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ABSTRACT

The combination of different types of cobalt-catalyzed transformations in one-pot procedures is described. One of the key building blocks, a boron-
functionalized isoprene derivative (boroprene), led to the realization of four-component reaction sequences comprising the cobalt-catalyzed
Diels�Alder and a 1,4-hydrovinylation reaction. Eventually, a reaction sequence including a cobalt-catalyzed Diels�Alder reaction, a cobalt-
catalyzed 1,4-hydrovinylation, an allylboration, and a cobalt-catalyzed Alder-ene reaction led to a five-component one-pot reaction sequence in
which five carbon�carbon bonds were formed in excellent regio- and diastereoselectivity to generate complex products in good overall yields.

The generation of increasingly complex molecules in
atom- and step-economic one-pot multicomponent reac-
tions starting from readily available starting materials is
attracting many chemists. Moreover, it is of great interest
when one catalyst is able to initiate two or more different
types of reactions in a multicomponent transformation
(double catalysis).1,2

The application of a wide variety of cobalt-catalyzed
transformations3 led us to consider such reactions inmulti-
component sequences. In this respect, we recently described
the application of the boron-functionalized isoprene deri-
vative 1

4 in a cobalt-catalyzed 1,4-hydrovinylation5/allyl-
boration/1,4-hydrovinylation reaction sequence for the
generation of 2. This sequence represents a benchmark
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transformationof ourongoingproject for efficient carbon�
carbon bond formation processes (Scheme 1).
Afterwe succeeded in the synthesis of thepinacol-boron-

functionalized isoprene derivative 1 (boroprene), the gen-
eration of a complex product such as 2was the first step to
evaluate the potential embedded in the boroprene building
block 1.

In a first set of experiments, boroprene 1 was used as a
diene component ina regioselective cobalt-catalyzedDiels�
Alder reaction6 with nonconjugated enynes 3 which were
prepared adopting known procedures.7

As we experienced from previous investigations, cobalt
catalysts with pyridyl-imine ligands8 are highly regiose-
lective in cobalt-catalyzed Diels�Alder reactions and are
unable to perform 1,4-hydrovinylation reactions.
Accordingly, the alkyne subunit in 3 was chemo- and

regioselectively transformed in a Diels�Alder reaction to
the dihydroaromatic compound 4 (Scheme 2).

Scheme 1. Multicomponent One-Pot Reaction via Two Cobalt-
Catalyzed 1,4-Hydrovinylations and an Allylboration

Scheme 2. Double-Cobalt-Catalyzed Four-Component
Diels�Alder/1,4-Hydrovinylation/Allylboration Sequence

Table 1. Results for the Cobalt-Catalyzed Four-Component
Reaction Sequencea

aCoBr2(py-imine) (10mol%), iron powder (20mol%), zinc powder
(20 mol%), zinc iodide (20 mol%), boroprene 1 (1.0 equiv) and enyne 3
(1.0 equiv), CH2Cl2, 16 h, rt, then CoBr2(ligand) (10 mol %), zinc
powder (20 mol %), zinc iodide (20 mol %) and 1,3-diene 5 (1.2 equiv),
16 h, rt, then 0 �C, aldehyde (1.0 equiv), 1 h, then triethanolamine (1.1
equiv), 1 h, rt. bOnly one enantiomer is shown.
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(h) Hilt, G.; Janikowski, J.; Hess, W. Angew. Chem., Int. Ed. 2006, 45,
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This intermediatewas then treatedwith another 1,3-diene
(5) applying the cobalt catalyst precursor CoBr2(dppe)

9

which is able to catalyze a 1,4-hydrovinylation of the re-
maining terminal alkene subunit in 4 to generate intermedi-
ate 6. Treatment of 6 with an aldehyde in an allylboration
reaction and liberation of the boronic ester upon reaction
with triethanolamine led to the formation of anti-products
of type 7.
The double-catalysis reaction sequence was performed

in a one-pot protocol, and the products of type 7 were
isolated after single column chromatography in good to
excellent overall yields. Based on the higher C1/C4 regio-
selectivity in the 1,4-hydrovinylation of unsymmetrical
1,3-dienes, the cobalt catalyst precursor CoBr2(dppp)

10

was applied in the sequences involving isoprene and myr-
cene (Table 1).
The regioselectivity of the cobalt-catalyzedDiels�Alder

reaction is strongly dependent on the substituents of the
alkyne subunit. The catalyst efficiently differentiates steri-
cally demanding aryl groups from less bulky alkyl substi-
tuents. In the case where the aryl group is replaced by a
hydrogen atom, the alkyl chain becomes the sterically more
demanding substituent (entry 4). The excellent overall yields
range between 54% and 88%, which appear to depend on
neither the electronic nature of the aryl group nor the chain
length of the enynes or the substituent of the aldehydes.
Furthermore, this outcome indicates that the pyridyl-imine
catalyst system used for the Diels�Alder reaction does not
interfere with the bisphosphine catalyst used in the 1,4-
hydrovinylation reaction. This sequence also demonstrates
the power of the allylboration reaction, as complex inter-
mediates could be transformed even when sterically more
demanding aldehydes were used (entries 8 and 13).
After we succeded in the parent reaction sequence, we

directed our attention toward a five-component triple-
catalysis reaction sequence comprising a cobalt-catalyzed
Diels�Alder reaction utilizing boroprene 1 as a central
building block, a cobalt-catalyzed 1,4-hydrovinylation re-
action, an allylboration, and another 1,4-hydrovinylation
for the synthesis of increasingly complex products. The
outline of this alternative five-component one-pot reaction
sequence is shown in Scheme 3. Compared to the reaction
sequence in Scheme 2, the parent sequence involves the
introduction of an additional terminal double bond in the
allylboration step. Utilizing 4-pentenal generates the inter-
mediate 70, but in this sequence another cobalt-catalyzed
1,4-hydrovinylationwas enabledwith 1,3-diene 8 to obtain
products of type 9. As known from preliminary investiga-
tions, the cobalt catalysts suffer deactivation after a pro-
longed reaction time which made it beneficial to use
additional cobalt catalyst in the last transformation. The
results of this five-component one-pot reaction sequence
with triple-cobalt catalysis are summarized in Table 2 for a
selected number of combinations.
The five-component reaction sequence led to good

results, and complex products could be isolated as main

isomers after single column chromatography. Due to im-
perfect conversions of the intermediates, side reactions
took place which afforded rather nonpolar and therefore
separable byproducts, which explain the diminished yields.
The main products were accompanied by other side prod-
ucts (regioisomers/diastereomers). The identification of
these byproducts has been difficult, as the amounts were

Table 2. Synthesis of Products 9 by the Triple-Cobalt-Catalyzed
Five-Component Reaction Sequencea

aCoBr2(py-imine) (10mol%), iron powder (20mol%), zinc powder
(20 mol%), zinc iodide (20 mol%), boroprene 1 (1.0 equiv) and enyne 3
(1.0 equiv), CH2Cl2, 16 h, rt, then CoBr2(dppp) (10mol%), zinc powder
(20 mol %), zinc iodide (20 mol %) and 1,3-diene 5 (1.0 equiv), 16 h, rt,
then 0 �C, 4-pentenal (1.0 equiv), 1 h, then CoBr2(dppp) (10 mol %), zinc
powder (20mol%), zinc iodide (20mol%) and1,3-diene8 (1.2 equiv), 16h,
rt, then triethanolamine (1.1 equiv), 1 h, rt. bOnly one enantiomer is shown.

Scheme 3. Triple-Cobalt-Catalyzed Five-Component Diels�
Alder/1,4-Hydrovinylation/Allylboration/1,4-Hydrovinylation
Sequence

(9) dppe = 1,2-bis(diphenylphosphino)ethane.
(10) dppp = 1,3-bis(diphenylphosphino)propane.
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rather small and the polarities were very similar. Accord-
ingly, we are not able to quantify the regio- or diastereo-
selectivities.
The five-component reaction sequenceutilized the cobalt-

catalyzed 1,4-hydrovinylation reaction twice, with one sym-
metrical as well as one unsymmetrical 1,3-diene. Besides the
1,3-dienes, the sequence has additional flexibility as demon-
strated by the use of different functional groups on the arene
substituent of the enyne. Noteworthy, arylhalides are
well accepted in the cobalt-catalyzed Diels�Alder reac-
tion allowing further modifications. Also, the chain
length between alkyne and alkene in the enyne was
altered, or as another possibility, the chain length
within the enal component could have been modified
as well.
To further evaluate the compatibility of cobalt catalysts

with complex materials we decided to use the terminal
double bond introduced by the allylboration step in 7 to
facilitate a cobalt-catalyzed Alder�ene reaction11 with an
internal alkyne (10) (Scheme 4). Thereby, a triple catalysis
utilizing three different cobalt-catalyzed reactions was rea-
lized and the products of type 11were obtained in a one-pot
sequence. The results of this investigation applying a se-
lected number of combinations are summarized in Table 3.
The Alder�ene reaction worked best with unsymmetri-

cal internal aryl-substituted alkynes 10. Terminal alkynes
aswell as propiolates are primarily transformed in a cobalt-

catalyzed cyclotrimerization,12 and only small amounts of
products of type 11 could be isolated. However, the ten-
dency for the cyclotrimerization reaction decreases consid-
erably for the internal alkynes used, so that good yields of
11a�c could be obtained.
In conclusion we were able to demonstrate that double-

and triple-cobalt catalyses utilizing different types of co-
balt-catalyzed reactions with four or five components are
possible to generate desired products in good yields. The
cobalt-catalyzed reactions proved that they are capable of
producing complex molecules from rather simple starting
materials. The flexibility (e.g., additional substituents,
chain length) and functional group tolerance of the cobalt-
catalyzed transformations are essential to push suchmulti-
component reactions to the hilt.
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Scheme 4. Triple-Cobalt-Catalyzed Five-Component
Diels�Alder/1,4-Hydrovinylation/Allylboration/Alder�ene
Sequence

Table 3. Synthesis of Products 11 by the Triple-Cobalt-
Catalyzed Five-Component Reaction Sequencea

aCoBr2(py-imine) (10mol%), iron powder (20mol%), zinc powder
(20 mol%), zinc iodide (20 mol%), boroprene 1 (1.0 equiv) and enyne 3
(1.0 equiv), CH2Cl2, 16 h, rt, then CoBr2(dppp) (10mol%), zinc powder
(20 mol %), zinc iodide (20 mol %) and 1,3-diene 5 (1.0 equiv), 16 h, rt,
then 0 �C, 4-pentenal (1.0 equiv), 1 h, then CoBr2(dppp) (10 mol %), zinc
powder (20mol%), zinc iodide (20mol%) and alkyne 10 (1.5 equiv), 16 h,
rt, then triethanolamine (1.1 equiv), 1 h, rt. bOnlyone enantiomer is shown.
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