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Abstract:  A novel chiral aryldichloroborane catalyst bearing binaphthyl
skeletons with axial chirality was developed as an asymmetric catalyst
for the Diels-Alder reaction of dienes and α,β-unsaturated esters, and
could be reused as the corresponding boronic acid. In addition, a new
convenient method for preparing arylboronic acids from aryl alcohols is
described.

Spectacular advances have been achieved in recent years in the
enantioselective Diels-Alder reaction of dienes and α,β-unsaturated
aldehydes catalyzed by chiral Lewis acids.1,2 However, there has been
relatively less progress in the development of asymmetric catalysts for
the reaction with α,β-unsaturated esters as dienophiles because of their
low reactivities.3,4 Alkyldihaloborane is one of the most powerful Lewis
acids which can catalyze the latter reaction.3c,d For example, Hawkins
and co-workers previously reported an effective chiral
alkyldicholoroborane catalyst prepared by hydroboration of 1-(1-
naphthyl)cyclohexene for the latter reaction, which gave high
enantioselectivity.3d However, in general, since alkyldichloroboranes
readily decompose to alkanes or alkenes by protonolysis or β-hydride
elimination, it is difficult to recover them as alkylboronic acids
quantitatively.5 In addition, in the preparation of optically active
alkyldihaloboranes, optical resolution or asymmetric hydroboration is
required since they involve chiral carbons adjacent to boron.3c,d,5 Thus,
the utility of chiral alkyldichloroboranes as strong Lewis acid catalysts
in enantioselective synthesis encouraged us to seek new members of this
class which would not have the disadvantages mentioned above. This
paper describes novel and practical chiral aryldichloroborane catalysts
7a-c bearing binaphthyl skeletons with axial chirality which can be
reused as the corresponding boronic acids 5a-c.6

For the synthesis of optically pure 2-dihydroxyboryl-1,1’-binaphthyl
(5a), (R)-1,1’-bi-2-naphthol (1a) was first treated with N-
phenyltrifluoromethanesulfonimide and the resulting monotriflate 2a
was subjected to hydrogenolysis to give mono-ol 3a (Scheme 1).7 After
transformation of the phenolic hydroxyl group to a diethylphosphate, 4a
was treated with lithium-naphthalene and trimethylborate successively
to give binaphthylboronic acid 5a.8 As far as we know, this is a new
method for preparing arylboronic acid from aryl alcohol.9

Unfortunately, slight epimerization of 5a was revealed by conversion to
the (2R,4R)-2,4-pentanediol ester and 1H NMR analysis or by
conversion to the pinacol ester and HPLC analysis. Therefore, boronic
acid 5a was esterified with diethanolamine in 2-propanol, from which
the boronate ester 6a was crystallized in good yield. Recrystallization of
6a and subsequent hydrolysis with dilute acid readily provided
enantiomerically pure (R)-5a. (R)-6,6’-Diarylbinaphthylboronic acids
5b8 and 5c8 were synthesized from 1b and 1c, respectively, in a similar
manner.

To activate chiral arylboronic acids 5a-c as Lewis acid catalysts,
conversion to the corresponding aryldichloroboranes 7a-c was
investigated.3d,10 As a result, two different procedures, Method A and
Method B, were developed as shown in Scheme 2: one is via exchange
of the methanol boronate with trichloroborane,11 and the other is via

exchange of the anhydrides of boronic acids with trichloroborane.12 The
latter procedure is simpler and more convenient.10b
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With these complexes 7a-c in hand, we first explored their asymmetry-
inducing ability in the Diels-Alder reaction of cyclopentadiene and
methyl acrylate as test materials. The results are summarized in Table 1.
The reaction proceeded smoothly at -78 °C in the presence of 10 mol%
of catalysts 7a-c to give the endo-adduct in high yield with >99%
diastereoselectivity. Catalyst 7b showed the highest asymmetric
induction, but even this was insufficient (entry 3). The substituents at the
6,6’-positions of the catalysts had remarkable effects on
enantioselectivity and absolute stereochemistry. Sterically bulky
substituents such as a mesityl group increased enantioselectivity (entry 1
vs. entry 3), while a phenyl substituent inverted the absolute
enantioselectivity (entries 1-3 vs. entry 4).

The correlation between the enantioselectivity and the alkoxy moiety of
alkyl acrylates in the Diels-Alder reaction with cyclopentadiene
catalyzed by 7a was also investigated. Sterically bulky alkoxy groups
lowered the enantioselectivity: 48% ee (R) for ethyl acrylate, 11% ee (S)
for t-butyl acrylate. However, the reaction of ethylene diacrylate (8),
which is commercially available, and the following reduction with
lithium aluminum hydride gave endo-5-norbornene-2-methanol with
78% ee (eq. 1). According to a control experiment (eq. 2), the
enantioselectivity in the initial addition and the diastereoselectivity
(double asymmetric induction) in the second addition were higher than
that of methyl acrylate (Table 1, entry 2). Although it is not clear why
the selectivities are increased by the link between dienophiles, similar
effects are expected for other asymmetric reactions.

The proposed mechanism shown in Figure 1 can explain the absolute
stereopreference in the above Diels-Alder reaction. The following
features of the intermediates were predicted by a conformational
analysis: boron complexes the carbonyl oxygen anti to the C-O bond of
the ester,10 the enone unit is s-trans,13 and the carbonyl group is
positioned over and approximately parallel to the naphthalene ring
within the van der Waals radii (ca. 3 Å).3b Thus, the absolute
configuration of the major endo product using 7a as a catalyst is
consistent with the naphthyl shielding the re face of the coordinated
methyl acrylate leading to attack by cyclopentadiene at the si face, as
shown in A. Coordination of the methyl acrylate with the re face

e

exposed as shown in B is disfavored due to steric interaction of the
alkene with the naphthyl. Increased enantioselectivity with the use of 7b
can be easily understood in terms of steric repulsion between the alkene
and the mesityl group (see C). Although the reason for the inverse
absolute stereopreference with the use of 7c is not yet clear,
intermediate D may be slightly favored due to some π-π attractive
interaction between the alkene and the 6-phenylnaphthyl group.
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Next, the enantioselectivity and absolute stereochemistry in the Diels-
Alder reaction of cyclopentadiene and other dienophiles were explored
using non-substituted catalyst 7a. The results are summarized in Table
2. Dimethyl fumarate reacted with cyclopentadiene with better
enantioselectivity than methyl acrylate, and the absolute
stereopreference was consistent with that of methyl acrylate. The
reaction with 2,2-dimethyl-5-methylene-1,3-dioxolan-4-one14 as a
cyclic dienophile also gave good enantioselectivity but low yield, and
the absolute stereopreference could be explained in terms of the
sterically favored intermediate E. The enhanced enantioselectivity in
both cases may be ascribed to conformational restriction of the enone
unit. Low enantioselectivity was seen with methacrolein as a dienophile.
Nevertheless, the absolute stereopreference could be explained in terms
of the most favorable intermediate F.

In conclusion, a new and effective chiral arylboronic acid and its
dichloroborane derivative with a binaphthyl skeleton was developed,
and its utility has been demonstrated in Diels-Alder reactions with both
α,β-unsaturated esters and aldehydes, although the enantioselectivity is
insufficient. Preliminary studies indicate that this area of research may
yield other catalyst structures and other useful enantioselective
reactions.
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