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ABSTRACT

An intramolecular version of the Yamamoto vinylogous aldol reaction, a method that employs the bulky Lewis acid ATPH to control the site
of aldolization, is described. This macrocyclization process is effective for the construction of 10-, 12-, and 14-membered macrolides. The
yields are high (70 −90%), and the reaction can proceed with excellent remote stereocontrol (dr g 20:1) with chiral substrates.

The construction of medium and large membered rings has
been an important and challenging problem in organic and
natural products synthesis.1 The intramolecular aldol reaction,
although studied extensively for the assembly of small (five-
to seven-membered) rings,2 has only occasionally been
employed for the synthesis of macrocycles.3 Selective
enolization, inter- vs intramolecular reactivity, and the
possibility of enolate decomposition are issues that can
complicate the macroaldolization process, and as such,
intramolecular variations of the Mukaiyama and Refor-
matsky4 reactions have constituted the majority of the
macroaldolization examples known. Recently, Yamamoto
described a method for performing vinylogous aldol reac-
tions5 with R,â-unsaturated carbonyl compounds and alde-
hydes in which both reactants are initially subjected to
precomplexation with the bulky Lewis acid, aluminum tris-
(2,6-diphenylphenoxide) (ATPH), then treated with a bulky
amide base, such as LDA or LTMP.6 A simplified depiction

of the ATPH-carbonyl complexes is provided in Scheme
1. Yamamoto has studied these structures in depth and has
shown that the binding is flexible and subject to steric
effects.6d The resulting ATPH-bound enolate then undergoes
addition to the aldehyde at the terminal carbon of the enolate
(Scheme 1). This positional selectivity is thought to be due
to the bulk of the ATPH which blocks reaction at the
proximal sites of the conjugated enolate.

The Yamamoto protocol is unusual in that both the
aldehyde and theR,â-unsaturated carbonyl compound are
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present prior to the addition of the base. As such, we felt
that this method could be applied to the macroaldolization
of crotonate esters (Scheme 2),7 and we describe herein our

initial results which establish this as an effective method for
macrocyclic ring synthesis. Furthermore, we show that these
cyclizations can proceed with high levels of remote asym-
metric induction.

In our initial studies, we examined the cyclization of
compound1 (Table 1). Yamamoto has described different
reaction conditions for various substrate combinations,6 and
in our first cyclization attempts, we used a slight modification

of one of these wherein a solution of LTMP (1.1 equiv) in
THF was added to a solution of1 and ATPH (2.2 equiv) in
toluene at-25 °C.6b We were pleased to find that these
conditions provide the desired macrolide (2) albeit in only
25% yield (entry 1). The stereochemistry of the alkene of2
was assigned asZ on the basis of the coupling constant
between the alkenyl protons (11.2 Hz).8 In the absence of
ATPH, or in the presence of the precursor to ATPH, Me3-
Al,9 none of the desired product was observed (entries 2 and
3).10 A brief solvent survey was conducted wherein we
studied cyclizations in dichloromethane, toluene, and THF
and found that these solvents provided only trace amounts
of product (data not shown).10 At lower temperature (-78
°C), a slight improvement in yield was observed (34%, entry
4); however, at higher temperatures (0°C), the yield
decreased significantly (6%, entry 5).10 The best results were
obtained when the amount of LTMP used was increased from
1.1 to 2.0 equiv (entries 6-9), and under these conditions
at -48 °C, a 62% yield was observed (entry 8). Finally, it
was found that reversing the order of addition, such that a
solution of1 and ATPH (2.2 equiv) in toluene was slowly
added to a cooled (-48 °C) solution of LTMP (2.0 equiv)
in THF/toluene, cleanly provides2 in 70% yield (entry 9).11

Using these optimized conditions,11 we examined the
cyclizations shown in Table 2. We wished to study the effects
of ring size and whether or not remote asymmetric induction
could be observed in these reactions.

Entries 1-3 describe cyclizations which produce 10-
membered rings, and we were pleased to find that these
reactions proceed in high yields (77-82%) and with excellent
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Scheme 1. Yamamoto Vinylogous Aldol Reaction

Scheme 2. Intramolecular Yamamoto Vinylogous Aldol
Reaction

Table 1. Optimization Studies

entry Lewis acid LTMP equiv temp % yieldb

1 ATPH 1.1 -25 25
2 none 1.1 -25 0
3 Me3Al 1.1 -25 0
4 ATPH 1.1 -78 34
5 ATPH 1.1 0 6
6 ATPH 2.0 -78 44
7 ATPH 2.0 -25 50
8 ATPH 2.0 -48 62
9 ATPH 2.0 -48 70c

a LTMP was slowly added to a solution of1 precomplexed with the
specified Lewis acid (2.2 equiv) at the specified temperature (°C). All
reactions were performed at a 0.01 M final substrate concentration in 10:1
toluene/THF.b Isolated yield after purification.c A solution of the1-ATPH
complex was slowly added to a solution of LTMP.11
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levels of asymmetric induction (>25:1 dr). In the case of
entry 1, theZ-alkene was produced and no diastereomeric
products were detected by1H NMR. Entries 2 and 3 show
an interesting trend wherein an increase in the steric bulk of
the substituent on the ring provides increasing amounts of
theE-alkene8 (compare Table 1, R) H, exclusivelyZ, with
Table 2, entry 2, R) Me, 3:1Z/E, and Table 2, entry 3, R
) i-Pr, 1:13Z/E). In the case of entries 2 and 3, hydrogena-
tion of the isomeric products provides the same compound,
thereby indicating that the compounds have the same relative
stereochemistry between the two tetrahedral stereocenters and
differ only by the alkene geometry (Scheme 3).

Entries 4-6 in Table 2 describe cyclizations which
produce 12-membered macrolides, and these reactions also

proceed in high yields (81-84%) and produce theE-isomers
exclusively. We were pleased to again observe excellent
levels of remote asymmetric induction (g25:1 dr) and were
unable to detect any isomeric products in these reactions by
1H NMR. Interestingly, these products display fluxional
behavior at the intermediate exchange rate on the NMR time
scale with broad nondescript signals at room temperature.
When heated to 59°C, the spectra sharpen as described in
the Supporting Information.

Entries 7-9 in Table 2 describe cyclizations which form
14-membered rings, and these reactions proceed in the
highest yields of all those that we studied (88-90%). Again,
E-alkenes are produced exclusively, and the reactions proceed
with high levels of remote asymmetric induction (entry 8, R
) Me, 20:1, entry 9, R) i-Pr, 23:1). The diastereomeric
ratio was determined by1H NMR integration of the alkenyl
protons. Furthermore, hydrogenation of the alkene of com-
pounds10 and11 provides products in which the isomeric
ratio is maintained, thereby indicating that10 and 11 are
isomeric at the tetrahedral stereocenters and not at the alkene.

The relative stereochemistry for lactone3 was determined
by X-ray crystallography to be syn as drawn in Table 2,
whereas that of lactones4 and7 was determined to be anti
as drawn in Table 2 and as shown in Figure 1.12,13

The relative stereochemistry of lactone10was determined
to be anti by chemical correlation as shown in Scheme 4.14

Compound10 was synthesized with control of the absolute

(12) Crystallographic data for the 3,5-dinitrobenzoates14 and 15 can
be found in the Supporting Information. The stereochemistry of compound
5 was assigned by analogy.

Figure 1. X-ray crystal structures of the 3,5-dinitrobenzoate
derivatives of lactones3, 4, and7.

Table 2. Scope of the Intramolecular Vinylogous Aldol
Reaction

a Isolated yield after purification.b Ratio of alkene stereoisomers
produced.c Diastereomeric ratios determined by1H NMR. d The macrodi-
olide was also isolated in 7% yield.e A single isomer was observed by1H
NMR.

Scheme 3
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stereochemistry at C-11 (R), then hydrogenated (Pd/C) to
provide 17. Oxidation of17 (Dess-Martin periodinane)15

to ketone18 was followed by asymmetric reduction with
(-)-DIP-Cl16 to provide17a (5S,11R) and (+)-DIP-Cl to

provide17b (5R,11R). Alcohol17 derived from compound
10 has spectral properties identical to those of17a(5S,11R)
and different spectral data from those of17b (5R,11R),
thereby establishing that lactone10 has theSconfiguration
at C5 and an anti relationship between the two tetrahedral
stereocenters in the macrolide, as drawn in Table 2 and
Scheme 4.

In conclusion, we have described an intramolecular
variation of the Yamamoto vinylogous aldol reaction for the
construction of 10- to 14-membered macrolides in good
yields (up to 90%) and excellent remote diastereoselection
(g20:1 dr). Studies aimed at understanding the stereocontrol
element in these cyclizations, expanding the scope of this
method, and applying it to the synthesis of natural products
are in progress.
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Scheme 4
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