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Catalytic enantioselective oxidation reactions provide an impor-
tant strategy for the conversion of simple unsaturated hydrocarbon
substrates to synthetically useful organic compounds. While highly
selective asymmetric oxidation of hydrocarbons may be accomplished
in many ways, the 1,4-dihydroxylation of 1,3-dienes (Scheme 1),
a synthetically valuable process, remains a largely unsolved
problem. To accomplish this transformation, [4+2] cycloaddition
of dienes with 1O2 is often employed;1 however, this reaction has
not been accomplished under the influence of a chiral catalyst.2

Likewise, the Pd(II)-catalyzed 1,4-diacetoxylation and related
reactions,3 very promising transformations for asymmetric synthesis,
have not yet been accomplished with useful levels of enantiose-
lectivity.4 Our research program has focused on the enantioselective
diboration of unsaturated hydrocarbons,5 and in this communication
we describe an enantioselective 1,4-diboration of 1,3-dienes,6,7 a
transformation that furnishes the above-described 1,4-dihydroxy-
lation products in an economical fashion, with good yields, and
with high levels of enantiomeric purity.8

We recently developed a Pd-catalyzed enantioselective diboration
of allenes, a process that benefits from accelerated catalysis when
done in the presence of monodentate phosphine ligands. Detailed
mechanistic studies suggest this reaction proceeds by oxidative
addition of the diboron to palladium, a step which is followed by
migratory insertion of the terminal alkene into a Pd-B bond
(Scheme 2, eq 1).9 DFT studies revealed that the insertion step
proceeds by an unusual elementary reaction that directly provides
a stable, coordinatively saturated η3-allyl palladium complex 2 (see
structure 1; rotation of the terminal alkene occurs concomitantly
with insertion, allowing π-bonding with the adjacent alkene to
develop in the transition state). Considering that olefin insertion
involving a 1,3-diene likely benefits from a similar incipient π bond
(3), it was of interest to determine whether catalysts developed for
the asymmetric allene diboration would be effective in catalytic
diene diboration.

Scheme 1

Scheme 2

Table 1. Catalytic Enantioselective Diboration/Oxidation of
1,3-Dienesa

a Unless otherwise indicated, (R,R)-L1 was employed with reaction at
60 °C for 12 h, followed by oxidation with 30% H2O2 and 3 M NaOH
for 3 h. b Percent yield of purified material. Value is an average of two
experiments. c Determined by GC or SFC analysis employing a chiral
stationary phase. d The product depicted corresponds to that obtained
with (S,S)-L2. e Reaction at room temperature; value in parentheses is
after a single recrystallization. f Reaction at room temperature. g 3 equiv
of B2(pin)2 employed. h (S,S) enantiomer of ligand L1 employed for this
experiment.
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Initial experiments probed the reaction between bis(pinacolato)-
diboron (B2(pin)2) and 1,3-dienes. While no reaction was observed
with a catalyst composed of Pd2(dba)3 and a chiral TADDOL-derived
phosphoramidite, the most effective catalyst for enantioselective allene
diboration, when the palladium complex was replaced with Pt2(dba)3,
a complex that generally exhibits higher reactivity in diboration
reactions,10 efficient catalysis and modest levels of enantioselectivity
were observed. Several permutations of reaction conditions and ligand
structure revealed that a catalyst composed of Pt2(dba)3 and chiral
TADDOL-derived phosphonite L111 provides good reactivity for a
range of substrates and modest to high levels of enantioselection for
many (Table 1). As can be observed in Table 1, acyclic dienes bearing
aryl or alkyl substitution at the terminus react efficiently and with high
selectivity. With ligand L1, butadienes bearing substitution at both
C1 and C3 react with lower stereocontrol, however, with L2 high
selectivity is obtained (entry 5). Notably, cyclic dienes can be suitable
substrates for the asymmetric diboration/oxidation sequence and
provide otherwise difficult-to-access products with high levels of
asymmetric induction. As noted in entry 10, the 1,2-diol is the
predominant product when one terminus of the substrate is disubsti-
tuted, an outcome which likely results from enhanced steric congestion.
Lastly, the lack of reaction with cis-piperylene (entry 11) suggests that
only dienes able to adopt an S-cis conformation will participate in the
Pt-catalyzed diene diboration. This observation may reflect the
importance of structure 3 (Scheme 2) in the reaction mechanism.

In addition to 2-buten-1,4-diols, other important scaffolds can be
easily prepared from simple dienes through the asymmetric diboration
reaction. Enantiomerically enriched butenolides and derived butyro-
lactones are prominent structural elements in natural products, and
straightforward methods for their preparation are scarce.12 Diene
diboration provides a new approach: subsequent to diboration and
oxidation, the unpurified material was subjected to perruthenate-
catalyzed oxidation13 and furnished the derived butenolide in good
yield and without compromising the integrity of the carbinol stereo-
center.

The R-chiral allylboronate functionality embedded in diene dibo-
ration products also finds use in stereoselective carbonyl allylation.14

Critical concerns are whether this transformation proceeds with high
chirality transfer and whether it is selective for one constitutional
isomer. To address this, benzaldehyde was added to an unquenched
diboration reaction. After 12 h of reaction and oxidative workup, this
sequence provided a single diastereomer of a single constitutional
isomer, with near-perfect chirality transfer. The product structure
suggests that this transformation proceeds through chair-like transition
state A that minimizes A(1,3) interactions and with C-C bond
formation occurring at the least hindered carbon of the intermediate
diboron.

In conclusion, we have described a catalytic enantioselective
diboration of 1,3-dienes, a process which generally provides
synthetically useful chiral 2-buten-1,4-diols as the reaction product.
Further studies of the substrate scope and reaction utility are in
progress and will be reported in the near future.
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