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Abstract

The synthesis of the novel Lewis acid, aluminum tris(2,6-di-2-naphthylphenoxide) (ATNP), and
its use in the vinylogous aldol reaction between methyl crotonate and enolizable aldehydes are
described. ATNP is related to Yamamoto’s Lewis acid, aluminum tris(2,6-diphenylphenoxide)
(ATPH), but the 2-naphthyl groups more effectively block the α-position of aldehydes, enabling
the selective enolization of crotonate esters in the presence of enolizable aldehydes. Vinylogous
aldol reactions then proceed smoothly and in high yields with a variety of substrates.

The aldol reaction is a versatile carbon-carbon bond forming transformation that is widely
used and of great importance in organic synthesis.1 The extension of this reaction to its
vinylog (i.e., the vinylogous aldol reaction) is well known, and in its simplest form, proceeds
via a dienolate and an aldehyde.2 The product, a δ-hydroxy-α,β-unsaturated carbonyl
compound, is rich in functionality, and as this bond construction occurs in an uncommon
position (between the γ- and δ-carbons of the product), it offers novel strategic
disconnections in synthetic planning. In recent years, the reaction has gained significant
attention from the organic community, and an important advance was described by Hisashi
Yamamoto with the use of the very bulky Lewis acid, aluminum tris(2,6-
diphenylphenoxide) (ATPH 1, Scheme 1).3 ATPH is used in reactions of lithium enolates
and aldehydes, and it is thought to bind to both the dienolate and the aldehyde components
of the reaction. Due to its bulk, it prevents reaction at the α-carbon of the dienolate, thereby
forcing the reaction to occur at the distal γ-carbon (Scheme 1). Remarkably, Yamamoto has
used ATPH to direct reactivity to the terminal carbon in substrates as large as hexaenolates
derived from pentaenoates.3b
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An important feature of the Yamamoto protocol is that the components must all be
combined prior to the addition of the base; attempts to conduct the reaction in a stepwise
fashion wherein the enolate is first formed then the aldehyde added provide significantly
diminished yields.3b,4 Because this reaction is not amenable to a two-step enolization/
aldehyde addition protocol, if the aldehyde component is enolizable, there must be
selectivity in the initial deprotonation step; otherwise, a mixture of enolates will result,
providing a mixture of products. While Yamamoto has described notable selectivity with
many substrate combinations, in the case of crotonate esters, the reaction provides low
yields when the aldehyde is enolizable and unhindered at the α-carbon. For example,
attempted vinylogous aldol reaction between methyl crotonate (2) and valeraldehyde (3)
provides the desired product in a yield of only 22% (Table 1, entry 1).3b This significantly
limits the scope of this reaction, and we recently had a need to apply this method to an
unbranched enolizable aldehyde. We have, therefore, devised a Lewis acid to overcome this
limitation, and describe our results herein.

In order to use enolizable aldehydes in this reaction, we required a Lewis acid that upon
binding to an aldehyde renders it immune to enolization by bulky kinetic bases such as LDA
or LTMP. We, therefore, studied a number of Lewis acids as surrogates for ATPH in a
model vinylogous aldol reaction between 2 and 3 in search of one possessing the right
combination of tight binding and bulk (Table 1). Under standard reaction conditions
(addition of a cooled solution of LTMP (2.3 equivs) in THF to a toluene solution of the
Lewis acid (3.3 equivs), ester (2 equivs) and aldehyde at −78 °C), none of the known bulky
Lewis acids that we studied, including those devised by Yamamoto (MAD5 5, MABR6 6,
MAT7 7, ATD8 8, Me-ATPH9 9), were successful (Table 1).

We wished to maintain the major design features of ATPH and sought a Lewis acid with
comparable bulk in the vicinity of the aluminum, but with extended “reach” such that, upon
binding to an aldehyde, there is greater hindrance of the protons on the α-carbon and limited
accessibility to base. We, therefore, considered replacing the phenyl groups of ATPH with
2-naphthyl groups and devised aluminum tris(2,6-di-2-naphthylphenoxide) (ATNP, 10,
Scheme 2) wherein the naphthyl groups are expected to extend further forward toward the
α-carbon of the aldehyde.

To examine this hypothesis, we modeled the ATNP/valeraldehyde complex. We began with
the crystal structure of Yamamoto’s ATPH/methyl crotonate complex,3d,10 added the
corresponding 2-naphthyl groups, and replaced the ester with valeraldehyde. We then
adjusted the complexation bond lengths and bond angles to the known values for ATPH/
aldehyde complexes.3d Energy minimization of this structure (MM2 force field, see
Supporting Information) provided the model of ATNP bound to valeraldehyde shown in
Figure 1. This structure reveals that the additional reach of the 2-naphthyl groups can
effectively block the enolizable protons of the aldehyde.

As in the case of ATPH, ATNP is prepared in situ immediately prior to use by stirring the
corresponding phenol with trimethylaluminum (Scheme 2). The precursor to ATNP, phenol
13, can, in turn, be prepared by a one-step Suzuki cross-coupling using RuPhos11 as the
ligand in excellent yield (>95%) from 2,6-dibromophenol (11) and 2-naphthylboronic acid
(12), both of which are commercially available. Gratifyingly, with ATNP using the
conditions described in Scheme 1, the vinylogous aldol reaction of methyl crotonate (2) and
valeraldehyde (3) proceeds cleanly to provide the desired γ-adduct (4) in 82% yield
(Scheme 2). This is a substantial improvement over the 22% yield observed by Yamamoto
using ATPH.
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With ATNP identified, we wished to optimize the reaction conditions and minimize the
loading of methyl crotonate. Typically, two equivs of the crotonate are used by Yamamoto
with approximately equal amounts of LTMP, and we wished to optimize this reaction using
lower loadings of crotonate, which would require a corresponding decrease in LTMP and
ATNP. We find that a modest decrease in yield is observed with the use of 1.5 equivs of
crotonate (76%, Table 2, entry 2) and a more significant decrease with 1.1 equivs (60%,
Table 2, entry 3). Neither slow addition of the base nor changing the order of addition such
that the ATNP complexed substrates are added to the LTMP were beneficial (Table 2,
entries 4, 5 and 6). Finally, the reaction requires lower temperature to proceed cleanly; at
−20 °C, the reaction produces greater amounts of byproducts and proceeds in 54% yield
(Table 2, entry 7).

Our optimized conditions are very similar to those of Yamamoto and consist of running the
reaction at −78 °C using 2 equivs of the ester, 2.3 equivs of LTMP and 3.3 equivs of ATNP
for every equiv of aldehyde. With these conditions identified, we studied the scope of the
reaction with a variety of aldehydes. Our results are shown in Table 3.

Other unbranched, enolizable, aliphatic aldehydes, such as heptanal (5) and
hydrocinnamaldehyde (7), provided comparable results to valeraldehyde (76% and 82%
yields, respectively, Table 3 entries 2 and 3). The α-branched aldehyde,
cyclohexylcarboxaldehyde (9), was also an excellent partner and provided the product in
96% yield (Table 3, entry 4). The reaction proceeded cleanly using pivaldehyde (11), a
highly congested non-enolizable aldehyde (97%, Table 3 entry 5), and as expected,
benzaldehyde (13) was an efficient reaction partner and provided the product in excellent
yield (97%, Table 3 entry 6). We also studied oxygenation at the α-and β-positions of the
aldehyde and found in both cases that the reaction is tolerant of silyl as well as benzyl
protecting groups. For example, the α-oxygentated substrate, triethylsiloxyacetaldehyde
(15), provided the product in good yield (77%, Table 3, entry 7) while the α-benzylated
substrates 17 and 19 also provided the products in yields of 77% and 87% (Table 3, entries 8
and 9, respectively). Compounds 17 and 19 also provided the opportunity to study
asymmetric induction with stereogenicity at the α-position. We find that β-branching is
required for high levels of selectivity; unbranched aldehyde 17 provided the product with a
modest 2.4:1 dr while branched aldehyde 19 provided the product with a 10:1 dr (Table 3,
entries 9 and 10, respectively). In both cases, the major isomer was the anti-diastereomer. In
addition, we find that β-oxygenated substrates 21 and 23 provide the product in good
chemical yield with no evidence of β-elimination, but with low to moderate levels of
asymmetric induction (Table 3, entry 10, 65% yield, 1.3:1 dr; entry 11, 78% yield, 3.4:1 dr).
Finally, cinnamaldehyde provided the desired product in modest yield due to competitive
conjugate addition (Table 3, entry 12).12

In conclusion, we have described a new Lewis acid, ATNP, capable of promoting the
selective enolization of methyl crotonate in the presence of enolizable aldehydes. The
subsequent vinylogous aldol reaction proceeds in high yields with a variety of substrates
including those that are hindered, α-branched, and oxygenated in the α-and β-positions.
Additions to α-oxygenated substrates require β-branching for high levels of
diastereoselectivity, and α,β-unsaturated aldehydes undergo competitive conjugate addition,
thereby limiting the yield. We are currently studying the application of this reaction to
complex molecule synthesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Model of ATNP bound to valeraldehyhde. In this model, the aluminum atom (light blue) of
ATNP is shown coordinated phenoxide oxygens (red) as well as to the oxygen of
valeraldehyde (carbons shown in yellow). The distal phenyl rings of the 2-naphthyl groups
are shown in green, and can be seen blocking the enolizable protons (highlighted in blue).
The aldehydic proton is also shown in blue; all other hydrogens have been omitted for
clairity.
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Scheme 1.
Yamamoto Vinylogous Aldol Reaction with ATPH
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Scheme 2.
Synthesis of ATNP and its use in a Vinylogous Aldol Reaction with an Enolizable Aldehyde
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Table 1

Vinylogous Aldol Reaction of Enolizable Aldehydes with Various Known Lewis Acidsa

entry Lewis acid LA
structure

yield
(%)

1 ATPH, 1 22

2 MAD, 5 12

3 MABR, 6 21

4 MAT, 7 15

5 ATD, 8 30

6 Me-ATPH, 9 -b

a
See text for reaction conditions.

b
A complex mixture was observed.
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Table 3

Scope of the Vinylogous Aldol Reaction with ATNP

entry aldehyde product yield (%)
dr

1 82

2 76

3 82

4 96

5 97

6 97

7 77

8 77
2.4:1 dr

9 87
10:1 dr

10 65
1.3:1 dr

11 78
3.4:1 dr

23 24

12 43
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