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ABSTRACT

A new “formal” Ru-catalyzed [4+2+2] cycloaddition of 1,6-diynes to 1,3-dienes giving conjugated 1,3,5-cyclooctatrienes and vinylcyclohexadienes
is described. This formal cycloaddition is really a tandem process, the Ru(II)-catalyzed formation of (Z)-tetraenes or vinyl-(Z)-trienes followed
by a pure thermal conrotatory 8π- or disrotatory 6π-electrocyclization. The proposed mechanism allows the differences in product ratio to be
explained in terms of steric and stereochemical considerations.

Transition-metal-catalyzed cycloaddition reactions constitute
powerful methods for the construction of complex polycyclic
systems.1 Medium-sized carbo- and heterocycles, particularly
eight-membered rings, have drawn the attention of chemists
due to the abundance of these structural cores among natural
products with interesting biological activities.2 Various types
of metal-catalyzed cycloaddition leading to the formation of
eight-membered rings3 have been described, including
[2+2+2+2],4 [4+2+2],5 [5+2+1],6 [4+4],7 and [6+2]8

cycloadditions and a rhodium-catalyzed intramolecular hy-
droacylation leading to cyclooctenones.9 Very recently, two

new methods have been reported, the intermolecular rhodium-
catalyzed [4+2+2] cycloaddition of heteroatom-tethered
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enynes to 1,3-butadiene (affording 1,4-cyclooctadienes10) and
that of dienynes to alkynes (affording nonconjugated 1,3,6-
cyclooctatrienes).11 Here we describe a new “formal” Ru-
catalyzed [4+2+2] cycloaddition,12 that of carbon- and
heteroatom-tethered 1,6-diynes to 1,3-dienes, which affords
conjugated 1,3,5-cyclooctatrienes and 1-vinyl-1,3-cyclohexa-
dienes (Scheme 1).13 Significantly, 1,3,5-cyclooctatrienes

have been hypothesized as intermediates in the biosynthesis
of SNF4435 C and D, which have strong immunosuppressive
activity in vitro.14

Treatment of diyne1a (X ) C(CO2Me)2) with 10%
[Cp*Ru(CH3CN)3]PF6 and 10% Et4NCl under an atmosphere
of 1,3-butadiene (2a) in DMF at room temperature furnished
a 1:2.4 mixture of 1,3,5-cyclooctatriene3a and 1,3-cyclo-
hexadiene4a15 in 60% combined yield (Table 1, entry 1).16

When performed in the absence of Et4NCl or in the presence
of [n-Bu4N]ClO4 the reaction gives tiny amounts of cyclo-
adducts and starting1a. Use of the sterically less demanding
catalyst [CpRu(CH3CN)3]PF6 gave the same products, but
in a 1:1.1 ratio.17

Encouraged by these initial results, we decided to study
the scope of this reaction. With1a and the monosubstituted
diene isoprene (2b), 10% [Cp*Ru(CH3CN)3]PF6 gave, at 80
°C, a 1:3.4 mixture of 1,3,5-cyclooctatriene3b and 1,3-

cyclohexadiene4b in 72% combined yield (entry 2), while
[CpRu(CH3CN)3]PF6 gave a slightly better combined yield
(80%) and, once again, a better product ratio, 1.1:1.

In the previous results it is striking that the double bonds
in the cyclohexadiene and cyclooctatriene products are not
in the positions expected to result from a cycloaddition
reaction.15 To explain these findings we hypothesize that the
Ru-catalyzed reaction between 1,6-diynes and 1,3-dienes
occurs through the mechanisms that for the case of
[Cp*Ru(CH3CN)3]PF6 as catalyst are shown in Scheme 2.

When mixed with Et4NCl, the cationic catalyst [Cp*Ru-
(CH3CN)3]PF6 probably generates the neutral complex
Cp*RuIIL2Cl (I, L ) CH3CN) in situ, as is suggested by the
changes observed in the1H NMR spectrum. In the presence
of a 1,6-diyne and a 1,3-diene, this species might either
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catalyzed [2+2+2] cycloaddition of 1,6-diynes to cyclic allyl ethers (ref
12f). However, when acyclic allyl ethers are used, regioisomeric 1,3-
cyclohexadienes (analogues of4) are obtained in good yield, a result
attributed to the expected [2+2+2] cycloaddition being accompanied by a
1,5-H shift.

(16) For an early mechanistic study of an Ru-mediated cycloaddition of
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(17) Minor amounts of dimers and trimers of1a are also obtained when
using either of the two catalysts.

Scheme 1. “Formal” Ruthenium-Catalyzed [4+2+2]
Cycloaddition of 1,6-Diynes to 1,3-Dienes

Table 1. Ruthenium-Catalyzed Reactions of Diynes1a-c with
1,3-Dienes2a-e

a Reactions carried out at room temperature as described in the text.
b Reactions performed at 80°C by slow addition, over 4 h, of 0.5 mmol of
1 to a mixture in DMF of 3 equiv of2, 10% Et4NCl and 10%
[Cp*Ru(CH3CN)3]PF6 or 10% [CpRu(CH3CN)3]PF6 in DMF. c Isolated
yields. d Ratios of products (in parentheses) were determined by capillary
GLC and1H NMR on samples of the crude reaction mixture.e Yields and
product ratios obtained with [CpRu(CH3CN)3]PF6 and 10% Et4NCl are in
italics. f 3c:3d.4d. g Yield obtained whencis,cis-2ewas used (cis,cis-2ewas
slightly contaminated with other isomers). X) C(CO2Me)2.
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couple oxidatively with the diyne to form ruthenacyclic
speciesII or undergo replacement of its remaining aceto-
nitrile ligands by anη4-diene to giveI (L,L ) η4-diene). In
the former case, it is hypothesized thatII then undergoes
insertion of one of the diene alkenes (in the case of the
butadiene2a) or the nonsubstituted diene alkene (in the case
of the isoprene2b) into a carbon-ruthenium bond, which
affords eitherIII, in which a vinyl group inherited from the
diene is locatedR to the ruthenium, orIV , in which the vinyl
lies â to Ru (Scheme 2). The same species (III and IV)
would result from oxidative coupling of the diyne to diene-
substituted I. In the case of III (cycle A), successive
â-elimination and reductive elimination would afford (Z)-
tetraeneV, allowing its smooth thermal conrotatory 8π-
electrocyclization to the octacycle3.18 In the case ofIV (cycle
B), successiveâ-elimination and reductive elimination would
afford vinyl-(Z)-hexatrieneVI , which would undergo thermal
disrotatory 6π-electrocyclization to the vinylcyclohexadiene
4. In fact, a clear proof for support of this mechanistic
hypothesis showed up when in room temperature experiments
starting from1a and 2b, a mixture of4b and the corre-
sponding hexatriene intermediateVIb was observed by1H
NMR spectroscopy, and after separation from the catalyst
this mixture was totally converted to4b by heating at 80
°C. Finally, the3:4 ratio will be favored by using [CpRu-
(CH3CN)3]PF6 rather than [Cp*Ru(CH3CN)3]PF6 because of
Cp being smaller than Cp*, which for2a,b will have favored
insertion with the vinylR to Ru.

To evaluate the influence of the position and orientation
of the substituent in the diene we repeated the experiment
with piperylenes2c and2d. Slow addition of a solution of
diyne1a in DMF to a mixture oftrans-piperylene2c, 10%

[Cp*Ru(CH3CN)3]PF6, and 10% Et4NCl in DMF at 80 °C
afforded a 1:4.8 mixture of 1,3,5-cyclooctatriene3cand 1,3-
cyclohexadiene4c in which the exocyclic olefin is trans, in
83% combined yield (Table 1, entry 3). When the same
experiment was carried out withcis-piperylene2d, a 70%
yield of a 1:1.2:4 mixture of three products was obtained:
the two 1,3,5-cyclooctatrienes3c and 3d and the 1,3-
cyclohexadiene4d in which the exocyclic olefin is cis (entry
4). These results clearly show the different reactivities of
cis- andtrans-alkenes. According to the proposed mecha-
nism, in the case oftrans-piperylene2c, ruthenacycleII only
undergoes insertion by the nonsubstituted diene alkene into
a carbon-ruthenium bond, affording either ruthenacycles
IIIc or IVc (Figure 1), which evolve to cyclooctatriene3c

(18) The half-life of a related tetraeneV was limited to a few minutes
at room temperature and its cyclization occurs with a low activation energy
(Ea ) 14.2 kcal mol-1). Pohnert, G.; Boland, W.Tetrahedron1994,50,
10235.

Scheme 2. Mechanistic Proposal for the “Formal” Ru-Catalyzed [4+2+2] Cycloaddition of 1,6-Diynes to 1,3-Dienes

Figure 1. Intermediate ruthenacycles for the formation of 1,3,5-
cyclooctatrienes and vinyl-1,3-cyclohexadienes.
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and cyclohexadiene4c, respectively. In the case ofcis-
piperylene2d, ruthenacycleII could undergo insertion by
both diene alkenes; insertion of the nonsubstituted alkene
would afford bothIIId and IVd ruthenacycles (Figure 1),
while insertion of the substituted diene alkene would afford
only ruthenacycleIII′d (Figure 1) because steric interaction
with Cp* is more severe with the bulky methyl group than
with the vinyl. Evolution of IIId and III′d gave rise to
octatrienes3c and3d, respectively, whereasIVd evolves to
cyclohexadiene4d. From the results it has been shown that
1-substituted diene alkenes insert intoII only if the geometry
of the alkene is cis, putting the vinyl substituentR to the Ru
(III′d).

Gratifyingly, when1a was slowly added to a heated (80
°C) mixture of 10% [Cp*Ru(CH3CN)3]PF6, 10% Et4NCl, and
isomers of the disubstituted diene 2,4-hexadiene (2e), the
latter was smoothly converted into 1,3,5-cyclooctatriene3e
in reasonably good yield (65%) without any cyclohexadiene
being detected (Table 1, entry 5).19 In this case, the use of
[CpRu(CH3CN)3]PF6 as catalyst gave a lower yield, 41%.
The different reactivities of geometric isomers of substi-
tuted dienes again emerged when the reaction was carried
out with cis,cis-2,4-hexadiene (cis,cis-2e) andtrans,trans-
2,4-hexadiene (trans,trans-2e): whereascis,cis-2e gave a
48% unoptimized yield of cyclooctatriene3e, trans,trans-
2e gave no cycloadduct (entry 5). Similarly, cyclization of
heteroatom-tethered 1,6-diynes1b (X ) N-Ts) and1c (X )
O) with isomers of the disubstituted diene 2,4-hexadiene (2e)
gave exclusively 1,3,5-cyclooctatrienes3′e and3′′e, respec-
tively, in rather good yields (70% and 62%, entries 6 and
7). Once again these results are easily explained in terms of
steric and stereochemical considerations. As in the case of
cis-piperylene2d, the formation of ruthenacycleIIIe (Figure
1) is only possible with the methyl group in theâ-position
to ruthenium, which, followingcycle A, affords the observed
cyclooctatriene3e. It is very remarkable thattrans-alkenes
failed to insert intoII (neither in the case oftrans-piperylene
2c nor trans,trans-2,4-hexadiene2e). Thus, neither cyclo-

hexadiene nor cyclooctatriene, products derived from the
insertion of onetrans-alkene intoII , has ever been observed.
On the other hand, if the alkene inserted intoII has a cis
geometry, so will all the double bonds ofV, allowing its
smooth thermal conrotatory 8π-electrocyclization to the
octacycle3.

Other disubstituted alkenes were also checked. 2,3-
Dimethyl-1,4-butadiene failed to afford cocyclized products
with 1a. As expected from the results of isoprene (2b),
ruthenacycleIIIf (Figure 1) would have serious steric
hindrance around the ruthenium and the other possible
ruthenacycleIVf (Figure 1) would not have hydrogens
available forâ-elimination. trans-2-Methyl-1,3-pentadiene
also failed because one of the alkenes has trans geometry
and the other a substitution pattern as before. Finally,
tetrasubstituted 2,5-dimethyl-2,4-hexadiene also failed either
because of the steric hindrance caused by the two methyls
to be placedR to the ruthenium or by the absence of suitable
hydrogens forâ-elimination if they are placed in theâ
position.

In summary, we have described a “formal” Ru-catalyzed
[4+2+2] cycloaddition of 1,6-diynes to 1,3-dienes to form
1,3,5-cyclooctatrienes and vinyl-1,3-cyclohexadienes. This
formal cycloaddition is really a tandem process, the Ru(II)-
catalyzed formation of (Z)-tetraenes or vinyl-(Z)-trienes
followed by a pure thermal conrotatory 8π- or disrotatory
6π-electrocyclization, respectively. The effects of the sub-
stitution on the 1,3-diene partner have been studied and
showed that 1,4-substituted dienes gave exclusively 1,3,5-
cyclooctatrienes. The type of partners that can be utilized
and electronic factors involved are currently under investiga-
tion in our laboratories.
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(19) Other conditions gave lower yields: rt, 21%; slow addition of1a
(2 h), rt, 47%; slow addition of1a (4 h), rt, 58%. Dimers of1a have also
been observed in variable amounts.
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