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ABSTRACT

The absolute control of the regiochemistry of a cobalt-catalyzed 1,4-hydrovinylation reaction is achieved by alternation of the ligands applied.
While the dppe/dppp ligands led to the formation of the branched product, the herein described application of the SchmalzPhos ligand generates
the corresponding linear product in both excellent yields and regioselectivities. The catalyst system exhibits a high tolerance toward functional
groups, and the very mild reaction conditions allow the synthesis of 1,4-dienes without isomerization into conjugated systems.

The control of the regiochemistry of organic transfor-
mations is a great challenge for organic chemists in acade-
mia aswell as in industry.1Regiocontrol can be achieved in
many cases by employing selectively functionalized start-
ing materials, e.g. in transition metal catalyzed cross-
coupling reactions where the sites of the halide and metal
groupsdetermine theproduct constitution. Inatomeconomic
transformations of olefins, for instance in cobalt-catalyzed
cycloaddition reactions, good levels of regioselectivity can
often be achieved by a proper choice of ligands.2 In certain
cases it is even possible to selectively synthesize twodifferent
products from the same starting material.
The recent application of cobalt catalysis in the synthesis

of acyclic 1,4-dienes (and some follow-upproducts) through

a formal 1,4-hydrovinylation3 inspired us to search for
alternative ligands eventually inducing the formation of
the regioisomeric hydrovinylation products. Our first gen-
eration of catalyst system A [CoBr2(dppe), Zn, ZnI2] ap-
plied in the 1,4-hydrovinylationof a terminal alkene (1) with
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2,3-dimethyl-1,3-butadiene (2) afforded the branched pro-
ducts of type 3 in excellent yield and with outstanding levels
of regioselectivity (Scheme 1).3g

We herein present a second generation cobalt-based
precatalyst system B [CoBr2(SchmalzPhos), Zn, ZnI2]
which leads to the regioisomeric products of type 4 in
excellent yields and regioselectivities under otherwise iden-
tical reaction conditions.4

The two complementary catalyst systems differentiate
the two olefinic positions (CH-bonds) of 1 for the selective
formation of the new carbon�carbon bond in the absence
of any other activating or directing group. The starting
materials 1 and 2 are used in a near-equimolar ratio
(1.2 equiv of DMB) thus avoiding an excess of one com-
ponent. The products of type 4 can be isolated in many
cases after simple filtration through a small plug of silica
gel in high purity. The results of several reactions of 2
(as the 1,3-diene) with different terminal alkenes of type 1
are summarized in Table 1.
The reaction of 2with unfunctionalized terminal alkenes

such as 1-octene or vinylcyclohexane afforded predomi-
nantly the linear 1,4-hydrovinylation products of type 4.
While 1-octene gave excellent results, the sterically more
congested vinyl cyclohexane led to a diminished yield and
only a moderate regioselectivity.
Our initial suspicion that secondary carbons next to the

double bond were causing the reduced yield and regio-
selectivity could not be generalized because product 4nwas
isolated in good to excellent yields and exclusive regios-
electivity. Also, the silyl- and boron-functionalized alkenes
4c and 4d, which represent new building blocks for allyla-
tion reactions, as well as the allylbenzene 4e and the
γ,δ-unsaturated ketone 4f could efficiently be prepared
through the cobalt-catalyzed hydrovinylation (entries
3�6). Prop-2-en-1-ol (entry 7) aswell as the three protected
allylic alcohol derivatives (entries 8�10) gave the linear
1,4-hydrovinylation products 4g�4j, exclusively in good
yields as single regioisomers. In contrast to prop-2-en-1-ol,
the secondary alcohol 3-buten-2-ol (entry 11) gave the
desired product 4k accompanied with small amounts of
the branched regioisomer 3k. Twomore aspects are worth
mentioning. First, with ethyl acrylate as a substrate the

Scheme 1. Regiodivergent Cobalt-Catalyzed 1,4-Hydrovinyla-
tion Reaction of Terminal Alkenes (1) with 2

Table 1. Results of the Cobalt-Catalyzed 1,4-Hydrovinylation
of Terminal Alkenes with 2 Using the CoBr2(SchmalzPhos)
Precatalyst Ba

aAlkene (1.0 equiv), 2,3-dimethyl-1,3-butadiene (1.2 equiv), CoBr2
(SchmalzPhos) (5mol%),Zn(10mol%),ZnI2 (10mol%),dichloromethane,
rt, 14�30 h. bRatio determined by GC. cTwice the amount of the catalyst
system (footnote a) was used. dReaction mixture was heated up to 40 �C.
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product 4m was obtained as a single regioisomer not
only with the SchmalzPhos-derived catalyst B (entry
13) but also with catalyst A (based on CoBr2(dppe)).
Second, the reaction of styrene with DMB using cata-
lyst B afforded the product 4n in 76% yield after 16 h
(entry 14) which compares well with the result obtained
by Ritter utilizing an iron-based catalyst system.5 How-
ever, using catalyst A the reaction of styrene with DMB
gave a mixture of regioisomers (3n:4n=37:63) after up
to 14 days of reaction time.6 Thus, the change of the
ligand at the cobalt center from dppe to SchmalzPhos
led in almost all cases to the formation of the linear
hydrovinylation products. This reflects the absolute
control of the site of the carbon�carbon bond forma-
tion in the reaction of terminal alkenes of type 1 with
DMB (2).
We next investigated the 1,4-hydrovinylation of unsym-

metrical 1,3-dienes employing isoprene (5) and 2-trimethyl-
silyloxy-1,3-butadiene (10), respectively. As indicated in
Scheme 2 up to four 1,4-hydrovinylation products (6�9)
could in principle arise from the reaction of terminal
alkenes (1) with 5. With 2-trimethylsilyloxy-1,3-butadiene
(10) the methyl- and ethyl ketones 11�14 represent the
four possible products after fluoride-mediated cleavage of
the silyl enolethers formed as primary hydrovinylation
products. Previous studies had shown that the 1,4-hydro-
vinylation of isoprene (5) using catalysts derived from
either CoBr2(dppe) or CoBr2(dppp) exclusively affords
the branched isomers 8 and 9 (8:9 = >90:10)3g and the
method was successfully applied in the synthesis of the
aglycone of moenomycin A.7

The outcome of various experiments (according to
Scheme 2) employing the 1,3-dienes 5 and 10, respectively,
and CoBr2(SchmalzPhos) as a precatalyst is summarized
in Table 2.
Most importantly it must be noted that the linear

hydrovinylation products of type 6/7 and 11, respectively,
were again predominantly formed in all reactions.

Interestingly, some complementary results were ob-
tained with 5 and 10. In the reaction of 5 an ester
functionalized olefin afforded the main product 6a to-
gether with isomer 7a in a ratio of 54:40 in favor of 6a.
The product 6b seems to be favored when no additional
functional group is present in the startingmaterial (entry 2).
Other functional groups such as an acetate or an imide
moiety invert the regioselectivity with respect to the 1,3-
diene component (leading to the predominant formation
of products of type 7) while the regioselectivity concerning
the terminal alkene is still very good to generate the linear
hydrovinylation products of type 6/7 over the branched
products 8/9 in good ratios (entries 3, 4). The OTMS-
group in 10 seems to act primarily as a passive volume and
directs the regioselectivity stronger than the methyl group
in 5 toward the formation of products of type 11 (entries
5�7). While an alkyl-substituted olefin 1 gives rise to
the γ,δ-unsaturated ketone 11e with a good degree of

Scheme 2. The Regioselectivity Challenge in Cobalt-Catalyzed
1,4-Hydrovinylation Reactions of Terminal Alkenes (1) with
Unsymmetrical 2-Substituted 1,3-Dienes (5 and 10)

Table 2. Results of the Cobalt-Catalyzed 1,4-Hydrovinylation
of Unsymmetrical 1,3-Dienes with Terminal Alkenes Utilizing
the CoBr2(SchmalzPhos) Catalyst Precursora

aAlkene (1.0 equiv), isoprene (1.2 equiv), 2-trimethyl-silyloxy-1,3-
butadiene (1.2�1.5 equiv), CoBr2(SchmalzPhos) (5�10 mol %), Zn
(10�20 mol %), ZnI2 (10�20 mol %), dichloromethane, rt, 14�21 h.
bRatio determined by GC. cReaction mixture was heated up to 40 �C.
dRatio determined by integration of suitable 1H NMR signals. eCoBr2
(SchmalzPhos) (15mol%),Zn (30mol%), andZnI2 (30mol%)wereused.
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regioselectivity, the products 11f and 11g are formed as
major regioisomers in combined yields of 74% and 92%.
The change from the simple diphosphine ligand dppe to

the phosphine-phosphite ligand SchmalzPhos led in many
cases to a complete alteration of regioselectivity in the 1,4-
hydrovinylation reaction with respect to the terminal
alkene component (Table 1).
Strong similarities can be identified regarding the cobalt-

catalyzed Diels�Alder reaction where the CoBr2(dppe)
complex led to the 1,4-substituion pattern8 while cobalt
diimine- and pyridine-imine-type complexes led to the 1,3-
substituted products.2 Quantum-chemical calculations re-
vealed that the steric hindrance of the ligands is the crucial
factor for the regioselectivity of the carbon�carbon bond
formationprocess of theDiels�Alder reaction.9 In the case
of the 1,4-hydrovinylation the SchmalzPhos ligand is
sterically more demanding than the dppe ligand. Accord-
ingly, we reason that the significant change in regioselec-
tivity of the hydrovinylation reaction is also determined by
steric factors. The steric influence was investigated with
four different SchmalzPhos-type ligands for the 1,4-hydro-
vinylation of DMB with 1-octene (Scheme 3).
The increasing steric hindrance of substituent R in the

SchmalzPhos-type ligand led to an increasing regioselec-
tivity in favor of product 4a. These results indicate that the
flexibility of coordinated starting materials on the cobalt
center is efficiently reduced by the steric bulk of the
SchmalzPhos-type ligand and that electronic factors are
less relevant for determining the regioselectivity of the
hydrovinylation process.
In conclusion, we have greatly expanded the scope of the

1,4-hydrovinylation as an atom-economic carbon�carbon
bond formation process. In particular, we have demon-
strated that the choice of ligand at the catalytic cobalt
center is crucial for the regioselectivity. The application of

SchmalzPhos led to excellent yields and regioselectivities
complementary to those obtained with the previously de-
scribed cobalt dppe/dppp catalyst systems. The control of
the regioselectivity concerning the terminal alkene com-
ponent is virtually complete whereas the regioselectivity for
the unsymmetrical 1,3-diene component is good but still has
potential for further improvement. The high compatibility
toward many functional groups of the cobalt-catalyzed 1,4-
hydrovinylation has been demonstrated, and we are looking
forward to addressing the synthesis of linear 1,4-dieneswhich
are part of natural products in the future. The inspiring
results for the application of the SchmalzPhos ligand in
hydrovinylation reactions of unsymmetrical 1,3-dienes opens
up possibilities toward this goal.
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Scheme 3. Regioselectivity of Cobalt-Catalyzed 1,4-Hydrovi-
nylation Reactions of 1a with 2 Utilizing Different Schmalz-
Phos-type Ligands
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