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ABSTRACT

We have found a new ruthenium-catalyzed cooligomerization reaction of vinyl acylates with 2-substituted-1,3-butadienes, where very high
yields as well as high regioselectivities were attained.

Ruthenium-catalyzed carbon-carbon bond-forming reactions
have attracted a lot of attention recently.1 Without mentioning
the metatheses reported by Grubbs and others, those via
ruthenacycle intermediates have been greatly advanced.1

Especially, ruthenacyclopentenes, derived from alkynes and
alkenes via coordination with the metal followed by oxidative
ring formation, have been widely reported as intermediates.
For example, simple reductive elimination of such ruthena-
cyclopentenes was shown to afford [2+ 2] cycloadducts,2

while trapping them with CO was reported to give Pauson-
Khand type products.3 Acyclic products have also been
obtained viaâ-hydride elimination pathway.4 Moreover,
some unusual reactivities, such as cyclopropanation5 and [4
+ 2] cycloaddition,6 have been observed. Interestingly, none
of these involves conjugated diene systems as their sub-
strates.7 Actually, since Mitsudo’s pioneering work of the

ruthenium-catalyzed coupling reaction using conjugated
dienes,8 only a few examples have appeared in this field.
Among them, the Itoh group developed a novel dimerization
reaction of butadiene derivatives, which proceeded via a
ruthenacyclopentane analogous intermediate.9 We found that
the system could be applied to a reaction of conjugated dienes
with simpleR-olefins. The reaction, with proper combination
of substrates, showed very high regioselectivities. Herein we
wish to report a novel codimerization10 reaction of enol
acylates with 2-substituted-1,3-butadienes.

In our preliminary study, we found that Itoh’s reaction
(Scheme 1) was applicable in protic solvents, where no

activation was required.11 The same system was applied to
the present codimerization reaction. Our first choice was the
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Scheme 1. Dimerization of Isoprene
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coupling of isoprene (1a) with 1-hexene (4a). The reaction
proceeded smoothly to afford a mixture of codimers as we
expected. The selectivity was, however, quite poor. (Selec-
tivity of the major isomer was 55%.) Trial to improve the
selectivity by using 3-buten-2-ol (4b) by means of chelation
control did not work either, giving only comparable results
(60% selectivity, Scheme 2).12

Then enol compounds were tested to change the electron
density. Though ethyl vinyl ether gave unfruitful results (84%
selectivity), use of vinyl acetate (5a) dramatically changed
the selectivity, affording a codimer in 95% regioselectivity.
Typically, isoprene (1a) and vinyl acetate (5a) in methanol
were heated at 100°C for 14 h in the presence of catalyst
[Cp*RuCl(cod) (7a),13 0.7 mol %] to afford 4-methyl- and
5-methyl-(Z)-1,5-hexadienyl acetate (6hand 6t,14 respec-
tively, in a ratio of 95:5) in 95% yield.15

In the same manner, other conjugated dienes [myrcene
(1b), myrcenyl acetate (1c)] as well as another enol acylate
[vinyl pivalate (5b)] were subjected to the same reaction as
summarized in Table 1. All of the combinations were shown

to be compatible and gave products in moderate to good
yields with high regioselectivities.

The present codimerization reaction has two characteristic
features. One is the thermodynamically unfavorableZ
selectivity, and the other is the unprecedentedly high
regioselectivity. Actually, ruthenium-catalyzed codimeriza-
tion so far reported has shownE-selectivity; i.e., Trost’s
results showedE-selectivity.4a The present unusualZ-
selectivity may be attributed to the steric hindrance of the
ruthenium complex, as was deduced by Itoh et al.9 On the
other hand, the reason for the high regioselectivity is still
obscure. The electronic effect must play an important role,
since a change in the electronic environment of theR-olefin
moiety affected the regioselectivity significantly. A similar
phenomenon was discussed by Dixneuf et al. in the cross
coupling of alkynes with alkenes,4b which would support our
hypothesis. Moreover, a similar high selectivity of isoprene
was reported in the nickel-catalyzed reaction quite recently,
in which the electronic effect was the explanation for the
selectivity.16

With these, we propose a plausible reaction mechanism
as depicted in Scheme 3. Though there are other possibilities,

such as sp2 C-H activation of enol acylates, the simple
ruthenacycle route seems reasonable. The catalytic cycle
shows the analogy of Itoh’s reaction.9a TheZ-selectivity may
be realized by the configurational limitation in the intermedi-
ate B, and the regioselectivity might be explained by the
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(12) It should be noted that the regioselectivity with regard to the isoprene
moiety was reasonably high.

Scheme 2. Cross Coupling Reaction ofR-Olefins with
Isoprene

Table 1. Results of Codimerization

diene
vinyl

acylate catalysta time (h) yieldb (%)
selectivity
(6h/6t)14

1a 5a 7a 14 95 96/4
1a 5b 7b 12 84 95/5
1b 5a 7a 14 83 96/4
1b 5b 7c 15 41 94/6
1c 5a 7c 15 50 95/5

a 7a: Cp*RuCl(cod). 7b: Cp*RuCl(isoprene).7c: Cp*RuCl(nbd).13

b Yields are calculated on the basis of the less charged starting materials.

Scheme 3. Plausible Reaction Mechanism
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coordination direction of olefins in A governed by electronic
factor. The ligand (L) may be Cl, solvent, or even the
intramolecular coordination of either free double bond to
construct aπ-allyl complex equivalent or acyl group. It
should be noted, however, that the reductive elimination did
not occur to construct a trisubstituted olefin. This indicates
that allylic migration did not occur in the intermediate C.

The present reaction is applicable to a variety of vinyl
acylates and 2-substituted-1,3-butadiene derivatives, but the
importance of steric factor should be emphasized. The
reactivity of R-olefins, not limited to vinyl acylates, is
summarized in Table 2. For this study, isoprene was

employed as the 2-substituted-1,3-butadiene derivative, and
the ratio of isoprene toR-olefin employed was ca. 1:1. The
judgment was made by comparing the amount of a mixture
of codimers and dimethylcyclooctadiene (homodimer of
isoprene) in the products. As is easily recognized, the 3,4-
olifinic portion of isoprene can be regarded as anR-olefin,
and the codimerization of isoprene as a diene with isoprene
as anR-olefin (i.e., homodimerization) should be competitive
with the intended codimerization. Thus theR-olefinic nature
of isoprene was thought to be a standard for judging the
reactivity of severalR-olefins.

When 1-hexene, 3-buten-2-ol, ethyl vinyl ether, or vinyl
acetate was employed as theR-olefin, the ratio of co-/
homodimer was ca. 10. This apparently indicated that they
reacted with isoprene much faster than the reaction of
isoprene alone. So their reactivity was assigned to be “high”.
The products, codimers, also haveR-olefinic portions, i.e.,
3-methyl-1,2-olefin, and the reaction of the co-dimers as
R-olefins with isoprene (i.e., over-reaction) should be pos-
sible. To our delight, only 3% of over-reacted products was
detected, and thus the reactivity of the 3-substituted-1,2-olefin
was assigned to be “modest”. To confirm this, isoprene was
reacted with 5 equiv of 3-methyl-1-butene. Even in such an
extreme condition, the ratio of codimer to homodimer was
lower than that for the former case (7.6). Styrene showed
comparable selectivity, though the reactivity was not high
with regard to the catalyst turn over number. (TON) ca. 3
for styrene. Typical isoprene dimerization showed a TON
of ca. 200.) Steric hindrance was supposed to be the reason
for the modest reactivity. The reactivity was completely lost
when more than two subutituents were present on the double
bond. This also implied the importance of steric effect.

Next, the importance of 2-substitution of 1,3-butadiene
should be explained. When the simple 1,3-butadiene was
used, the product was a less hinderedR-olefin, whose
reactivity could be classified as “high”, and thus the reaction
went out of control. Therefore, the combination of vinyl
acylate as theR-olefin and a 2-substituted-1,3-butadinene
as the diene was crucial for the selectivity.

In conclusion, we have found a novel codimerization
reaction catalyzed by ruthenium complexes. The reaction
gave codimers in good to high yields (41-95%) with high
regioselectivity(∼95%). Some efforts to utilize the codimers
(6) are now underway.
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(13) Cp* ) pentamethylcyclopentadienyl; cod) cyclooctadiene; nbd
) norbornadiene.

(14) Charactors “h” and “t” came from the terms “head” and “tail”.
Conventionally, in the isoprene chemistry, these terms have been used to
represent the C1 position and the C4 position, respectively.

(15) 1H NMR (200 MHz, CDCl3): 1.01 (3H, d,J ) 6.6 Hz), 2.14 (3H,
s), 2.0-2.4 (3H, m), 4.8-5.1 (3H, m), 5.74 (1H, ddd,J ) 6.8, 10.2, 17.2
Hz), 7.08 (1H, dm,J ) 6.6 Hz: this indicates theZ configuration).
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Table 2. Reactivity ofR-Olefins

run R-olefina codimer/homodimer

1 1-hexene 11
2 3-buten-2-ol 14
3 ethyl vinyl ether 8.5
4 vinyl acetate 19
5b 3-methyl-1-butene 6.8
6 styrene 1.2

a Ca. 1 equiv ofR-olefin was used except for run 5.b 5 equiv ofR-olefin
was used. Due to its volatility (bp 20oC), it was difficult to charge the
same proportion with the other cases.
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