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Applications of 1,3,5-hexatriene derivatives in atom-economic cobalt-catalyzed transformations, such as the Diels—Alder reaction with alkynes,
the 1,4-hydrovinylation reaction with terminal alkenes, and the 1,4-hydrohexatrienylation reaction, are investigated. In all cases, regioselective
transformations were found to generate cyclic derivatives such as stilbenes or acyclic products with a high control of the double bond geometry in
the skipped trienes derived from the 1,4-hydrovinylation process or the tetraenes generated in the so far unprecedented 1,4-hydrohexatrienylation

reaction.

Low-valent cobalt complexes are excellent catalysts for
the reaction of unsaturated educts, such as alkenes, 1,3-dienes,
allenes, alkynes, enynes, diynes, and many other unsatura-
ted starting materials." Generally, cyclic products are gener-
ated by cobalt-catalyzed [2 + 2], [4 4+ 2], [6 + 2], [4 + 2 + 2],
and other cycloaddition reactions via cobalt-initiated
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insertion reactions and reductive eliminations as key steps in
the reaction mechanisms. On the other hand, acyclic prod-
ucts are obtained when a competing -hydride elimination
is possible, mostly outrunning the alternative reductive
elimination processes of a cycloaddition. In these cases,
cobalt-catalyzed 1,2- or 1,4-hydrovinylation,” Alder—ene
reactions,” or alternatively the reductive codimerization
reactions” in the presence of a proton source are encountered.

Herein, we report our investigation of 1,3,5-hexatriene
derivatives as starting materials in several cobalt-catalyzed
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transformations to verify whether chemo-> and/or regio-
selective reactions of the hexatrienes can be observed. Also,
we were interested if the double-bond configurations in the
starting materials are preserved in the products or if double
bond isomerizations can be observed as recently reported
by us.®

For the synthesis of the 1,3,5-hexatrienes, we selected the
Wittig olefination of an E-configured a,-unsaturated alde-
hyde with an allyl phosphorylide (1) or a Wittig olefination
of a simple aldehyde with a pentadienyl phosphorylide (2) to
furnish the hexatrienes 1 and 2 (Scheme 1).” Thereby, the
desired 1,3,5-hexatriene derivatives were obtained either as a
3-(E/Z) mixture (1) or as 5-(E/Z) mixture as in 2.

Scheme 1. Synthesis of Monosubstituted 1,3,5-Hexatrienes 1
and 2
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First, we applied the 1,3,5-hexatriene derivatives in co-
balt-catalyzed Diels—Alder reactions (Scheme 2) with tri-
methylsilylacetylene as a benchmark dienophile, followed
by a DDQ oxidation of the dihydroaromatic intermediate.®

Scheme 2. Cobalt-Catalyzed Diels—Alder Reaction of 3-(E/Z)-1
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In principle, the Diels—Alder reaction of 3-(E/Z)-1 with
trimethylsilylacetylene can generate up to four different
regio- and chemoisomers 3—6. When the CoBry(dppe)
catalyst precursor was used only the products of type 4
were obtained. Unfortunately, when hexatrienes of type
5-(E/Z)-2 were applied mixtures of E/Z-isomers of type 4
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were obtained in slightly changed E/Z ratios. In order to
minimize the number of possible regio- and stereoisomers at
this stage, only hexatrienes of type 3-(E/Z)-1 were applied.
The results of these reactions are summarized in Table 1.

Table 1. Results of the Cobalt-Catalyzed Diels—Alder Reac-
tions of 3-(E/Z)-1 with TMS-acetylene”

no. product 4 yield
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SiMe;
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SiMe;,
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“(1) CoBr,(dppe) (10 mol %), zinc powder (20 mol %), zinc iodide
(20 mol %), 1,3,5-hexatriene 1 (1.0 equiv) and TMS-acetylene (1.3—
1.5 equiv), CH,Cl,, 16 h, rt. (2) DDQ (1.1 equiv), toluene, 1 h, rt.
"Including 15% of ethyl biphenyl-4-carboxylate that could not be
separated by column chromatography.

Aromatic hexatriene derivatives are well accepted as
starting materials, and electron-rich hexatriene derivatives
gave the best results (entries 3 and 4) whereas the yields for
electron-deficient hexatrienes are slightly diminished (entries 1
and 2). The use of the aliphatic substituted 3-cyclohexenyl
hexatriene (entry 7) gave only a moderate yield, which is
attributed to overoxidation of the cyclohexene moiety to
the corresponding 1,3-cyclohexadiene and eventually to
the benzene-substituted side product with DDQ. This
phenomenon was encountered earlier when the DDQ
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oxidation was performed with skipped double bonds
leading to a conjugated system.’

In the next step, the cobalt-catalyzed hydrovinylation of
the hexatriene derivatives 3-(E/Z)-1 were investigated
(Scheme 3).%!'% In principle, in these transformations, 1,2-,
1,4-, as well as 1,6-hydrovinylation products could be
formed, leading to a vast number of possible regio- and
E/Z-isomers. Under the assumption that double bond
between C5 and C6 is unreactive with the Co(dppe)-based
catalyst, four products (7—10) of a 1,4-hydrovinylation
process with a terminal alkene can be envisaged. The prod-
ucts 7 and 8 are regioisomers of branched-type products
where the carbon—carbon bond formation took place at the
higher substituted a-carbon of the alkene and either C1 or C4
of the hexatriene subunit. The other isomers (9/10) are the
corresponding linear-type products.

Scheme 3. Cobalt-Catalyzed 1,4-Hydrovinylation of Hexatriene
Derivatives (E/Z)-1 with Terminal Alkenes
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In this series of experiments, the cobalt catalyst precursor
CoBry(dppe) was used which is known to generate the
branched-type products 8 predominantly with nonactivated
alkenes and 1,3-dienes, whereas linear products such as 10
are formed with acrylates.* ¢ Therefore, 1-octene and butyl
acrylate were selected as the terminal alkenes. The results of
the cobalt-catalyzed 1,4-hydrovinylation experiments are
summarized in Table 2.

The transformations led exclusively to the 1,4-hydroviny-
lation products, and no traces of 1,2- or 1,6-hydrovinylation
reactions were observed. Also, the cobalt-catalyzed 1,4-
hydrovinylation generated the branched-type products of
type 8 exclusively. The reactions led to the desired skipped
1,4,7-triene derivatives with exclusive 4Z,7E-double bond
configuration in moderate to good yields. Surprisingly, the
cyclohexenyl-substituted hexatriene (entry 1) gave the best
results. The product 8a is a nonconjugated tetraene derivative
with four different types of carbon—carbon double bonds in
a single molecule. Such material could be useful for the
determination of relative rates of double-bond transforma-
tion reactions.

Interestingly, 8e was generated in two different ways:
first, from 3-(E/Z)-1 (entry 5), and second, from 5-(E/Z)-2
(entry 6). In the case of (5-E/Z)-2, the ratio of the E/Z
mixture is translated into the product 8e revealing a nearly
unchanged E/Z ratio (1.1:1, starting material: 1.3:1). On
the other hand, when 3-(E/Z)-1 was applied 8¢ was
obtained in somewhat lower yield but as a single isomer.

(10) Hilt, G. Eur. J. Org. Chem. 2012, 4441.
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Table 2. Results for the Cobalt-Catalyzed 1,4-Hydrovinylation
Reaction with Terminal Alkenes”

yield
no. product 8 (EIZ)
1 s Z 69%
(-)
8a
Me
) NP 68%”
)
FsC 8b
Me
3 s . Z 33%°
\ O]
8c
Me
4 NP 49%7
)
8d
Me
5 A ¥ 46%
)
8e
Me
6 N~ 55%5
(1.1:1)
8e
Me
S
7 Ne~?  COBu 31%
(1.8:1)¢
10f

“CoBry(dppe) (10—25 mol %), zinc powder (20—50 mol %), zinc
iodide (20—50 mol %), 1,3,5-hexatriene 1 (1.0 equiv), and l-alkene
(1.0-3.0 equiv), CH,Cl,, 24—160 h, rt to 40 °C. " Including 37% of
unreacted triene that could not be separated by column chromatogra-
phy. “Including small amounts of an unidentified side product that
could not be separated by column chromatography. ¢ Including 30% of
biphenyl and traces of an unidentified side product that could not be
separated by column chromatography. ¢Instead of triene 3-(E/Z)-1,
5-(E/Z)-2 was used. /Ratio determined by integration of suitable
"H NMR signals. ¢ The analysis of the NMR spectra does not allow
to assign the main product to the E- or Z-configuration.

Scheme 4. Cobalt-Catalyzed 1,4-Hydrohexatrienylation Reaction
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Table 3. Cobalt-Catalyzed 1,4-Hydrohexatrienylation of
3-(E/Z)-1 with 2,3-Dimethyl-1,3-butadiene”

yield
(11:12y
(E-11:Z-11)!

M )
Py 89%¢
1 WMe (>20:1)
11a Me (1:1)

M
Py 64%
5 SN Me (5.8:1)
11a Me =20:1)

Me

no. main product 11

P 73%
3 R Me (7.8:1)
MeO 11b Me (>20:1)
/Me 78%
4 <° AN Me (7.7:1)
11¢ Me (>20:1)
s /Me 75%
5 <Y A Me (6.4:1)
11d Me =20:)

Me
P 77%
6 TR Me (11.0:1)
FsC 11e Me (>20:1)
/Me 62%
7 R Me (5.2:1)
1 Me 4.2:1)
e 74%
8 A Me (1.3:1)
11g Me (5.5:1)

“CoBr,(dppe) (10 mol %), zinc powder (20 mol %), zinc iodide
(20 mol %), 1,3,5-hexatriene 1 (1.0 equiv), and 2,3-dimethyl-1,3-butadiene
(3.0 equiv), CH,Cl,, 16—32 h, rt. ®Ratio determined by integration of
suitable "H NMR signals. © CoBr,(SchmalzPhos) (5 mol %), zinc powder
(10 mol %), zinc iodide (10 mol %) were used; SchmalzPhos = (3aR,8aR)-
6-(3-(diphenylphosphinobiphenyl-2-yloxy)-2,2-dimethyl-4,4,8,8-tetra-
phenyltetrahydro[1,3]dioxolo[4,5-¢][1,3,2]dioxaphosphepine (for the
structure of SchmalzPhos, see the Supporting Information). ¢ Including
8% of (3,4-methylenedioxyphenyl)benzene.

In the reaction where butyl acrylate was used (entry 7,
Table 2), 10f was obtained with a 1Z,4Z-configuration in
moderate yield. As in entry 6, the ratio of the E/Z mixture
of the starting material was translated into the product
even though the ratio (1.8:1) was somewhat altered
(starting material: 1.3:1).

Finally, we investigated the conversion of the hexa-
trienes 3-(E/Z)-1 with 2,3-dimethyl-1,3-butadiene in a

(11) Bohn, M. A.; Schmidt, A.; Hilt, G.; Dindaroglu, M.; Schmalz,
H.-G. Angew. Chem., Int. Ed. 2011, 50, 9689.
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hitherto unprecedented cobalt-catalyzed 1,4-hexatrienyla-
tion reaction (Scheme 4). In the case of the similar CoBr»-
(dppe)-catalyzed 1,4-hydrobutadienylation,'' two regioisomers
were obtained, and in analogy the two isomers 11 and 12
were expected.

For these reactions, 3-(E/Z)-1 was chosen to verify if the
cobalt catalyst could lead to an isomerization of the double
bond 3 to yield a single double bond isomer, such as 11.
The results of these reactions are summarized in Table 3.

The results presented in Table 3 reveal three major
aspects of the cobalt-catalyzed hydrohexatrienylation re-
action. First, the application of the SchmalzPhos ligand led
to an excellent differentiation between products 11a and
12a (compare entries 1 and 2) while the £/Z ratio remained
unchanged compared to the starting materials. Second, the
control of the E/Z ratio of 11 is efficiently controlled with
the cobalt catalyst utilizing the dppe ligand when aryl-
substituted hexatrienes are used (entries 2—6). This indi-
cates that an isomerization of the double bonds must
take place during the reaction leading to the more stable
all-trans-type isomers. Third, alkyl-substituted hexatrienes
gave a mixture of regioisomers as well as E/Z isomers
(entries 7 and 8) and are rather poor substrates in this
transformation.

The application of 5-(E/Z)-2 in the 1,4-hexatrienylation
was successful as it led to the desired products in compar-
able yields. However, the E/Z ratios of the double bond 5
of the 5-(E/Z)-2-type starting materials were isomerized
preferentially toward the E-isomer, but this isomerization
was incomplete so that E/Z-mixtures were still obtained.

In conclusion, we were able to demonstrate that con-
jugated 1,3,5-hexatrienes can be applied successfully in
cobalt-catalyzed reactions for the synthesis of cyclic as well
as acyclic products in an atom-economic fashion. With the
right choice of double-bond isomers in the starting materi-
als, such as 3-(E/Z)-1, regioselective Diels—Alder, 1,4-
hydrovinylation, and even 1,4-hydrohexatrienylation re-
actions can be realized, and in most cases, the products
were obtained as single isomers in moderate to good
yields.
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