety of alkene-substituted 4-exo-methylene tetra-
hydropyrans, a stereoselective cross metathesis5b

between the mono-substituted vinyl group of 7g and acryl-
ate derivatives was envisaged. When cis-7g was treated
with 10mol% of Grubbs second generation catalyst in
the presence of ethyl acrylate, the cross-coupled product
8a was isolated in 70% yield with complete E-selectivity.
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A similar reaction between cis-7g and methacrolein gen-
erated 8b containing a trisubstituted trans- double bond
in 88% yield. In each case, a small amount of pyran dimer
was formed that was inert to the reaction conditions.
Pyran 8b represents the C10–C18 subunit of the natural
product (+)-zampanolide, generated in only three steps
from readily available starting materials (Scheme 5).

In summary, we have developed an efficient approach to
synthesize various 2-alkenyl-4-exo-methylene tetrahy-
dropyrans. In this strategy, various homoallylic carbon-
ates and homopropargylic alcohols were coupled via the
ruthenium-catalyzed Alder-ene type reaction and cyc-
lized via palladium-mediated C–O bond formation to
give the target structures. Introduction of a trisubstitut-
ed alkenyl group at the C-2 position was realized via
cross metathesis catalyzed by Grubbs carbene complex.
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