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ABSTRACT: This report describes a highly regioselective
tandem N-alkylation/vinylogous aldol reaction of β,γ-alkenyl
α-iminoesters. The sulfur group improves the regioselectivity
of the directed vinylogous aldol reaction, providing a new
synthetic method of 3-amino-2-pyrones.

Aldol reactions using metal enolates formed from the 1,4-
addition of organometallic reagents to α,β-unsaturated

carbonyl compounds are very useful in organic chemistry
because they facilitate three-component assembly reactions that
can build complex molecules.1 However, the reported examples
of the vinylogous aldol reactions2 have used allenic esters as
starting materials.3d The directed vinylogous aldol reaction,3 via
in situ formation of the enolate, benefits from atom economy
compared to the Mukaiyama vinylogous aldol reaction.4

However, steric factors related to the substrates have affected
its regioselectivity3b,c and the use of excess amounts of bulky
Lewis acids has often been required.3a,f,g

An umpolung reaction of an α-iminoester involving
nucleophilic addition to the nitrogen atom is difficult due to
the electronegativity of the imino group.5 We have developed
umpolung reactions of α-iminoesters followed by C−C bond
formation using the metal enolate produced by N-alkylation.6

Nonetheless, constructing C−C bonds via subsequent reactions
of the resulting enolates remains of interest. Recently, we
reported the N-alkylation of β,γ-alkynyl α-iminoesters followed
by regioselective acylation through the formation of magnesium
yne-enolates.6a This report focuses on the synthesis of
dienolates by N-alkylation of β,γ-alkenyl α-iminoesters7 and
describes a new tandem N-alkylation/vinylogous aldol reaction
via in situ formation of these dienolates. In particular, the sulfur
moiety on the alkene portion of the substrate controls the
regioselectivity of the directed vinylogous aldol reaction.
In the initial N-alkylation step, the β,γ-alkenyl α-iminoester

1a underwent reaction under the N-alkylation conditions
optimized for the β,γ-alkynyl α-iminoester (1.1 equiv of
EtMgBr, THF, −78 °C to rt, 30 min), to give the desired N-
adduct isomers 2 and 3 in a low combined yield of 24% (Table
1, entry 1). Other organometallic reagents and reaction
conditions were examined to improve this step, but the yields
could not be improved (see Tables S1 and S2 in Supporting
Information (SI)). All the reaction byproducts could not be

isolated, but 1,4-addition to the conjugate imine might be
occurring as a side reaction, explaining the low yields.
Substrates containing a bulky substituent, such as 2,6-
Me2C6H3, on their alkene portion 1b provided the desired,
N-adducts with almost the same yields as in the case of 1a at
low temperature (entries 2 and 3). When the reaction was
performed from −78 °C to rt, the starting material was
completely consumed without noticeable side reactions, and
the desired product 2b was obtained as the sole product in 61%
yield (entry 4). Furthermore, when the reaction temperature
rose from −78 to 40 °C, the reaction proceeded more rapidly
to produce the N-adduct in the best yield (85%) (entry 5). The
use of substrates bearing three substituents on their alkene
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Table 1. Optimization of N-Alkylation of β,γ-Alkenyl α-
Iminoestera

entry 1 temp (°C)
time
(min) yield (%)b 2:3

smr
(%)c

1 1a −78 to rt 30 2a, 3a 24 83:17 0
2 1a −78 30 2a, 3a 33 67:33 50
3 1b −78 30 2b 32 100:0 49
4 1b −78 to rt 2.5 h 2b 61 100:0 0
5 1b −78 to 40 30 2b 85 100:0 0
6 1b −78 to 40 10 2b 58 100:0 15
7 1c −78 to 40 30 2c 91 100:0 0

aThe reaction was carried out according to the typical procedure.
bIsolated yield. cRecovery of the starting material.
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portion completely prevented side reactions, giving the desired
product in 91% yield (entry 7). The N-alkylation hinges on the
geometry of the imine (Table S3 in SI) and is assumed to
proceed through reaction of the more reactive isomer (E)-1,
which is obtained by isomerization of the (Z)-isomer by heating
above room temperature. Optimization of reaction solvents
showed that THF resulted in the best yield (Table S5 in SI).
Under these optimized conditions (Table 1, entry 7), the

scope of Grignard reagents was examined (Table 2). Linear

primary alkyl Grignard reagents gave the desired N-adducts in
excellent yields (Table 2, entries 1−5), while a branched
counterpart afforded the desired product in good yield (entry
6). In contrast, methyl and secondary alkyl Grignard reagents
produced the desired compounds in low yields (entries 7 and
8) and the phenyl and allyl derivatives did not produce the N-
alkylation products (entries 9 and 10). However, primary
Grignard reagents with functional groups, such as cyclic acetals
(entries 11 and 12), terminal alkene (entry 13), and halogen
(entry 14), did not affect this reaction. In most cases where low
yields were observed, nucleophilic addition to the ethoxycar-
bonyl group occurred as the side reaction.
Next, the tandem N-alkylation/vinylogous aldol reaction was

investigated (Table 3). After N-alkylation under the optimized
conditions, 5.0 equiv of benzaldehyde were added to the
reaction mixture for the subsequent vinylogous aldol reaction.
In this case, the intramolecular cyclization proceeded to give δ-
lactone 4a. Examination of reaction temperature effects
demonstrated that reactions run at higher temperatures gave
the desired products in better yields (entries 1−5). Further
optimization of the reaction conditions indicated that the best
yield was obtained in reactions conducted with 5.0 equiv of
benzaldehyde for 1.5 h (entries 5−9). Although the N-
alkylation followed by hydrolysis of the resulting enamine
provided 2c as a byproduct, this compound may also result
from the retro aldol reaction of the unstable aldol product
formed by α-addition. Based on this hypothesis, we studied the
ester portion of the substrates, the addition of a Lewis acid to
improve aldehyde reactivity, and the effect of a Lewis base3d on
the retro aldol reaction of the α-aldolate that can reproduce the

γ-adduct. However, the yield of 4a did not increase (Tables S7
and S8 in SI), suggesting that the magnesium α-aldolate may be
stabilized by a strong chelation between the magnesium and the
nitrogen atoms.
The scope of substrates, Grignard reagents, and aldehydes

was evaluated under the optimized conditions (Table 4). When
2-thienyl, an electron-donating substituent such as 4-MeO-

Table 2. Scope of Grignard Reagents for N-Alkylationa

aThe reaction was carried out according to the typical procedure.
bIsolated yield.

Table 3. Optimization of Tandem N-Alkylation/Vinylogous
Aldol Reactiona

entry equiv temp time 4a (%)b 2c (%)b

1 5.0 0 °C 15 min 0 79
2 5.0 rt 15 min 19 73
3 5.0 40 °C 15 min 46 49
4 5.0 50 °C 15 min 58 20
5 5.0 reflux 15 min 73 20
6 5.0 reflux 1.5 h 77 22
7 5.0 reflux 9.0 h 63 20
8 2.5 reflux 1.5 h 69 23
9 10.0 reflux 1.5 h 56 29

aThe reaction was carried out according to the typical procedure.
bIsolated yield.

Table 4. Scope of Substratesa

aThe reaction was carried out according to the typical procedure.
bYields refer to pure isolated compounds, and yields of 2 are in the
parentheses. cThe diastereomer ratio is 54:46. dThe diastereomer ratio
is 62:38. eThe diastereomer ratio is 56:44.
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C6H4, an electron-withdrawing substituent such as 4-F-C6H4,
and 2,6-Me2C6H3 (R

1 and R2) were introduced on the alkene
portion of β,γ-alkenyl α-iminoesters, the desired δ-lactones 4
were obtained in moderate-to-good yields. The use of primary
Grignard reagents (R3) that readily underwent N-alkylation
allowed the desired tandem reaction to proceed in moderate-to-
good yield. Aromatic and heteroaromatic aldehydes afforded
the desired products in moderate-to-high yields. On the other
hand, aliphatic aldehydes produced only N-adducts 2 instead of
the desired products. The unsaturated aldehyde, cinnamalde-
hyde, was effective in this reaction, and alkynyl aldehyde
afforded the desired product, albeit in low yield.
Higher temperatures enhanced the γ-selectivity of the

tandem reaction. Nonetheless small amounts of N-adducts 2
were still obtained. The use of substrates bearing sulfenyl
groups on the alkene part may improve γ-selectivity (Table 5).
In fact, substrates containing t-BuS or MeS effectively
underwent N-alkylation (see also Table S6 in SI), and the
subsequent vinylogous aldol reaction was more selective in
producing δ-lactones 4 in excellent yields (Table 5, entries 1−
4).8 Remarkably, the crude products only consisted of δ-lactone
4 but silica gel TLC chromatography purification produced 2-
pyrone 6. The ratios between δ-lactones 4 and 2-pyrones 6
matched the diastereomeric ratios of the δ-lactones in the crude
products. In addition, the stereochemistry of isolated δ-lactone
4s was determined to be trans by nuclear Overhauser effect
(NOE) measurements. This suggests that 2-pyrones 6 may
arise from the anti-elimination of the thiols. 3-Amino-2-pyrones
are valuable in organic synthesis because of their biological
activity such as selective cyclooxygenase-1 (COX-1) inhibitors.9

Furthermore, 2-pyrone can be readily transformed into other
heterocyclic compounds such as pyridine and 2-pyridone.10

The isolated anti-isomer 4r could also be converted into 3-
amino-2-pyrone 6a via syn-elimination of the sulfoxide (Scheme
1). Notably, the sulfenyl groups impact this tandem reaction in

several ways. (1) The first N-alkylation step proceeds selectively
because of steric hindrance. (2) Anion stability allows the
second aldol reaction with the dienolate to occur via γ-addition.
(3) The 3-amino-2-pyrone is produced via anti-elimination of
the thiolate. To the best of our knowledge, this example is the
first directed vinylogous aldol reaction promoted by sulfur-
containing groups.
A proposed reaction mechanism is shown in Scheme 2. β,γ-

Alkenyl α-iminoester 1 is a mixture of Z and E diastereomers.

The inert (Z)-1 isomerizes into its reactive form (E)-1 by
heating above room temperature. The N-alkylation proceeds
with the Grignard reagent to give magnesium dienolate A
through formation of a five-membered intermediate composed
of the imino nitrogen, the carbonyl oxygen, and the magnesium
atom.6m The α- and γ-protonations of dienolate A afford the N-
adducts 2 and 3, respectively. After γ-addition of dienolate A to
the aldehyde to form magnesium aldolate B, an intramolecular
cyclization proceeds with a concomitant formation of MgOEt
to provide δ-lactone 4. The α-adduct C may undergo a retro
aldol reaction followed by protonation to produce N-adduct 2.
Finally, we studied a tandem reaction of β,γ-alkenyl α-

iminoester bearing a phenyldimethylsilyl group on its alkene
part (Table 6). After the vinylogous aldol reaction, the Peterson

Table 5. Tandem Reaction of β,γ-Alkenyl α-Iminoesters Bearing Sulfenyl Groupsa

yield (%)c

entry R1 R2 tempb A (cis/trans) 4 + 6 (4:6)

1 Ph Me refl ndd 4r, 6a 98 (86e:14)
2 Ph Me 40 °C 71:29 4r, 6a 96 (33:67)
3 2-thienyl Me refl 76:24 4s, 6b 89 (26:74)
4 Ph tBu refl ndd 4t, 6a 85 (56:44)

aThe reaction was carried out according to the typical procedure. bTemperature for the addition of the aldehyde. cIsolated yield. dNot determined.
eA 67:33 mixture of cis- and trans-isomers. Purification of the compund A was carried out by deactivated silica gel TLC.

Scheme 1. Transformation of the trans-Isomer 4r

Scheme 2. Assumable Reaction Mechanism
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olefination11 proceeded faster than the intramolecular cycliza-
tion to provide dienamines 8 in moderate yields (entries 1 and
2). Cinnamaldehyde also produced trienamine 8c (entry 3).
Hence, we have developed a highly regioselective tandem N-

alkylation using the umpolung/directed vinylogous aldol
reaction of β,γ-alkenyl α-iminoesters. Sulfenyl substituents on
the alkene part of the substrates notably enhanced the
selectivities of both steps and induced the formation of 3-
amino-2-pyrones via anti-elimination.
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Table 6. Tandem Reaction of β,γ-Alkenyl α-Iminoesters Bearing a Silyl Groupa

yield (%)b

entry R1 R2 8 (dr) 2

1 Ph Ph 8a 61 (87:13) 2y 14
2 2-thienyl Ph 8b 49 (93:7) 2z 4
3 Ph (E)-PhCHCH 8c 71 (64:36) 2y trace

aThe reaction was carried out according to the typical procedure. bIsolated yield.
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