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ABSTRACT

A tandem enyne, diene-ene metathesis reaction followed by Diels−Alder reaction accomplished a stereoselective three-component reaction
protocol with four stereocenters.

The development of air-stable and reactive catalysts with
general applicability has made olefin metathesis reaction one
of the most versatile synthetic transformations in organic
synthesis.1 Consequently, innumerous applications of ring-
closing olefin metathesis of dienes (RCM) have been
reported.2 Recently, ruthenium-catalyzed metathesis reaction
of enynes3 has also become popular due to the development
of new catalysts and the use of ethylene atmosphere.4 Since
the enyne metathesis reaction produces conjugated dienes,
the reaction was soon coupled to the Diels-Alder reaction
to form polycyclic compounds.5

In the course of developing combinatorial libraries6 of
possible ligands for G-protein-coupled receptors (GPCRs)7

and peptidomimetics for bioactive peptides, we became
interested in bicyclic structureA that would provide rigid
scaffolds with well-defined arrangements of possible phar-
macophores in space (Scheme 1). Compound libraries
generated from these scaffolds will make good candidates
for receptor ligands and peptidomimetics.8
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Therefore, we were looking for a general and facile way
of constructing A. Synthetic analysis revealed that the
preparation ofA could ideally be achieved through a one-
pot three-component protocol (Scheme 2). Transformations

b andc are both metathesis reactions catalyzed by the same
catalyst1, and transformationa is the Diels-Alder reaction
that is known to be compatible with Ru-catalyzed metathesis
reaction.

Though the tandem intramolecular enyne metathesis/
Diels-Alder reaction has been reported, most of the reported
cases were limited to terminal olefins. Enyne metathesis
reactions of olefins other than terminal olefins have not been
systematically studied.9 Since the intermolecular diene-ene
metathesis reaction has not been reported,10 success of the
tandem reaction might require enynes with an R-group
attached to the olefin. The presence of an R-group also
brought up the issue of stereoselectivity during the metathesis
reaction. Before exploring the three-component reaction, we
decided to test the stereoselecitivity of the metathesis reaction
of 2 and the feasibility of the tandem enyne/diene-ene
metathesis reaction. First, we set out to test the enyne

metathesis reaction of internal olefins, and the results are
summarized in the Table 1.

The enyne metathesis reaction proceeded well with internal
olefins as anticipated, and the reaction provided good to
excellent stereoselectivity, which was quite higher than
expected on the basis of the reported cross enyne metathesis
reaction.12 The stereoselectivity was better for six-membered
ring compounds than five-membered ring ones, and hetero-
atom incorporation in the tether diminished the selectivity.

The reaction could follow two possible catalytic pathways
(Scheme 3). In pathA, the ruthenium carbene complex reacts

first with the alkyne of the substrate, and thus the product
would be expected to show stereoselectivity similar to that
of the cross enyne metathesis reaction.13 On the other hand,

(5) For sequential metathesis/Diels-Alder approach, see: (a) Banti, D.;
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Scheme 2. Retrosynthetic Analysis

Table 1. Enyne Metathesis Reaction11

enyne X n R R′ product yielda (E/Z)b

2a NTs 1 CH3 H 3a 85% (3/1)
2b NTs 1 CH2OH H 3b 72% (3/1)
2c NTs 1 CH3 CH3 3c 98%
2d NTs 2 CH3 H 3d 82% (6/1)
2e NTs 2 CH2OH H 3e 86% (6/1)
2f NTs 2 CH3 CH3 3f 92%
2g CE2

c 1 CH3 H 3g 83% (6/1)
2h CE2 1 CH2OH H 3h 88% (16/1)
2i CE2 1 CH3 CH3 3i 90%
2j CE2 2 CH3 H 3j 82% (16/1)
2k CE2 2 CH2OH H 3k 96% (12/1)
2l CE2 2 CH3 CH3 3l 93%

a Isolated yield.b E/Z ratio was determined by1H NMR. c E ) COOEt.

Scheme 3. Plausible Mechanistic Pathways
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in path B, the ruthenium carbene complexIV reacts first
with the olefin of the substrate and produces the product.

The intermediateIV was one of the plausible intermediates
in the tandem enyne/diene-ene metathesis reaction that led
to selective formation of the (E)-isomer (Table 2). The

isomeric ratio summarized in Table 1 indicated that the
reaction followed either path A or both pathways.

Next, we tested the feasibility of the tandem enyne/diene-
ene metathesis reaction. The successful execution of this

protocol would rely on the cross diene-ene metathesis since
cross metathesis reaction between an olefin and a conjugated
diene has not been reported.14 This tandem reaction protocol
was first tested with enyne4a and 1-hexene. A mixture of
4, and 1-hexene (5 equiv) with1 (10 mol %) in dichlo-
romethane was heated to reflux overnight to afford tandem
metathesis product5a with exclusively (E)-stereochemistry
in 82% yield (Table 2). The1H NMR spectrum of the
reaction mixture before purification showed no indication
of the (Z)-isomer. When less than 5 equiv of 1-hexene or a
lesser amount of catalyst with up to 10 equiv of 1-hexene
was used, a substantial amount of the initially formed
intramolecular enyne metathesis product was isolated along
with the desired substituted diene5a.

Table 2 summarized the result of reaction of various
olefins with enynes and showed that the reaction was quite
general and stereoselective. Even allylsilane, which is known
to rapidly afford a mixture ofE/Z isomers in intermolecular
enyne metathesis reaction,12 produced dienes stereoselec-
tively. The reaction was also tested under an ethylene
atmosphere since the addition of ethylene was known to
facilitate the enyne metathesis.4,8 No effect on the efficiency
or the selectivity was observed. Presumably, the olefin
reagent already played the same role as ethylene.

With the stereoselective execution of the tandem reaction,
we next explored the multicomponent reaction.16 The mul-
ticomponent reaction was tested with4a, 1-hexene, and
N-phenylmaleimide (7) under the same reaction conditions
as for the tandem reaction. Since there were two diene
intermediates (iand ii) in the reaction mixture, the Diels-
Alder reaction of7 could produce two cycloadducts unless
the transformation ofi into ii was faster than Diels-Alder
reaction. When4a and hexene were reacted together with
7, the reaction became complex and the major product of
the reaction was the Diels-Alder adduct of7 with the
initially formed enyne metathesis producti, along with the

(11)General Procedure for the Enyne Metathesis Reaction.A solution
of enyne and Grubbs second-generation catalyst (5 mol %) in CH2Cl2 (0.01
M) was stirred at room temperature for 1.0 h, and the solvent was
evaporated. Then, the residue was purified by flash column chromatography
on silica gel to afford the desired diene product.
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(15)General Procedure for the Tandem Enyne/Diene-ene Metathesis
Reaction.Alkyne (1 equiv) and olefin (5 equiv) were dissolved in CH2Cl2
(0.05 M) under an Argon atmosphere. Grubbs second-generation catalyst
(10 mol %) was added to the reaction mixture at room temperature, and
the resulting mixture was heated to reflux for 3-5 h. After the mixture
was cooled to room temperature, the solvent was removed under reduced
pressure. Then, the residue was purified by flash column chromatography
on silica gel to afford the desired diene product.

(16) Hulme, C.; Gore, V. Curr. Med. Chem. 2003,10, 51.
(17)General Procedure for the Three-Component Metathesis/Diels-

Alder Reaction. Alkyne (1 equiv) and olefin (5 equiv) were dissolved in
CH2Cl2 (0.05 M) under an Argon atmosphere. Grubbs second-generation
catalyst (10 mol %) was added to the reaction mixture at room temperature,
and the resulting mixture was refluxed for 3-5 h. The solution ofN-phenyl
maleimide (10 equiv) in CH2Cl2 was added to the reaction mixture. After
the mixture was refluxed for 3-5 days, the reaction mixture was cooled to
room temperature and concentrated under reduced pressure. Then, the
residue was purified by flash column chromatography on silica gel to afford
the desired product.

Scheme 4. Multicomponent Tandem Reaction Sequence

Table 2. Tandem Enyne, Diene-ene Metathesis Reaction15

enyne X n R product yielda,b

4a NTs 1 Bu 5a 86%
4a NTs 1 (CH2)2ac 5b 88%
4a NTs 1 Ph 5c 86%
4a NTs 1 Bn 5d 84%
4a NTs 1 (CH2)2OBz 5e 73%
4a NTs 1 (CH2)2Br 5f 78%
4a NTs 1 CH2TMS 5g 93%
4b NTs 2 Bu 5h 85%
4b NTs 2 (CH2)2ac 5i 74%
4b NTs 2 Ph 5j 68%
4b NTs 2 Bn 5k 86%
4b NTs 2 (CH2)2OBz 5l 66%
4b NTs 2 (CH2)2Br 5m 74%
4b NTs 2 CH2TMS 5n 81%
4c CE2 1 Bu 5o 85%
4c CE2 1 (CH2)2ac 5p 63%
4c CE2 1 Ph 5q 87%
4c CE2 1 Bn 5r 86%
4c CE2 1 (CH2)2OBz 5s 73%
4c CE2 1 (CH2)2Br 5t 82%
4c CE2 1 CH2TMS 5u 65%

a Isolated yield.b E/Z ratio was determined to be>20:1 by 1H NMR.
c E ) COOEt.d ac ) CH3CO
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desired product6a and unreacted diene intermediates (i,ii)
as minor products. Apparently, the Diels-Alder reaction
proceeded before the diene-ene metathesis reaction to afford
the Diels-Alder product with enyne metathesis intermediate

due to the relatively slow progress of diene-ene metathesis
reaction. Thus, the dienophile7 was added to the reaction
mixture after the tandem metathesis reaction became com-
plete. With this modification of the reaction protocol, the
three-component reaction adduct6a was obtained in 83%
yield as a single isomer. Then, the reaction was extended to
the other enynes and olefins (Table 3). The reaction proved
to be quite general, as variation of the size and the
substitution pattern of the tether or olefins produced similar
results.

In summary, a stereoselective one-pot three-component
reaction using metathesis/Diels-Alder reaction was devel-
oped. The current protocol will be useful for the construction
of small molecule libraries, as several functional groups could
be introduced to the products.
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Table 3. Three-Component Metathesis/Diels-Alder Reaction17

enyne X n R producta yieldb

4a NTs 1 Bu 6a 83%
4a NTs 1 Bn 6b 75%
4a NTs 1 (CH2)2Br 6c 71%
4a NTs 2 Bu 6d 78%
4a NTs 2 Bn 6e 78%
4a NTs 2 (CH2)2Br 6f 71%
4a CE2 1 Bu 6g 74%
4b CE2 1 Bn 6h 74%
4b CE2 1 (CH2)2Br 6i 77%

a Relative stereochemistry of the product was confirmed through NOE
experiment.b Isolated yield.c E ) COOEt.
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