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Phenoxide ion-catalyzed tandem Michael addition and lac-
tonization between �,�-unsaturated ketones and silyl enolates
derived from phenyl carboxylates proceeded smoothly to afford
the corresponding 3,4-dihydropyran-2-ones in high yields with
good to excellent trans-selectivities.

An intramolecular cyclization via Michael addition is one of
the most synthetically efficient and powerful strategies in con-
structing 3,4-dihydropyran-2-one skeleton.1 For example,
Katritzky et al. reported that the reactions between the lithium
enolates of N-acylbenzotriazoles and �,�-unsaturated ketones
afforded previously unknown 3,4-dihydropyran-2-one deriva-
tives in good yields.1c However, the scope of this method for
the preparation of substituted 3,4-dihydropyran-2-ones was es-
sentially limited to the derivatives with non-�-branched alkyl
substituents at 3-position. Recently, it was reported from our lab-
oratory that a convenient one-pot preparation of 3,4-dihydropy-
ran-2-ones by Michael addition of silyl enolate derived from
phenyl isobutyrate to various �,�-unsaturated ketones and se-
quential lactonization was accomplished in the presence of a
Lewis base catalyst such as tetrabutylammonium phenoxide in
THF at �78 �C.2 In this reaction, the phenoxy group on the silyl
enolate behaves as an effective leaving group to facilitate intra-

molecular cyclization of in situ formed Michael-adduct, and the
liberated phenoxide ion serves also as a Lewis base catalyst to
activate silyl enolate. In order to extend the synthetic utility of
the phenoxide ion-catalyzed tandem Michael addition and lacto-
nization, diastereoselective synthesis of 3,4-dihydropyran-2-
ones using various silyl enolates derived from phenyl carboxy-
lates was studied. In this communication, we would like to report
on trans-selective synthesis of 3,4-dihydropyran-2-ones by
phenoxide ion-catalyzed tandem Michael addition and lactoni-
zation between various silyl enolates derived from phenyl car-
boxylates and �,�-unsaturated ketones.

In the first place, reaction of chalcone 1a and (E)-trimethyl-
silyl (TMS) enolate 2a (R3 ¼ Et) was tried in THF at �78 �C by
using 5mol% of tetrabutylammonium phenoxide under the con-
ditions reported in our previous report.2 A diastereomeric mix-
ture of 3,4-dihydropyran-2-ones, 3aa and 4aa, was obtained in
96% yield with the predominant formation of trans-isomer 3aa
(the ratio of 88:12).3 Next, effects of other solvents were exam-
ined (Table 1). When the reaction was carried out in Et2O, high
diastereoselectivity was attained although the yield of the de-

Table 1. Effects of solventsa

R3
OPh

OSiMe3

+
2) 1 M HCl aq, THFR1 R2

O
OPh O

Ph
Et

1) Bu4NOPh (5 mol%)

Solv., –78 °C, 0.5 h

2a: R3 = Et trans (3aa) + cis (4aa)1a: R1, R2 = Ph
 (1.6 equiv.)

Entry Solv. Yieldb/% trans (3aa):cis (4aa)c

1 THF 96 88:12

2 Et2O 69d 93:7

3 DMF 66e,f 60:40

4 CH2Cl2 19g 68:32

5 toluene 98 92:8

aReactions were carried out according to the typical procedure (Ref. 2).
bIsolated yield. cDetermined by 1HNMR analysis. dMichael-adduct 5

was afforded as a by-product (18% yield). eThe reaction was carried out

at �50 �C. fCompound 6 was afforded as a by-product (20% yield).
gCompound 6 was afforded as a by-product (75% yield).
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OPh
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R3 OPh

OSiEt3
R3

2b: R3 = Me

2c: R3 = i-Pr

2d: R3 = t-Bu
(E:Z = >95:5)

2e: R3 = Et

2f: R3 = i-Pr
(E:Z = >95:5)

2g: R3 = Et
(E:Z = 7:93)

2a: R3 = Et
(E:Z = 90:10)

Table 2. Phenoxide ion-catalyzed tandemMichael addition and
lactonization using various silyl enolatesa

Ph Ph

O

R3
OPh

OSiR4
3

+
2) 1 M HCl aq, THF

OPh O

Ph
R3

1) Bu4NOPh (5 mol%)

Solv., –78 °C, 0.5 h

2 (1.6 equiv.)1a trans (3) + cis (4)

Entry Enolateb Solv. Yieldc/% (trans:cis)d

1 2b: R3 = Me, R4 = Me THF 78 (3ab:4ab = 90:10)

2 2c: R3 = i-Pr, R4 = Me THF 96 (3ac:4ac = 71:29)

3 2d: R3 = t-Bu, R4 = Me THF 90 (3ad:4ad = >95:5)

4 2b: R3 = Me, R4 = Me toluene 82 (3ab:4ab = 90:10)

5 2c: R3 = i-Pr, R4 = Me toluene 99 (3ac:4ac = 71:29)

6 2e: R3 = Et, R4 = Et THF 93e (3ae:4ae = 93:7)

7 2f: R3 = i-Pr, R4 = Et THF 86e (3af:4af = 82:18)

8 2g: R3 = Et, R4 = Et THF 47e (3ag:4ag = 47:53)

aReactions were carried out according to the typical procedure (Ref. 2).
bStructures are shown below. cIsolated yield. dDetermined by 1HNMR anal-

ysis. e2 equivalents of enolate were used.
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sired product decreased because of the formation of the non-cy-
clized product, Michael-adduct 5 (Entry 2). In the case when
DMF or CH2Cl2 was used, on the other hand, the side reaction
of forming conjugated 1,3-diene 6 proceeded via an undesired
1,2-addition pathway, and the yields lowered significantly (En-
tries 3 and 4).1c Among the solvents examined, toluene gave
the best result (Entry 5). These results showed that both yield
and selectivity of this tandem reaction were influenced consider-
ably by the solvent, and toluene was found to be effective just as
well as THF.

Next, phenoxide ion-catalyzed tandemMichael addition and
lactonization was studied by using various silyl enolates derived
from phenyl carboxylates in THF or toluene (Table 2). It was
found then that the reaction of chalcone 1a and (E)-TMS eno-
lates 2 having various alkyl substituents at R3 position afforded
trans-isomers predominantly (Entries 1–5). It was remarkable to
note that trans-isomer 3ad was obtained almost exclusively
when sterically hindered (E)-TMS enolate 2d (R3 ¼ t-Bu) was
used (Entry 3). In addition, the similar predominant formation
of trans-isomers was observed when (E)-triethylsilyl (TES) eno-
lates were employed in place of the above (E)-TMS enolates
(Entries 6 and 7). On the other hand, the use of (Z)-TES enolate
2g led to a considerable decrease in the yield and also in its se-
lectivity (Entry 8).

Then, reactions of (E)-TMS enolates, 2a and 2b, with vari-
ous �,�-unsaturated ketones were further tried by using 5mol%
of tetrabutylammonium phenoxide in toluene at �78 �C
(Table 3). In most cases, the reactions proceeded smoothly to
provide the desired 3,4-dihydropyran-2-ones in high yields with
good to excellent trans-selectivities (Entries 1–9). It was found
that substituents at R1 or R2 positions of �,�-unsaturated ke-
tones played an important role on controlling the stereoselectiv-
ity of this reaction, and the trans-selectivities became higher
when their bulkness, particularly that of R1, increased. The de-
tailed stereochemical trends and transition states are now under
investigation.

The relative configuration at newly created stereocenters of
diastereomers was clearly identified by X-ray crystallographic

analysis of major trans-isomer 3ba (Figure 1).4,5

Thus, a direct and trans-selective synthesis of 3,4-dihydro-
pyran-2-ones via phenoxide ion-catalyzed Michael addition of
various silyl enolates derived from phenyl carboxylates to
�,�-unsaturated ketones and successive lactonization was estab-
lished. Further study on this type of tandem reaction is now in
progress.
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5 trans-Isomer 3ba: 1HNMR (300MHz, CDCl3) � 1.04 (t,
J ¼ 7:5Hz, 3H), 1.62–1.82 (m, 2H), 2.69 (dd, J ¼ 12:6,
6.9 Hz, 1H), 3.70 (dd, J ¼ 6:9, 4.5 Hz, 1H), 5.80 (d, J ¼
4:5Hz, 1H), 7.17 (d, J ¼ 8:4Hz, 2H), 7.32 (d, J ¼ 8:4Hz,
2H), 7.34–7.43 (m, 3H), 7.64–7.68 (m, 2H). The signal for
the vinyl proton of minor cis-isomer 4ba appears at
6.02 ppm (d, J ¼ 6:6Hz). However, according to the report
by Katritzky et al., the compound 3ba was assigned to be
cis (See Ref. 1c). On the basis of X-ray crystallographic
analysis, their assignment about the relative configuration
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Table 3. Phenoxide ion-catalyzed tandemMichael addition and
lactonization using various �,�-unsaturated ketonesa

R1 R2

O

OPh

OSiMe3

R3

+
2) 1 M HCl aq, THF

OR1 O

R2
R3

1) Bu4NOPh (5 mol%)

toluene, −78 °C, 0.5 h

2a or 2b1 trans (3) + cis (4)
 (1.6 equiv.)

Entry Enone Enolate Yieldb/% (trans:cis)c

1 1b: R1 = Ph, R2 = 4-ClC6H4 81 (3ba:4ba = 92:8)

2 1c: R1 = Ph, R2 = 4-MeOC6H4 97 (3ca:4ca = >95:5)

3 1d: R1 = Ph, R2 = Me 2a 89 (3da:4da = 71:29)

4 1e: R1 = mesd, R2 = Me (R3 = Et) 97 (3ea:4ea = >95:5)

5 1f: R1 = i-Pr, R2 = Ph 75 (3fa:4fa = >95:5)

6 1g: R1 = t-Bu, R2 = Ph 85 (3ga:4ga = >95:5)

7 1d: R1 = Ph, R2 = Me
2b

82 (3db:4db = 72:28)

8 1e: R1 = mesd, R2 = Me
(R3 = Me)

85 (3eb:4eb = 91:9)

9 1g: R1 = t-Bu, R2 = Ph 83 (3gb:4gb = >95:5)

aReactions were carried out according to the typical procedure (Ref. 2).
bIsolated yield. cDetermined by 1HNMR analysis. d2,4,6-Trimethylphenyl.

Figure 1. ORTEP drawing of compound 3ba.
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