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ABSTRACT

The combination of a regioselective cobalt-catalyzed 1,4-hydrovinylation and the diastereoselective allylboronation reaction leads to awide scope
of functionalized hydroxydienyl esters in a one-pot reaction in excellent yields. With catalytic amounts of base, these products are easily
converted either into R,β,γ,δ-unsaturated hydroxyl esters or complex tetrasubstituted tetrahydropyrans in chemo- and diastereoselective
fashions. In addition, a high-yielding four-component one-pot reaction involving an acrylate, two different and unsymmetrical 1,3-dienes, and an
unsaturated aldehyde is presented.

The combination of highly selective carbon�carbon
bond formation processes in atom economic multicompo-

nent reactions is state-of-the-art chemistry. Applications

realizing chemo-, regio- and diastereoselective carbon�
carbonbond formationswhilemodifying the reactivity of a

functional substructure over the course of the reaction

sequence are quite rare.1 An example for a continuously

changed functionality of a substructureover the course of a

reaction sequence from alkynyl- (I) over dienyl- (II) and

allyl-boron (III) toward a boronic ester (IV) is given in

Scheme 1.1c

A versatile method for atom economic carbon�carbon
bond formations are transition metal-catalyzed 1,2- and
1,4-hydrovinylation reactions.2,3

We envisaged that the cobalt-catalyzed 1,4-hydroviny-
lation of 1,3-butadiene derivativeswith alkenes of different
electron demand could realize a similar transformation
basedon the excellent regioselectivity and functional group

Scheme 1. Four-component Synthesis of Bicyclic Product IV

(1) For recent reviews on transition metal- and organo-catalyzed
multicomponent reactions, see: (a) Barluenga, J.; Fern�andez-Rodrı́guez,
M. A.; Aguilar, E. J. Organomet. Chem. 2005, 690, 539. (b) Enders, D.;
Narine, A. A. J. Org. Chem. 2008, 73, 7857. For a recent example of a
multicomponent reaction initiated by cobalt-catalysis, see:(c) Hilt, G.;
L€uers, S.; Smolko, K. I. Org. Lett. 2005, 7, 251.

(2) For selected recent references on transition metal-catalyzed hy-
drovinylation reactions, see: (a) Sharma,R.K.; RajanBabu, T.V. J. Am.
Chem. Soc. 2010, 132, 3295. (b) Saha, B.; Smith, C. R.; RajanBabu, T. V.
J. Am. Chem. Soc. 2008, 130, 9000. (c) Shirakura, M.; Suginome, M.
J. Am. Chem. Soc. 2008, 130, 5410. (d) Lassauque, N.; Franci�o, G.;
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M€uller, C.; Vogt, D. J. Am. Chem. Soc. 2006, 128, 7414.
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tolerance observed in these reactions.3 The versatility of
this transformation has been demonstrated in the past
decade in applications for the synthesis of polycarbonyl
derivatives and natural products.4,5

Nevertheless, the 1,3-butadiene derivatives used so far
remainedmainly alkyl-substituted. To accomplish amulti-
component reaction sequence, isoprenewas converted into
isoprenylpinacol boronic ester 1 via deprotonation with in
situ generated potassium tetramethylpiperidine (KTMP)
following a procedure by Brown.6 Thereby, product 1

could be obtained on gram scale in pure form by flash
chromatography (Scheme 2).

The boron-functionalized isoprene 1 was then re-
acted with n-butyl acrylate using the well-established
and simple catalyst system comprising CoBr2(dppe),
zinc, and zinc iodide in dichloromethane.7 The crotyl-
pinacol boronic ester 2 could be isolated as a single
stereoisomer with complete regioselectivity regarding
both components (Scheme 3).8

The carbon�carbon bond formation takes place exclu-
sively at C2 of the acrylate and C1 of the butadiene
derivative 1. This result is notably pleasant compared to
the conversion of isoprene with butyl acrylate, which
led to a mixture of regioisomers.9 The outcome of this

transformation can be rationalized by the proposed
mechanism (Scheme 4).

After π-complex formation of the cobalt(I) species with
the electron-rich diene 1, oxidative [1 þ 4] cycloaddition
leads to the cobaltacyclopentene intermediate A defining
the (5Z)-configuration of the product 2. The acrylate
coordination and regioselective insertion leads to the
cobaltacycloheptene intermediate B. A subsequent β-hy-
dride elimination generates the (2E)-configuration in inter-
mediateC selectively. The catalytic cycle is then completed
by reductive elimination for the liberation of 2 and regen-
eration of the catalytically active cobalt species.
As the boronic ester 2 appeared to decompose on silica

gel in situ, allylboration of aldehydes 3 was investigated.
Accordingly, a cobalt-catalyzed 1,4-hydrovinylation/
allylboration (HVAB) one-pot reaction sequence was
developed (Scheme 5).
Awide range of aliphatic, aromatic, heteroaromatic and

vinylic aldehydes could be introduced generating the cor-

responding products of type 4 in excellent yields and

exclusive anti-diastereoselectivity. The results of these

three-component reactions are summarized in Table 1.

Notably, the aldehyde residues do not seem to have a

significant influence on the excellent yields achieved over

two formal steps. The anti-selectivity of the sequence can

Scheme 2. Synthesis of Isoprenylpinacol Boronic Ester 1

Scheme 3. 1,4-Hydrovinylation of 1 with Butyl Acrylate

Scheme 4. Proposed Mechanism of the Cobalt-catalyzed
1,4-Hydrovinylationa

aLigands are omitted for clarity.

Scheme 5. Cobalt-catalyzed HVAB Reaction Sequence for the
Regio- and Diastereoselective Synthesis of Bifunctionalized
1,4-Dienes 4
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be rationalized by simple diastereoselectivity based on the

Zimmermann�Traxler model for allylboration reactions.
Treatment of 4a with 50 mol % sodium hydride at 0 �C

led to a 1:1 mixture of 5a (two diastereoisomers) and 6a.
This led to the conclusion that the esters of type 4 have two
positions with similar acidity.

The choice of base addressed a reactivity difference
between the two positions to produce the corresponding
isomers chemo- anddiastereoselectively.Utilizing catalytic

Table 1. Results of the Cobalt-catalyzed HVAB Reaction of
n-Butyl Acrylate, Boronic Ester 1 and Aldehyde 3a

aCoBr2(dppe) (10 mol %), zinc dust (20 mol %), zinc iodide
(20 mol %), n-butyl acrylate (1.1 equiv) and isoprenylpinacol boronic
ester 1 (1.1 equiv), 16 h then 0 �C, aldehyde 3 (1.0 equiv), 1 h
then triethanolamine (1.1 equiv), 1 h, rt. bOnly one enantiomer is
shown. cThe dr was determined by 1H NMR spectroscopy.
d Isolated yield.

Scheme 6. Base-initiated Follow-up Reactions of 4

Table 2. Results for the Base-initiated Michael Additiona and
Isomerization of Hydroxydienyl Esters 4b

aMethod A: Potassium t-butoxide (35 mol %), CH2Cl2 (0.05 M),
0 �C to rt, 16 h. bMethod B: DBU (35 mol %), CH2Cl2 (0.15 M), rt,
16 h. cOnly one enantiomer is shown. dThe dr and E/Z ratios were
determined by 1H NMR spectroscopy. e Isolated yield.
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amounts of potassium t-butoxide led to the exclusive
formation of tetrasubstituted tetrahydropyrans (THPs) 5
by a Michael addition, generating an additional stereo-
genic center diastereoselectively.10 Alternatively, DBU
enables the selective formation of the R,β,γ,δ-unsaturated
esters of type 6 mainly as the E,E-isomer (Scheme 6).11

In a proof-of-principle investigation, six hydroxyl esters
of type4were chosen for conversion to their corresponding
THPs or to the conjugated esters (Table 2).
In all reactions, good to excellent yields for the products

of type 5 and 6 were obtained. Accordingly, both reaction
pathways allow a very flexible approach toward both types
of products. The observed exclusive chemoselectivity and
base affinity of the isomerization reactions is astounding.
In fact, both bases are known to initiate the intramolecular
Michael addition as well as the isomerization reaction to
conjugated esters.12,13

Last but not least, the combination of a cobalt-catalyzed
1,4-hydrovinylation of an acrylate with 1 toward a linear
product, with an allylboration using an unsaturated alde-
hyde 3 and then with a cobalt-catalyzed 1,4-hydrovinyla-
tion applying another 1,3-diene (7) toward a branched
product, could be realized. This four-component one-pot
reaction sequence was performed applying 2,3-dimethyl-
buta-1,3-diene (DMB) or myrcene as 1,3-diene at the end
of the reaction sequence (Scheme 7). In the case of the
reactionwithmyrcene, the catalyst precursorCoBr2(dppp)
was added to the reaction mixture based on the higher
C1/C4 selectivity of the 1,4-hydrovinylationwith 2-substituted
buta-1,3-dienes.5,14

In this sequence, three carbon�carbon bonds were
formed, providing the products 8a and 8b with complete
regio- and diastereoselectivity in every single transforma-
tion. Both products were obtained in excellent yields over
three formal steps without isolation of the intermediates in
a one-pot procedure after a single column chromatogra-
phy. Moreover, for the formation of 8b, both types of
cobalt-catalyzed 1,4-hydrovinylation modes, linear and
branched, were applied.3b,c

The unique combination of both regioselective cobalt-
catalyzed carbon-bond forming processes and an inter-
mediate allylborationof anunsaturatedaldehydeprovided
this unprecedented access to a complex acyclic isopre-
noide-type product 8b in a single relatively high yielding
one-pot process.
In conclusion, we have demonstrated that the cobalt-

catalyzed 1,4-hydrovinylation of acrylates with isoprenyl-
pinacol boronic ester 1 and subsequent allylboration of
aldehydes represents a powerful tool in the regio- and
diastereoselective generation of increasingly complex or-
ganic building blocks starting from readily available sub-
strates. Furthermore, a base-initiated isomerization was
developed to gain access to R,β,γ,δ-unsaturated esters and
a diastereoselective Michael addition led to tetrasubsti-
tuted tetrahydropyrans.
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Scheme 7. Multi-component One-pot Reaction via Two
Cobalt-catalyzed 1,4-Hydrovinylations and Allylboration
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