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ABSTRACT: β-Silyl-γ-ethylidene-γ-butyrolactone upon one-pot treatment with aldehydes and ketones in the presence of Lewis
acids underwent a tandem Hosomi−Sakurai/Prins cyclization to give polysubstituted tetrahydropyranones stereoselectively. Various
aldehydes and ketones can be used in this reaction to produce the corresponding tetrahydropyranones. The optical purity of the
starting γ-butyrolactone was substantially retained in the resulting tetrahydropyranones.

■ INTRODUCTION

Since substituted tetrahydropyranones are important compo-
nents often found in biologically active natural/non-natural
compounds, developing methods for synthesizing tetrahydro-
pyranones is one of the important tasks in organic synthesis.1−5

Although many methods for constructing substituted tetrahy-
dropyran systems have been reported, developing stereo-
selective construction methods for polysubstituted tetrahy-
dropyranones remains a challenging task.1−5 Prins cyclization
is a useful method for fabricating tetrahydropyran systems.5

Chan and Loh synthesized 2,4,6-trisubstituted tetrahydropyr-
ans from an allylsilane and two molecules of aldehydes through
the Prins cyclization (Scheme 1).5b β-Silyl-γ-ethylidene-γ-
butyrolactone 1 has a structure containing both an allylsilane
and a vinyl ester. It is considered useful as an α,α′-dianion
equivalent of γ-keto carboxylic acid. In this study, we report an
efficient stereoselective one-pot synthesis of polysubstituted
tetrahydropyranones by a three-component coupling of 1,
aldehydes, and ketones.

■ RESULTS AND DISCUSSION

The reaction substrate β-silyl-γ-ethylidene-γ-butyrolactone 1
was synthesized from allenylsilane 26 in two steps via gold-
catalyzed cyclization (Scheme 2).7 As the silyl group of 1, we
selected a dimethylphenylsilyl group, which is often used in the
Hosomi−Sakurai reaction.8 Treatment of 1 with benzaldehyde
(3 equiv) in the presence of BF3·OEt2 (2.5 equiv) in CH2Cl2 at
−78 °C for 13 h produced tetrasubstituted tetrahydropyranone

3a accompanied by its diastereomer 3a′ in 34% yield with high
stereoselectivity (dr = 21:1, Table 1, entry 1). The yield of 3a
increased slightly at 0 °C (entry 2) and improved to 85% at
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Scheme 1. Construction of Substituted Tetrahydropyran
Systems by Prins Cyclization

Articlepubs.acs.org/joc

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.joc.1c01284
J. Org. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

G
O

V
E

R
N

M
E

N
T

 C
O

L
G

 L
A

H
O

R
E

 o
n 

Se
pt

em
be

r 
1,

 2
02

1 
at

 0
6:

25
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoma+Ariyoshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuhiko+Sakaguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takahiro+Nishimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.1c01284&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01284?fig=sch1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.joc.1c01284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf


−78 °C for 1.5 h and at 0 °C for 1.5 h (entry 3). The reaction
also proceeded with a catalytic amount of Lewis acid to give 3a
in 25% yield (entry 4), but no significant improvement in yield
was observed when the reaction time was extended (entry 5).
Trimethylsilyl trifluoromethanesulfonate (TMSOTf) as a
Lewis acid also promoted the reaction to give 3a with good
yield and high diastereoselectivity (80%, dr = 16:1, entry 6).
When FeCl3, InCl3, and Sc(OTf)3 were used as Lewis acids,
the diastereoselectivity decreased (entries 7−9). The use of
Cu(OTf)2 reduced the yield (entry 10), and both the yield and
diastereoselectivity decreased using Zn(OTf)2 and TiCl4
(entries 11 and 12). The reaction using trifluoromethanesul-
fonic acid (TfOH) as a Brønsted acid gave 3a in 78% yield;
however, the diastereoselectivity was low (entry 13). Trifluoro-
acetic acid did not promote the reaction (entry 14). The
relative configurations of 3a and 3a′ were determined by 1H
NMR spectral analysis.9 The minor isomer 3a′ was a
diastereomer at the C2, C3, and C6 positions of the major
isomer 3a (vide infra).
With the optimized reaction conditions in hand, the scope of

aldehydes was explored (Table 2). A variety of electron-
enriched and electron-deficient aromatic aldehydes with para-,
meta-, or ortho-substituents can undergo this reaction to deliver
the corresponding tetrasubstituted tetrahydropyranones in
moderate to good yields with high diastereoselectivity (3b−

3j). Among them, diastereoselectivity slightly decreased when
para-Me- or NO2-substituted benzaldehydes were employed
(3e, 3f). The use of 2-naphthaldehyde gave the corresponding
tetrahydropyranone in 70% yield (dr = 12:1, 3j). For aliphatic
aldehydes with linear alkyl groups, the corresponding
cyclization products were obtained in good yields with high
diastereoselectivity (3k, 3l). Aldehydes with branched alkyl
groups decreased the diastereoselectivity (3m). The reaction
with cyclopropanecarboxaldehyde gave the corresponding
tetrahydropyranone (33%, 3n) with a mixture of unknown
byproducts. However, for sterically bulky pivalaldehyde and
2,4,6-trimethylbenzaldehyde, and for aromatic heterocycle-
containing pyrrole-2-carboxaldehyde, the cyclization reaction
did not occur, and γ-keto carboxylic acid 4,10 which was
produced via hydrolysis of 1, was obtained (3o, 3p, and 3q).

Scheme 2. Preparation of β-Silyl-γ-alkylidene-γ-
butyrolactone 1

Table 1. Optimization of the Reaction Conditions for Acid-
Promoted Cyclization of 1 with Aldehydesa

entry Lewis acid x (equiv) yield of 3a + 3a′ (%)b 3a:3a′
1c BF3·OEt2 2.5 34 21:1
2d 2.5 42 20:1
3 2.5 85e 20:1
4 0.2 25 13:1
5f 0.2 35 21:1
6 TMSOTf 2.5 80e 16:1
7 FeCl3 2.5 71 3:1
8 InCl3 2.5 73e 3:1
9 Sc(OTf)3 2.5 58 6:1
10 Cu(OTf)2 2.5 16 >25:1
11 Zn(OTf)2 2.5 15 4:1
12 TiCl4 2.5 11 2.3:1
13 TfOH 2.5 78 2.4:1
14 CF3COOH 2.5 0

aReaction conditions: 1 (0.1 mmol), PhCHO (3 equiv), Lewis acid,
CH2Cl2 (0.1 M), −78 °C, 1.5 h, followed by 0 °C, 1.5 h. bYields were
determined by 1H NMR using triphenylmethane as an internal
standard. cThe reaction was performed at −78 °C, 13 h. dThe
reaction was performed at 0 °C, 1.5 h. eIsolated yield. fThe reaction
was performed at −78 °C, 4 h, followed by 0 °C, 4 h.

Table 2. Scope of Acid-Promoted Cyclization of 1 with
Aldehydesa

aReaction conditions: 1 (0.1−0.2 mmol), aldehyde (3 equiv), BF3·
OEt2 (2.5 equiv), CH2Cl2 (0.1 M), −78 °C, 1.5 h followed by 0 °C,
1.5 h. bIsolation yield of the corresponding methyl ester converted by
reaction with trimethylsilyldiazomethane.
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We then attempted the sequential introduction of two
different aldehydes into the cyclization reaction. Treatment of
1 with BF3·OEt2 and 1 equiv of benzaldehyde at −78 °C for
1.5 h followed by the reaction with 3-phenylpropanal at 0 °C
for 1.5 h in a one-pot afforded tetrahydropyranone 5 with four
different substituents in 60% yield (dr = 8:1, Scheme 3). By
changing the order of introduction of these aldehydes,
tetrahydropyranone 6, where the substituents at the C2- and
C6-positions were exchanged, could be synthesized.

We attempted the acid-promoted reaction of 1 using
cyclohexanone instead of aldehydes. However, the desired
cyclization did not occur, and γ-keto carboxylic acid 4 (83−
84%) was obtained.11 However, it was found that the
cyclization involving 1, aldehyde, and ketone occurred when
the reaction was conducted in the presence of both aldehyde
and ketone (Table 3). The acidic treatment of 1 with

benzaldehyde (1 equiv) and cyclohexanone (1.3 equiv) in the
presence of BF3·OEt2 (2.5 equiv) gave pentasubstituted
tetrahydropyranone 7a stereoselectively (43%, dr = 8:1).9

Besides, cycloheptanone and acetone were used as ketone
components to give the corresponding cyclization products 7b
and 7c. These results suggested that ketones did not react with
γ-butyrolactone 1, and the introduction of ketones occurred

after the reaction of 1 with 1 equiv of aldehydes to produce the
corresponding tetrahydropyranones. In the case of using
acetophenone, the corresponding 7d was not formed.12 This
suggests that the cyclization was difficult with sterically bulky
ketones, such as acetophenone.
We demonstrated that ketoaldehydes were successfully

involved in this acid-promoted cyclization (Table 4). The

treatment of 1 with γ-ketoaldehyde 9 (1.4 equiv) in the
presence of BF3·OEt2 (2.5 equiv) smoothly underwent
cyclization to give the 8-oxabicyclo[3,2,1]octane derivative
8a in 71% yield as a single diastereomer (entry 1).9 A similar
conversion using δ-ketoaldehyde 10 was rather messy, but the
corresponding fused ring product could be obtained as an ester
derivative (8b, entry 2). Notably, even when a sterically bulky
phenyl ketone-containing aldehyde 11 was employed, the
corresponding fused ring product 8c was produced in excellent
yield (92%, entry 3).
When the acid-promoted cyclization was conducted using

enantiopure 1 (>99% ee)13 and benzaldehyde, the optical
purity of the obtained 3r and 3r′ (methyl esters of 3a and 3a′,
respectively) was 97% ee and 76% ee, respectively (Scheme
4).14 The major product 3r substantially retained the optical

Scheme 3. Acid-Promoted Cyclization of 1 with Two
Different Aldehydes

Table 3. Acid-Promoted Cyclization of 1 with Aldehydes
and Ketonesa

aReaction conditions: 1 (0.1−0.2 mmol), PhCHO (1 equiv), ketone
(1.3−4 equiv), BF3·OEt2 (2.5 equiv), CH2Cl2 (0.1 M), −78 °C, 2 h,
followed by 0 °C, 2−20 h (one-pot). bCyclohexanone (1.3 equiv) was
used, and the reaction time at 0 °C was 2 h. cCycloheptanone (1.5
equiv) was used, and the reaction time at 0 °C was 20 h. dAcetone
(4.0 equiv) was used, and the reaction time at 0 °C was 2.5 h.

Table 4. Acid-Promoted Cyclization of 1 with
Ketoaldehydesa

aReaction conditions: 1 (0.1−0.2 mmol), ketoaldehyde (1.4 equiv),
BF3·OEt2 (2.5 equiv), CH2Cl2 (0.1 M), −78 °C, 1.5 h, followed by 0
°C, 2 h. bIsolation yield of the corresponding methyl ester converted
by reaction with trimethylsilyldiazomethane.

Scheme 4. Acid-Promoted Cyclization of Optically Active 1
with Aldehyde
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purity of the starting compound 1. The absolute configuration
of enantiopure 1 was confirmed to be S by conversion to the
known γ-butyrolactone 1315 (Scheme 5). The low optical

purity of the obtained 12 (11% ee) and 13 (31% ee) suggested
that the exo/endo isomerization of the olefin moiety of 1
occurred under hydrogenation conditions.16 The absolute
configuration of the obtained 3r and 3r′ was determined
(Scheme 6). The 7:1 mixture of 3r (97% ee) and 3r′ (76% ee)

was subjected to isomerization with 1,5-diazabicyclo[4.3.0]-
non-5-ene (DBN) to give the enantiomer of 3r′ whose four
substituents were in the equatorial conformation (87%, 80%
ee). The resulting ent-3r′ was reduced with NaBH4 to give the
secondary alcohols 149 (67%, 77% ee) and 15 (30%, 78% ee).
The obtained 14 was converted to its (S)- and (R)-α-methoxy-
α-(trifluoromethyl)phenylacetic acid (MTPA) esters, respec-
tively. The absolute configuration of 14, which reflects that of
ent-3r′, was determined by the modified Mosher method
(Supporting Information).17

To investigate the reaction pathway of this acid-promoted
cyclization reaction, the stepwise conversion of 1 and
aldehydes to tetrahydropyranones was examined. γ-Butyrolac-
tone 1 was allowed to react with 1 equiv of benzaldehyde in
the presence of BF3·OEt2 at −78 °C to give the Hosomi−
Sakurai reaction products, alcohol 16 (53%), its diastereomer
17 (8%), and silyl ether 18 (29%, Scheme 7). The reaction of
the obtained 16 with 1.3 equiv of benzaldehyde at 0 °C gave
3a (77%) as a single diastereomer. Under the same reaction
conditions, a mixture of 16 and 17 (dr = 1:5) gave a mixture of
3a and 3a′ (69%, dr = 1:5), and 18 gave 3a (74%). The results
of these stereospecific conversions suggested that the
conversion from 1 with aldehydes to tetrahydropyranones 3

occurred in a stepwise manner through the intermediates 16,
17, and/or 18.
A plausible reaction pathway of the acid-promoted

cyclization reaction of 1 with aldehydes is shown in Scheme
8. First, a nucleophilic attack of an allylsilane of 1 on the first

aldehyde activated by Lewis acid produced the intermediate B
(Hosomi−Sakurai reaction). Next, in the oxonium intermedi-
ate C obtained by reacting B with the second aldehyde
molecule, the nucleophilic attack of an intramolecular alkene
occurs through a chair-like transition state, producing cyclic
intermediate D stereoselectively (Prins cyclization). Finally,

Scheme 5. Determination of the Absolute Configuration of
1

Scheme 6. Determination of the Absolute Configuration of
3r and 3r′

Scheme 7. Stepwise Synthesis of Tetrahydropyranones from
1a

aConditions: PhCHO (1.3 equiv), BF3·OEt2 (1.3 equiv), CH2Cl2, 0
°C, 1.5 h.

Scheme 8. Plausible Reaction Pathway of Acid-Promoted
Cyclization of 1 with Aldehydes
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ring-opening of the resulting D followed by hydrolysis
produces the substituted tetrahydropyranone 3. The minor
isomer 3′ is produced via the isomeric intermediate B′.

■ EXPERIMENTAL SECTION
General Information. All reagents and solvents were purchased

from Aldrich Chemical Company, Inc., Nacalai Tesque Co., Ltd.,
Tokyo Kasei Kogyo Co., Ltd., Kanto Chemical Co., Ltd., and Wako
Pure Chemical Industries, Ltd. and were used without further
purification unless otherwise indicated. A Sartorius CPA224S was
used as a balance. 1H NMR spectra were recorded on a JEOL JNM-
ECZ400S (400 MHz), a Bruker Biospin AVANCE III HD 400 (400
MHz), or a Bruker Biospin AVANCE III HD 600 (600 MHz).
Chemical shifts of 1H NMR spectra were reported in parts per million
(ppm, δ) relative to CHCl3 (δ = 7.26) in CDCl3 or (CH3)2O (δ =
2.04) in (CD3)2O.

13C NMR spectra were recorded on a JEOL JNM-
ECZ400S (100 MHz), a Bruker Biospin AVANCE III HD 400 (100
MHz), or a Bruker Biospin AVANCE III HD 600 (600 MHz).
Chemical shifts of 13C NMR spectra were reported in ppm (δ)
relative to CDCl3 (δ = 77.0) or (CD3)2O (δ = 29.8). The following
abbreviations were used; s, singlet: d, doublet: t, triplet: q, quartet:
quint, quintet: sext, sextet: sept, septet: m, multiplet: br s, broad
singlet. High-resolution mass spectra were obtained on a JEOL
AccuTOF LC-Plus 4G JMS-T100LP spectrometer for electron spray
ionization (ESI) or for direct analysis in real time (DART). All
reactions were monitored by thin-layer chromatography (TLC),
which was performed with precoated plates (silica gel 60 F-254, 0.25
mm layer thickness, manufactured by Merck). TLC visualization was
accomplished using a UV lamp (254 nm) or a charring solution
(KMnO4 aq). Either Wakogel 60N (particle size, 38−100 μm) or
Daisogel IR-60 1002W (particle size, 40−63 μm) was used for flash
column chromatography on silica gel. Wakogel B-5F (particle size
pass, 45 μm) was used for preparative TLC. Compounds 2,6 9,18 10,19

and 1120 were prepared according to the literature procedure.
Compound (1). To a solution of allenylsilane 2 (1.31 g, 5.03

mmol) in 3:1 MeOH/H2O (25 mL) was added lithium hydroxide
(1.06 g, 25.3 mmol), and the solution was stirred at room temperature
for 18 h. The reaction was quenched with aq 2 N HCl. The reaction
mixture was extracted with Et2O (×3). The organic layer was dried
with MgSO4, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel (n-
hexane/AcOEt = 5/1) to afford 3-(dimethyl(phenyl)silyl)hexa-3,4-
dienoic acid (1.07 g, 86%) as a pale yellow oil. Rf: 0.2 (n-hexane/
AcOEt = 5/1); 1H NMR (400 MHz, CDCl3): δ 7.54−7.52 (m, 2H),
7.36−7.33 (m, 3H), 4.96 (qt, J = 6.9, 2.1 Hz, 1H), 4.1−2.8 (br s, 1H),
2.95 (t, J = 2.1 Hz, 2H), 1.64 (d, J = 6.9 Hz, 3H), 0.39 (s, 6H);
13C{1H} NMR (100 MHz, CDCl3): δ 209.6, 178.3, 137.2, 133.7,
129.1, 127.7, 88.0, 81.5, 35.9, 13.1, −2.9, −3.0; HRMS (ESI+) m/z:
calcd for C14H18NaO2Si (M + Na)+, 269.0974; found, 269.0974. To a
solution of 3-(dimethyl(phenyl)silyl)hexa-3,4-dienoic acid (2.58 g,
10.5 mmol) in anhydrous CH2Cl2 (53 mL) was added
[(Ph3PAu)3O]BF4 (151.9 mg, 0.103 mmol). The reaction mixture
was stirred at room temperature for 3 h under a nitrogen atmosphere.
The reaction mixture was filtered through silica gel. The filtrate was
concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (n-hexane/AcOEt = 30/1) to
give 1 (1.91 g, 74%) as a colorless oil and its endo isomer 1′ (244.3
mg, 9%) as a colorless oil.
Compound (1). [α]D

25: +97 (c 1.01, CHCl3, >99% ee, R), [α]D
25:

−98 (c 1.01, CHCl3, >99% ee, S); Rf: 0.6 (n-hexane/AcOEt = 5/1);
1H NMR (400 MHz, acetone-d6): δ 7.58−7.56 (m, 2H), 7.43−7.35
(m, 3H), 4.30 (qd, J = 6.8, 1.7 Hz, 1H), 2.94 (dd, J = 18.2, 11.8 Hz,
1H), 2.83−2.78 (m, 1H), 2.45 (dd, J = 18.2, 4.2 Hz, 1H), 1.57 (dd, J
= 6.8, 1.8 Hz, 3H), 0.38 (s, 3H), 0.35 (s, 3H); 13C{1H} NMR (100
MHz, acetone-d6): δ 175.0, 151.9, 136.4, 134.8, 130.5, 128.8, 96.8,
30.6, 26.5, 10.6, −5.2, −5.3; HRMS (DART+) m/z: calcd for
C14H19O2Si (M + H)+, 247.1154; found, 247.1148. Compound 1 was
gradually isomerized to compound 1′ in CDCl3. The stereochemistry

of 1 was determined by nuclear Overhauser effect spectroscopy
(NOESY).

Compound (1′). Rf: 0.5 (n-hexane/AcOEt = 5/1); 1H NMR (400
MHz, CDCl3): δ 7.51−7.48 (m, 2H), 7.41−7.37 (m, 3H), 3.13 (t, J =
1.6 Hz, 2H), 2.22 (qt, J = 7.6, 1.6 Hz, 2H), 1.05 (t, J = 7.6 Hz, 3H),
0.43 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 178.2, 163.6,
137.0, 133.5, 129.6, 128.1, 105.1, 37.7, 22.5, 11.8, −2.1; HRMS
(DART+) m/z: calcd for C14H19O2Si (M + H)+, 247.1154; found,
247.1167.

General Procedure for the Synthesis of Tetrahydropyr-
anones (Carboxylic Acids) Using Aldehydes (General Proce-
dure A). To a solution of 1 (1 equiv) in anhydrous CH2Cl2 (0.1 M)
was added aldehyde (3 equiv). The reaction mixture was stirred at
−78 °C under a nitrogen atmosphere. BF3·OEt2 (2.5 equiv, 1.2 M
CH2Cl2 solution) was added slowly to the reaction mixture. The
reaction mixture was stirred at −78 °C for 1.5 h and then stirred at 0
°C for 1.5 h. The reaction was quenched with brine at 0 °C. The
reaction mixture was extracted with CH2Cl2 (×3). The combined
organic layers were dried over MgSO4 and filtered. The filtrate was
concentrated under reduced pressure. The residue was purified by
column chromatography or preparative TLC on silica gel to give
tetrahydropyranones (carboxylic acids) 3 and 3′.

General Procedure for the Synthesis of Tetrahydropyr-
anones (Methyl Esters) Using Aldehydes (General Procedure
B). After performing general procedure A, to a solution of the
resulting carboxylic acids in anhydrous toluene/methanol (4/1, 0.03
M) was added trimethylsilyldiazomethane (3.2 equiv, 2.0 M diethyl
ether solution). The reaction mixture was stirred at room temperature
for 1.5 h under a nitrogen atmosphere. The reaction was quenched
with acetic acid at room temperature. The reaction mixture was
concentrated under reduced pressure. The residue was purified by
column chromatography or preparative TLC on silica gel to give
tetrahydropyranones (methyl esters) 3 and 3′.

Compound (3a, Carboxylic Acid). According to general procedure
A, the reaction of 1 (49.6 mg, 0.201 mmol) with benzaldehyde (65.4
mg, 0.616 mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL,
0.504 mmol) followed by purification by preparative TLC on silica gel
(n-hexane/AcOEt = 3/1) gave a mixture of 3a and 3a′ (55.4 mg, 85%,
3a:3a′ = 20:1) as a colorless solid: mp. 156 °C (decomp); Rf: 0.1 (n-
hexane/AcOEt = 3/1); 1H NMR (400 MHz, CDCl3): δ 11.1−8.9 (br
s, 1H), 7.49−7.24 (m, 10H), 5.02 (d, J = 2.8 Hz, 1H), 4.57 (d, J =
11.5 Hz, 1H), 3.34 (ddd, J = 11.5, 7.9, 3.6 Hz, 1H), 2.87 (qd, J = 7.2,
2.8 Hz, 1H), 2.56 (dd, J = 17.1, 7.9 Hz, 1H), 2.17 (dd, J = 17.1, 3.6
Hz, 1H), 1.10 (d, J = 7.2 Hz, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ 209.9, 177.4, 139.0, 138.2, 128.9, 128.8, 128.3, 127.4,
127.1, 125.4, 83.7, 80.5, 51.0, 49.2, 29.5, 11.5; HRMS (ESI+) m/z:
calcd for C20H20NaO4 (M + Na)+, 347.1259; found, 347.1237. The
relative configuration of 3a was determined by NOESY.

Large-Scale Synthesis of 3a. According to general procedure A,
the reaction was performed using 1 (615 mg, 2.50 mmol),
benzaldehyde (797 mg, 7.50 mmol), and BF3·OEt2 (1.2 M CH2Cl2
solution, 5.2 mL, 6.24 mmol) followed by purification by column
chromatography on silica gel (n-hexane/AcOEt = 3/1−1/1) to give a
mixture of 3a and 3a′ (640 mg, 79%, 3a:3a′ = 15:1) as a colorless
solid.

Compound (3r, Methyl Ester of 3a). According to general
procedure B, the reaction was performed using (S)-1 (24.0 mg,
0.0974 mmol), benzaldehyde (31.1 mg, 0.293 mmol), BF3·OEt2 (1.2
M CH2Cl2 solution, 0.20 mL, 0.240 mmol), and TMSCHN2 (2.0 M
diethyl ether solution, 0.16 mL, 0.320 mmol) followed by purification
by preparative TLC on silica gel (n-hexane/AcOEt = 3/1) to give a
mixture of methyl-esterified 3r and 3r′ (25.2 mg, 77%, 3r (97%
ee):3r′ (76% ee) = 7:1) as a colorless solid. [α]D

25: +37 (c 0.72,
CHCl3, 7:1 mixture of 3r (97% ee) and 3r′ (76% ee)); Rf: 0.4 (n-
hexane/AcOEt = 5/1); 1H NMR (400 MHz, CDCl3): δ 7.52−7.24
(m, 10H), 5.04 (d, J = 2.8 Hz, 1H), 4.59 (d, J = 11.6 Hz, 1H), 3.58 (s,
3H), 3.39 (ddd, J = 11.6, 7.6, 3.8 Hz, 1H), 2.87 (qd, J = 7.1, 2.8 Hz,
1H), 2.57 (dd, J = 17.0, 7.6 Hz, 1H), 2.16 (dd, J = 17.0, 3.8 Hz, 1H),
1.12 (d, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 210.1,
172.2, 139.1, 138.2, 128.7 (×2), 128.2, 127.3, 127.2, 125.4, 83.8, 80.5,
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51.7, 51.1, 49.3, 29.4, 11.5; HRMS (DART+) m/z: calcd for C21H23O4
(M + H)+, 339.1596; found, 339.1595.
Compound (ent-3r′, Methyl Ester of 3a′). To a solution of a

mixture of methyl-esterified 3r (97% ee) and 3r′ (76% ee) (14.4 mg,
0.0426 mmol, 3r:3r′ = 7:1) in anhydrous CH2Cl2 (53 mL) was added
1,5-diazabicyclo[4.3.0]non-5-ene (DBN) (6.8 mg, 0.0548 mmol).
The reaction mixture was stirred at room temperature for 16 h under
a nitrogen atmosphere. The reaction mixture was filtered through
silica gel. The filtrate was concentrated under reduced pressure to give
methyl-esterified ent-3r′ (12.5 mg, 87%, 80% ee, dr = 17:1) as a
colorless solid: [α]D

20: +3 (c 0.63, CHCl3, 80% ee); Rf: 0.4 (n-hexane/
AcOEt = 5/1); 1H NMR (400 MHz, CDCl3): δ 7.49−7.26 (m, 10H),
4.57 (d, J = 10.2 Hz, 1H), 4.37 (d, J = 11.5 Hz, 1H), 3.59 (s, 3H),
3.38 (ddd, J = 11.5, 8.5, 3.0 Hz, 1H), 2.96 (dq, J = 10.2, 6.5 Hz, 1H),
2.59 (dd, J = 16.7, 8.5 Hz, 1H), 2.07 (dd, J = 16.7, 3.0 Hz, 1H), 0.88
(d, J = 6.5 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 207.3,
172.3, 139.4, 138.7, 128.73, 128.71, 128.6, 128.5, 127.2, 127.1, 86.5,
84.2, 53.8, 51.82, 51.76, 29.9, 9.7; HRMS (ESI+) m/z: calcd for
C21H22NaO4 (M + Na)+, 361.1416; found, 361.1422.
Compound (3b). According to general procedure A, the reaction of

1 (49.2 mg, 0.200 mmol) with p-fluorobenzaldehyde (74.8 mg, 0.602
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 5/2) gave a mixture of 3b and 3b′ (46.2 mg, 64%, 3b:3b′ =
16:1) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt = 5/1); mp: 145
°C (decomp); 1H NMR (400 MHz, CDCl3): δ 12.0−9.4 (br s, 1H),
7.45 (dd, J = 8.8, 5.6 Hz, 2H), 7.29 (dd, J = 8.6, 5.4 Hz, 2H), 7.12 (t, J
= 8.8 Hz, 2H), 7.05 (t, J = 8.8 Hz, 2H), 4.99 (d, J = 2.6 Hz, 1H), 4.57
(d, J = 10.8 Hz, 1H), 3.28 (ddd, J = 10.8, 7.7, 3.8 Hz, 1H), 2.83 (qd, J
= 6.9, 2.6 Hz, 1H), 2.55 (dd, J = 17.2, 7.7 Hz, 1H), 2.17 (dd, J = 17.2,
3.8 Hz, 1H), 1.08 (d, J = 6.9 Hz, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ 209.3, 177.0, 162.9 (d, J = 246 Hz), 162.1 (d, J = 244 Hz),
134.7, 133.8, 128.9 (d, J = 8 Hz), 127.0 (d, J = 8 Hz), 115.9 (d, J = 21
Hz), 115.3 (d, J = 22 Hz), 83.0, 80.0, 50.9, 49.2, 29.4, 11.4; HRMS
(ESI−) m/z: calcd for C20H17F2O4 (M − H)−, 359.1095; found,
359.1094.
Compound (3c). According to general procedure B, the reaction of

1 (23.3 mg, 0.0946 mmol) with p-chlorobenzaldehyde (40.2 mg,
0.286 mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.20 mL, 0.240
mmol) followed by purification by preparative TLC on silica gel (n-
hexane/AcOEt = 4/1) gave a diastereomeric mixture of carboxylic
acids. Then, the reaction of the mixture with TMSCHN2 (2.0 M
diethyl ether solution, 0.16 mL, 0.320 mmol) followed by purification
by preparative TLC on silica gel (n-hexane/AcOEt = 4/1) gave a
mixture of 3c and 3c′ (22.6 mg, 59%, 3c:3c′ = 25:1) as a colorless
solid. Rf: 0.5 (n-hexane/AcOEt = 5/1); mp: 90−92 °C; 1H NMR
(400 MHz, CDCl3): δ 7.40−7.3 (m, 6H), 7.25 (d, J = 8.4 Hz, 2H),
5.00 (d, J = 2.8 Hz, 1H), 4.59 (d, J = 10.8 Hz, 1H), 3.59 (s, 3H), 3.29
(ddd, J = 10.8, 7.4, 4.2 Hz, 1H), 2.83 (qd, J = 7.0, 2.8 Hz, 1H), 2.52
(dd, J = 17.2, 7.4 Hz, 1H), 2.16 (dd, J = 17.2, 4.2 Hz, 1H), 1.08 (d, J
= 7.0 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 209.2, 172.0,
137.4, 136.6, 134.7, 133.3, 129.0, 128.5 (×2), 126.8, 83.0, 79.9, 51.8,
50.7, 49.1, 29.3, 11.5; HRMS (ESI+) m/z: calcd for C21H20Cl2NaO4
(M + Na)+, 429.0636; found, 429.0616.
Compound (3d). According to general procedure B, the reaction of

1 (24.5 mg, 0.0994 mmol) with p-bromobenzaldehyde (55.2 mg,
0.298 mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.21 mL, 0.252
mmol) followed by purification by preparative TLC on silica gel (n-
hexane/AcOEt = 4/1) gave a diastereomeric mixture of carboxylic
acids. Then, the reaction of the mixture with TMSCHN2 (2.0 M
diethyl ether solution, 0.16 mL, 0.320 mmol) followed by purification
by preparative TLC on silica gel (n-hexane/AcOEt = 4/1) gave a
mixture of 3d and 3d′ (28.2 mg, 57%, 3d:3d′ = >25:1) as a colorless
solid. Rf: 0.5 (n-hexane/AcOEt = 5/1); mp: 59−61 °C; 1H NMR
(400 MHz, CDCl3): δ 7.55 (d J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz,
2H), 7.34 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H), 4.98 (d, J =
2.6 Hz, 1H), 4.58 (d, J = 10.8 Hz, 1H), 3.11 (s, 3H), 3.28 (ddd, J =
10.8, 7.5, 4.0 Hz, 1H), 2.83 (qd, J = 7.3, 2.6 Hz, 1H), 2.52 (dd, J =
16.9, 7.5 Hz, 1H), 2.16 (dd, J = 16.9, 4.0 Hz, 1H), 1.08 (d, J = 7.3 Hz,
3H); 13C{1H} NMR (100 MHz, CDCl3): δ 209.1, 172.0, 137.9,

137.1, 132.0, 131.5, 128.8, 127.1, 122.9, 121.4, 83.1, 79.9, 51.9, 50.7,
49.1, 29.3, 11.5; HRMS (ESI+) m/z: calcd for C21H20Br2NaO4 (M +
Na)+, 516.9626; found, 516.9646.

Compound (3e). According to general procedure A, the reaction of
1 (49.3 mg, 0.200 mmol) with p-tolualdehyde (73.1 mg, 0.608 mmol)
and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by preparative TLC on silica gel (n-hexane/AcOEt = 3/1)
gave a mixture of 3e and 3e′ (40.1 mg, 53%, 3e:3e′ = 6:1) as a
colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 161 °C
(decomp); 1H NMR (400 MHz, CDCl3): δ 12.3−9.5 (br s, 1H), 7.35
(d, J = 8.4 Hz, 2H), 7.23−7.21 (m, 4H), 7.14 (d, J = 7.6 Hz, 2H),
4.97 (d, J = 2.5 Hz, 1H), 4.50 (d, J = 11.3 Hz, 1H), 3.33 (ddd, J =
11.3, 8.3, 3.4 Hz, 1H), 2.83 (qd, J = 7.1, 2.5 Hz, 1H), 2.54 (dd, J =
17.2, 8.3 Hz, 1H), 2.37 (s, 3H), 2.33 (s, 3H), 2.15 (dd, J = 17.2, 3.4
Hz, 1H), 1.10 (d, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ 210.2, 177.7, 138.6, 136.9, 136.1, 135.2, 129.4, 128.9,
127.0, 125.3, 83.5, 80.4, 51.1, 49.2, 29.6, 21.2, 21.1, 11.4; HRMS
(ESI+) m/z: calcd for C22H24NaO4 (M + Na)+, 375.1572; found,
375.1545.

Compound (3f). According to general procedure B, the reaction of
1 (24.5 mg, 0.0994 mmol) with p-nitrobenzaldehyde (90.0 mg, 0.596
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) gave a diastereomeric mixture of carboxylic acids.
Then, the reaction of the mixture with TMSCHN2 (2.0 M diethyl
ether solution, 0.15 mL, 0.300 mmol) followed by purification by
preparative TLC on silica gel (n-hexane/AcOEt = 4/1) gave a mixture
of 3f and 3f′ (26.7 mg, 31%, 3f:3f′ = 2.5:1) as a colorless solid. Rf: 0.5
(n-hexane/AcOEt = 5/1); mp: 92−93 °C; 1H NMR (400 MHz,
CDCl3): δ 8.31 (d, J = 8.8 Hz, 2 H), 8.24 (d, J = 8.4 Hz, 2 H), 7.68
(d, J = 8.8 Hz, 2 H), 7.52 (d, J = 8.8 Hz, 2 H), 5.20 (d, J = 2.8 Hz,
1H), 4.88 (d, J = 10.9 Hz, 1H), 3.61 (s, 3H), 3.26 (ddd, J = 10.9, 6.9,
4.2 Hz, 1H), 2.96 (qd, J = 7.0, 2.8 Hz, 1H), 2.51 (dd, J = 17.0, 6.9 Hz,
1H), 2.29 (dd, J = 17.0, 4.2 Hz, 1H), 1.09 (d, J = 7.0 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 207.5, 171.7, 148.2, 147.4,
145.5, 145.0, 128.1, 126.2, 124.1, 123.7, 82.4, 79.7, 52.0, 50.1, 48.8,
29.1, 11.6; HRMS (ESI+) m/z: calcd for C21H20N2NaO8 (M + Na)+,
451.1117; found, 451.1125.

Compound (3g). According to general procedure A, the reaction of
1 (24.5 mg, 0.0994 mmol) with m-tolualdehyde (35.8 mg, 0.298
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.21 mL, 0.252 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) gave a mixture of 3g and 3g′ (26.6 mg, 76%, 3g:3g′ =
16:1) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 110−
112 °C; 1H NMR (400 MHz, CDCl3): δ 11.0−8.1 (br s, 1H), 7.33−
7.06 (m, 8H), 4.97 (d, J = 2.5 Hz, 1H), 4.50 (d, J = 11.1 Hz, 1H),
3.35 (ddd, J = 11.1, 8.1, 3.5 Hz, 1H), 2.85 (qd, J = 7.2, 2.5 Hz, 1H),
2.55 (dd, J = 17.2, 8.1 Hz, 1H), 2.41 (s, 3 H), 2.35 (s, 3 H), 2.16 (dd,
J = 17.2, 3.5 Hz, 1H), 1.12 (d, J = 7.2 Hz, 3H); 13C{1H} NMR (100
MHz, CDCl3): δ 210.1, 177.5, 138.9, 138.6, 138.1, 137.8, 129.6,
128.7, 128.1 (×2), 127.8, 126.0, 124.3, 122.5, 83.8, 80.6, 51.1, 49.1,
29.6, 21.50, 21.48, 11.5; HRMS (ESI+) m/z: calcd for C22H24NaO4
(M + Na)+, 375.1572; found, 375.1580.

Compound (3h). According to general procedure A, the reaction of
1 (49.7 mg, 0.202 mmol) with m-anisaldehyde (83.0 mg, 0.610
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) gave a mixture of 3h and 3h′ (59.2 mg, 74%, 3h:3h′ =
15:1) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 63−
65 °C; 1H NMR (400 MHz, CDCl3): δ 11.8−8.9 (br s, 1H), 7.33 (t, J
= 8.2 Hz, 2H), 7.26 (t, J = 8.2 Hz, 2H), 7.04−7.02 (m, 2H), 6.91−
6.89 (m, 3H), 6.80 (dd, J = 8.2, 2.2 Hz, 1H), 4.98 (d, J = 2.5 Hz, 1H),
4.53 (d, J = 10.8 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 3.31 (ddd, J =
10.8, 8.1, 3.6 Hz, 1H), 2.85 (qd, J = 7.2, 2.5 Hz, 1H), 2.55 (dd, J =
17.2, 8.1 Hz, 1H), 2.21 (dd, J = 17.2, 3.6 Hz, 1H), 1.10 (d, J = 7.2 Hz,
3H); 13C{1H} NMR (100 MHz, CDCl3): δ 209.9, 177.5, 159.8,
159.5, 140.4, 139.8, 129.8, 129.3, 119.4, 117.7, 113.7, 113.0, 112.3,
111.5, 83.4, 80.3, 55.3, 55.2, 50.9, 49.1, 29.5, 11.5; HRMS (ESI+) m/
z: calcd for C22H24NaO6 (M + Na)+, 407.1471; found, 407.1473.
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Compound (3i). According to general procedure A, the reaction of
1 (49.6 mg, 0.201 mmol) with o-tolualdehyde (73.5 mg, 0.612 mmol)
and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) gave a mixture of 3i and 3i′ (55.2 mg, 78%, 3i:3i′ =
10:1) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 143
°C (decomp); 1H NMR (400 MHz, CDCl3): δ 11.1−8.9 (br s, 1H),
7.61−7.13 (m, 8H), 5.15 (d, J = 2.5 Hz, 1H), 4.85 (d, J = 10.9 Hz,
1H), 3.56 (ddd, J = 10.9, 8.7, 3.2 Hz, 1H), 2.87 (qd, J = 7.0, 2.5 Hz,
1H), 2.63 (dd, J = 17.0, 8.7 Hz, 1H), 2.42 (s, 3 H), 2.30 (s, 3 H), 2.11
(dd, J = 17.0, 3.2 Hz, 1H), 1.15 (d, J = 7.0 Hz, 3H); 13C{1H} NMR
(100 MHz, CDCl3): δ 210.3, 177.6, 136.1, 135.8, 133.0, 130.8, 130.3,
128.5, 127.3, 127.0, 126.9, 126.7, 125.8, 125.7, 78.6 (×2), 48.6 (×2),
29.3, 19.6, 19.0, 12.0; HRMS (ESI+) m/z: calcd for C22H24NaO4 (M
+ Na)+, 375.1572; found, 375.1592.
Compound (3j). According to general procedure A, the reaction of

1 (24.0 mg, 0.0974 mmol) with 2-naphthaldehyde (45.3 mg, 0.290
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.20 mL, 0.240 mmol)
followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 4/1) gave a mixture of 3j and 3j′ (29.1 mg, 70%, 3j:3j′ =
12:1) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 176
°C (decomp); 1H NMR (400 MHz, CDCl3): δ 11.5−9.6 (br s, 1H),
7.99 (d, J = 8.8 Hz, 1H), 7.91−7.82 (m, 6H), 7.76 (d, J = 8.0 Hz,
1H), 7.53−7.41 (m, 6H), 5.24 (d, J = 2.2 Hz, 1H), 4.80 (d, J = 11.0
Hz, 1H), 3.50 (ddd, J = 11.0, 7.9, 3.5 Hz, 1H), 3.03 (qd, J = 7.1, 2.2
Hz, 1H), 2.60 (dd, J = 17.2, 7.9 Hz, 1H), 2.21 (dd, J = 17.2, 3.5 Hz,
1H), 1.17 (d, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
209.8, 176.9, 136.2, 135.6, 133.6, 133.1, 133.0, 132.7, 129.1, 128.1,
128.04, 128.01, 127.8, 127.6, 126.9, 126.5 (×2), 126.2, 125.9, 124.4,
124.3, 123.2, 84.0, 80.7, 51.0, 49.1, 29.6, 11.6; HRMS (ESI+) m/z:
calcd for C28H24NaO4 (M + Na)+, 447.1572; found, 447.1537.
Compound (3k). According to general procedure A, the reaction of

1 (51.7 mg, 0.210 mmol) with butyraldehyde (44.9 mg, 0.623 mmol)
and BF3·OEt2 (71.5 mg, 0.503 mmol) followed by flash column
chromatography on silica gel (n-hexane/AcOEt = 5/3) gave a mixture
of 3k and 3k′ (44.6 mg, 83%, 3k:3k′ = >25:1) as a pale yellow oil. Rf:
0.2 (n-hexane/AcOEt = 3/1); 1H NMR (400 MHz, CDCl3): δ 11.0−
8.4 (br s, 1H), 3.54 (ddd, J = 8.8, 4.1, 2.5 Hz, 1H), 3.32 (ddd, J =
11.0, 7.6, 3.2 Hz, 1H), 2.88 (ddd, J = 11.0, 7.6, 4.0 Hz, 1H), 2.67 (dd,
J = 17.2, 7.6 Hz, 1H), 2.42 (qd, J = 7.0, 2.5 Hz, 1H), 2.31 (dd, J =
17.2, 4.0 Hz, 1H), 1.70−1.24 (m, 8H), 1.15 (d, J = 7.0 Hz, 3H), 0.92
(t, J = 7.4 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 211.3,
178.0, 80.4, 78.9, 49.0, 47.9, 36.2, 33.8, 29.5, 19.0, 18.6, 13.9, 13.8,
10.7; HRMS (ESI+) m/z: calcd for C14H24NaO4 (M + Na)+,
279.1572; found, 279.1569.
Compound (3l). According to general procedure A, the reaction of

1 (26.7 mg, 0.108 mmol) with 3-phenylpropionaldehyde (46.0 mg,
0.343 mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.23 mL, 0.276
mmol) followed by preparative TLC on silica gel (n-hexane/AcOEt =
4/1) gave a mixture of 3l and 3l′ (29.5 mg, 72%, 3l:3l′ = >25:1) as a
colorless solid. Rf: 0.1 (n-hexane/AcOEt = 3/1); mp: 98−100 °C; 1H
NMR (400 MHz, CDCl3): δ 12.0−8.2 (br s, 1H), 7.33−7.28 (m,
4H), 7.22 (d, J = 7.6 Hz, 6H), 3.57 (ddd, J = 9.4, 3.1, 2.6 Hz, 1H),
3.32 (ddd, J = 11.0, 7.9, 3.1 Hz, 1H), 3.05−2.86 (m, 3H), 2.81−2.62
(m, 3H), 2.44 (qd, J = 7.4, 2.6 Hz, 1H), 2.26 (dd, J = 17.6, 4.0 Hz,
1H), 2.07 (m, 1H), 1.97−1.92 (m, 2H), 1.66 (m, 1H), 1.21 (d, J = 7.4
Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 210.7, 177.6, 141.43,
141.39, 128.5 (×2), 128.4 (×2), 126.0 (×2), 79.6, 78.0, 49.0, 47.8,
35.9, 33.6, 32.1, 31.5, 29.4, 10.9; HRMS (ESI+) m/z: calcd for
C24H28NaO4 (M + Na)+, 403.1885; found, 403.1864.
Compound (3m). According to general procedure A, the reaction

of 1 (49.5 mg, 0.201 mmol) with isobutyraldehyde (44.0 mg, 0.610
mmol) and BF3·OEt2 (71.5 mg, 0.503 mmol) followed by preparative
TLC on silica gel (n-hexane/AcOEt = 3/1) gave a mixture of 3m and
3m′ (40.1 mg, 78%, 3m:3m′ = 4:1) as a colorless solid. Rf: 0.2 (n-
hexane/AcOEt = 3/1); mp: 103−105 °C; 1H NMR (400 MHz,
CDCl3): δ 12.4−10.4 (br s, 1H), 3.18 (J = 11.0, 1.2 Hz, 1H), 3.05
(ddd, J = 11.0, 7.8, 3.7 Hz, 1H), 2.99 (dd, J = 9.9, 2.1 Hz, 1H), 2.64
(dd, J = 17.0, 7.8 Hz, 1H), 2.59 (qd, J = 7.2, 2.1 Hz, 1H), 2.26 (dd, J
= 17.0, 3.7 Hz, 1H), 1.89−1.82 (m, 1H), 1.79−1.73 (m, 1H), 1.13 (d,

J = 7.2 Hz, 3H), 1.08−0.94 (m, 9H), 0.79 (d, J = 6.6 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 212.2, 177.9, 84.9, 84.3, 47.2,
45.4, 29.8, 29.25, 29.15, 20.5, 20.0, 17.7, 14.0, 10.4; HRMS (ESI+) m/
z: calcd for C14H24NaO4 (M + Na)+, 279.1572; found, 279.1567.

Compound (3n). According to general procedure B, the reaction of
1 (25.1 mg, 0.102 mmol) with cyclopropanecarboxaldehyde (21.3 mg,
0.304 mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.21 mL, 0.252
mmol) followed by purification by preparative TLC on silica gel (n-
hexane/AcOEt = 4/1) gave a diastereomeric mixture of carboxylic
acids. Then, the reaction of the mixture with TMSCHN2 (2.0 M
diethyl ether solution, 0.16 mL, 0.320 mmol) followed by purification
by preparative TLC on silica gel (n-hexane/AcOEt = 4/1) gave a
mixture of 3n and 3n′ (9.0 mg, 33%, 3n:3n′ = 6:1) as a yellow oil. Rf:
0.5 (n-hexane/AcOEt = 5/1); 1H NMR (400 MHz, CDCl3): δ 3.68
(s. 3H), 3.17 (ddd, J = 11.8, 7.0, 4.1 Hz, 1H), 2.73 (dd, J = 8.6, 2.6
Hz, 1H), 2.70 (dd, J = 17.0, 7.0 Hz, 1H), 2.60−2.50 (m, 3H), 1.33 (d,
J = 7.6 Hz, 3H), 1.12−0.98 (m, 2H), 0.70−0.57 (m, 2H), 0.50 (m,
1H), 0.43−0.33 (m, 3H), 0.28 (sext, J = 4.5 Hz, 1H), 0.13 (sext, J =
5.0 Hz, 1H); 13C{1H} NMR (100 MHz, CDCl3): δ 211.0, 172.8, 85.4,
84.1, 51.8, 49.3, 49.2, 29.4, 15.4, 12.1, 11.7, 4.3 (×2), 2.2, 1.3; HRMS
(ESI+) m/z: calcd for C15H22NaO4 (M + Na)+, 289.1416; found,
289.1403.

Compound (4).10 According to general procedure A, the reaction
of 1 (49.5 mg, 0.201 mmol) with cyclohexanone (59.0 mg, 0.601
mmol) and BF3·OEt2 (1.2 M CH2Cl2 solution, 0.42 mL, 0.504 mmol)
followed by preparative TLC on silica gel (n-hexane/AcOEt = 2/1)
gave 4 (21.7 mg, 83%) as a colorless oil. Rf: 0.1 (n-hexane/AcOEt =
3/1); 1H NMR (400 MHz, CDCl3): δ 10.3−7.9 (br s, 1H), 2.71 (t, J
= 6.3 Hz, 2H), 2.63 (t, J = 6.3 Hz, 2H), 2.47 (q, J = 7.4 Hz, 2H), 1.06
(t, J = 7.4 Hz, 3H).

Compound (5). To a solution of β-silyl-γ-ethylidene-γ-butyrolac-
tone 1 (26.0 mg, 0.106 mmol) in anhydrous CH2Cl2 (1 mL) was
added benzaldehyde (11.2 mg, 0.106 mmol). The reaction mixture
was stirred at −78 °C under a nitrogen atmosphere. BF3·OEt2 (1.2 M
CH2Cl2 solution, 0.22 mL, 0.264 mmol) was added slowly to the
reaction mixture. The reaction mixture was stirred at −78 °C for 1.5
h. 3-Phenylpropionaldehyde (16.9 mg, 0.126 mmol) was added to the
reaction mixture. The reaction mixture was warmed to 0 °C and
stirred for 1.5 h. The reaction was quenched with brine at 0 °C and
then extracted with CH2Cl2 (×3). The combined organic layers were
dried over MgSO4 and filtered. The filtrate was concentrated under
reduced pressure. The residue was purified by preparative TLC on
silica gel (n-hexane/AcOEt = 5/1) to give a diastereomeric mixture of
carboxylic acids. Then, to a solution of the mixture in anhydrous
toluene (2.8 mL) and methanol (0.7 mL) was added trimethylsi-
lyldiazomethane (2.0 M diethyl ether solution, 0.16 mL, 0.320 mmol).
The reaction mixture was stirred at room temperature for 1.5 h under
a nitrogen atmosphere. The reaction was quenched with acetic acid at
room temperature and then concentrated under reduced pressure.
The residue was purified by preparative TLC on silica gel (n-hexane/
AcOEt = 5/1) to give 5 (23.3 mg, 60%, dr = 8:1) as a colorless solid.
Rf: 0.4 (n-hexane/AcOEt = 5/1); mp: 99−101 °C; 1H NMR (400
MHz, CDCl3): δ 7.4−7.1 (m, 10H), 4.83 (d, J = 2.6 Hz, 1H), 3.69 (s,
3H), 3.56 (ddd, J = 11.1, 8.1, 2.9 Hz, 1H), 3.11 (ddd, J = 11.1, 7.2, 4.2
Hz, 1H), 3.02 (ddd, J = 13.8, 8.6, 5.2 Hz, 1H), 2.84 (m, 1H), 2.78
(qd, J = 7.5, 2.6 Hz, 1H), 2.70 (dd, J = 17.0, 7.2 Hz, 1H), 2.32 (dd, J
= 17.0, 4.2 Hz, 1H), 2.1−1.9 (m, 2H), 0.96 (d, J = 7.5 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 210.7, 172.5, 141.5, 138.6,
128.43, 128.41, 128.3, 127.3, 125.9, 125.3, 79.7, 79.6, 51.9, 50.6, 47.4,
35.8, 31.4, 29.4, 11.3; HRMS (ESI+) m/z: calcd for C23H26NaO4 (M
+ Na)+, 389.1729; found, 389.1703.

Compound (6). To a solution of β-silyl-γ-ethylidene-γ-butyrolac-
tone 1 (24.4 mg, 0.0990 mmol) in anhydrous CH2Cl2 (1 mL) was
added 3-phenylpropionaldehyde (13.4 mg, 0.0990 mmol). The
reaction mixture was stirred at −78 °C under a nitrogen atmosphere.
BF3·OEt2 (1.2 M CH2Cl2 solution, 0.10 mL, 0.120 mmol) was added
slowly to the reaction mixture. The reaction mixture was stirred at
−45 °C for 1.5 h. Benzaldehyde (12.9 mg, 0.122 mmol) was added to
the reaction mixture. The reaction mixture was warmed to 0 °C and
stirred for 3.5 h. The reaction was quenched with brine at 0 °C and
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then extracted with CH2Cl2 (×3). The combined organic layers were
dried over MgSO4 and filtered. The filtrate was concentrated under
reduced pressure. The residue was purified by preparative TLC on
silica gel (n-hexane/AcOEt = 3/1) to give a diastereomeric mixture of
carboxylic acids. Then, to a solution of mixture in anhydrous toluene
(2.8 mL) and methanol (0.7 mL) was added trimethylsilyldiazo-
methane (2.0 M diethyl ether solution, 0.16 mL, 0.320 mmol). The
reaction mixture was stirred at room temperature for 1.5 h under a
nitrogen atmosphere. The reaction was quenched with acetic acid at
room temperature and then concentrated under reduced pressure.
The residue was purified by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) to give 6 (20.3 mg, 56%, dr = 10:1) as a colorless oil.
Rf: 0.4 (n-hexane/AcOEt = 5/1); 1H NMR (400 MHz, CDCl3): δ
7.40−7.32 (m, 3H), 7.26−7.22 (m, 3H), 7.19−7.15 (m, 2H), 7.13−
7.11 (m, 2H), 4.28 (d, J = 11.4 Hz, 1H), 3.71 (ddd, J = 8.2, 4.8, 2.4
Hz, 1H), 3.51 (s, 3H), 3.26 (ddd, J = 11.4, 7.6, 3.7 Hz, 1H), 2.72 (m,
1H), 2.60 (m, 1H), 2.52 (qd, J = 7.1, 2.4 Hz, 1H), 2.46 (dd, J = 16.8,
7.6 Hz, 1H), 2.06 (m, 1H), 2.00 (dd, J = 16.8, 3.7 Hz, 1H), 1.69 (m,
1H), 1.32 (d, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
210.3, 172.2, 141.5, 139.2, 128.71, 128.68, 128.5, 128.4, 127.2, 126.0,
84.0, 78.7, 51.7, 49.4, 49.1, 33.3, 31.8, 29.5, 11.0; HRMS (ESI+) m/z:
calcd for C23H26NaO4 (M + Na)+, 389.1729; found, 389.1700.
General Procedure for the Synthesis of Tetrahydropyr-

anones Using Ketones (General Procedure C). To a solution of
β-silyl-γ-ethylidene-γ-butyrolactone 1 (1 equiv) in anhydrous CH2Cl2
(0.1 M) were added aldehyde (1.0 equiv) and ketone (1.3−4.0
equiv). The reaction mixture was stirred at −78 °C under a nitrogen
atmosphere. BF3·OEt2 (2.5 equiv, 1.2 M CH2Cl2 solution) was added
carefully to the reaction mixture. The reaction mixture was stirred at
−78 °C for 1.5 h and then the reaction mixture was stirred at 0 °C for
2−20 h. The reaction was quenched with brine at 0 °C and then
extracted with CH2Cl2 (×3). The combined organic layers were dried
over MgSO4 and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by preparative TLC on silica gel to
give a diastereomeric mixture of carboxylic acids. Then, to a solution
of mixture in anhydrous 4:1 toluene/methanol (0.03 M) was added
trimethylsilyldiazomethane (2.0 M diethyl ether solution, 3.2 equiv).
The reaction mixture was stirred at room temperature for 1.5 h under
a nitrogen atmosphere. The reaction was quenched with acetic acid at
room temperature and then concentrated under reduced pressure.
The residue was purified by preparative TLC on silica gel to give
tetrahydropyranone 7.
Compound (7a). According to general procedure C, the reaction

of 1 (26.7 mg, 0.108 mmol) with benzaldehyde (55.2 mg, 0.298
mmol), cyclohexane (13.5 mg, 0.138 mmol), and BF3·OEt2 (1.2 M
CH2Cl2 solution, 0.23 mL, 0.276 mmol) followed by purification by
preparative TLC on silica gel (n-hexane/AcOEt = 3/1) gave a
diastereomeric mixture of carboxylic acids. Then, the reaction of the
mixture with TMSCHN2 (2.0 M diethyl ether solution, 0.16 mL,
0.320 mmol) followed by purification by preparative TLC on silica gel
(n-hexane/AcOEt = 10/1) gave 7a (15.5 mg, 43%, dr = 8:1) as a
colorless solid. Rf: 0.6 (n-hexane/AcOEt = 5/1); mp: 80−81 °C; 1H
NMR (400 MHz, CDCl3): δ 7.43−7.34 (m, 4H), 7.28 (m, 1H), 4.94
(d, J = 2.8 Hz, 1H), 3.69 (s, 3H), 3.30 (dd, J = 10.4, 2.9 Hz, 1H),
2.79−2.70 (m, 2H), 2.21 (dd, J = 16.7, 2.9 Hz, 1H), 2.01−1.05 (m,
10H), 0.95 (d, J = 7.5 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
211.6, 172.8, 139.2, 128.2, 127.1, 125.4, 79.1, 72.3, 52.1, 51.9, 50.5,
37.1, 28.9, 26.8, 25.3, 21.7, 20.3, 11.6; HRMS (ESI+) m/z: calcd for
C20H26NaO4 (M + Na)+, 353.1729; found, 353.1720. The relative
configuration of 7a was determined by NOESY and J values in 1H
NMR.
Compound (7b). According to general procedure C, the reaction

of 1 (25.2 mg, 0.102 mmol) with benzaldehyde (10.2 mg, 0.0961
mmol), cycloheptanone (17.6 mg, 0.157 mmol) and BF3·OEt2 (1.2 M
CH2Cl2 solution, 0.22 mL, 0.264 mmol) followed by purification by
preparative TLC on silica gel (n-hexane/AcOEt = 3/1) gave a
diastereomeric mixture of carboxylic acids. Then, the reaction of the
mixture with TMSCHN2 (2.0 M diethyl ether solution, 0.16 mL,
0.320 mmol) followed by purification by preparative TLC on silica gel
(n-hexane/AcOEt = 5/1) gave 7b (8.2 mg, 23%, dr = 4.5:1) as a

colorless oil. Rf: 0.6 (n-hexane/AcOEt = 3/1); 1H NMR (400 MHz,
CDCl3): δ 7.40−7.25 (m, 5H), 4.91 (d, J = 3.0 Hz, 1H), 3.69 (s, 3H),
3.33 (dd, J = 10.8, 2.8 Hz, 1H), 2.75 (dd, J = 16.6, 10.8 Hz, 1H), 2.71
(qd, J = 7.0, 3.0 Hz, 1H), 2.25 (dd, J = 16.6, 2.8 Hz, 1H), 1.92−1.35
(m, 12H), 0.95 (d, J = 7.0 Hz, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ 211.8, 172.8, 128.2, 127.3, 127.1, 125.5, 82.1, 72.9, 53.2,
51.9, 50.7, 42.4, 30.3, 29.0, 28.5, 28.1, 22.8, 21.0, 11.5; HRMS (ESI+)
m/z: calcd for C21H28NaO4 (M + Na)+, 367.1885; found, 367.1862.

Compound (7c). According to general procedure C, the reaction of
1 (24.3 mg, 0.0986 mmol) with benzaldehyde (10.2 mg, 0.0961
mmol), acetone (23.7 mg, 0.408 mmol), and BF3·OEt2 (1.2 M
CH2Cl2 solution, 0.21 mL, 0.252 mmol) followed by purification by
preparative TLC on silica gel (n-hexane/AcOEt = 4/1) gave a
diastereomeric mixture of carboxylic acids. Then, the reaction of the
mixture with TMSCHN2 (2.0 M diethyl ether solution, 0.16 mL,
0.320 mmol) followed by purification by preparative TLC on silica gel
(n-hexane/AcOEt = 4/1) gave 7c (10.1 mg, 35%, dr = 6:1) as a
colorless solid. Rf: 0.5 (n-hexane/AcOEt = 5/1); mp: 79−81 °C; 1H
NMR (400 MHz, CDCl3): δ 7.49−7.24 (m, 5H), 5.04 (d, J = 3.2 Hz,
1H), 3.70 (s, 3H), 3.39 (dd, J = 10.4, 3.2 Hz, 1H), 2.76 (dd, J = 16.6,
10.4 Hz, 1H), 2.68 (qd, J = 7.0, 3.2 Hz, 1H), 2.19 (dd, J = 16.6, 3.2
Hz, 1H), 1.51 (s, 3H), 1.14 (s, 3H), 0.96 (d, J = 7.0 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 211.6, 172.6, 138.9, 128.2,
127.2, 125.6, 78.3, 74.0, 51.9, 51.7, 50.7, 29.5, 29.2, 20.3, 11.5; HRMS
(ESI+) m/z: calcd for C17H22NaO4 (M + Na)+, 313.1416; found,
313.1442.

General Procedure for the Synthesis of Tetrahydropyr-
anones (Carboxylic Acids) Using Ketoaldehydes (General
Procedure D). To a solution of β-silyl-γ-ethylidene-γ-butyrolactone
1 (1 equiv) in anhydrous CH2Cl2 (0.1 M) was added keto-containing
aldehyde (1.4 equiv). The reaction mixture was stirred at −78 °C
under a nitrogen atmosphere. BF3·OEt2 (2.5 equiv, 1.2 M CH2Cl2
solution) was added slowly to the reaction mixture. The reaction
mixture was stirred at −78 °C for 1.5 h and then stirred at 0 °C for 2
h. The reaction was quenched with brine at 0 °C. The reaction
mixture was extracted with CH2Cl2 (×3). The combined organic
layers were dried over MgSO4 and filtered. The filtrate was
concentrated under reduced pressure. The residue was purified by
preparative TLC on silica gel to give tetrahydropyranone 8.

General Procedure for the Synthesis of Tetrahydropyr-
anones (Methyl Esters) Using Ketoaldehydes (General
Procedure E). After performing general procedure D, to a solution
of the resulting carboxylic acids in anhydrous toluene/methanol (4/1,
0.03 M) was added trimethylsilyldiazomethane (3.2 equiv, 2.0 M
diethyl ether solution). The reaction mixture was stirred at room
temperature for 1.5 h under a nitrogen atmosphere. The reaction was
quenched with acetic acid at room temperature. The reaction mixture
was concentrated under reduced pressure. The residue was purified by
column chromatography or preparative TLC on silica gel to give
tetrahydropyranone 8.

Compound (8a). According to general procedure D, the reaction
of 1 (25.2 mg, 0.102 mmol) with 9 (14.4 mg, 0.144 mmol) and BF3·
OEt2 (1.2 M CH2Cl2 solution, 0.21 mL, 0.252 mmol) followed by
purification by flash column chromatography on silica gel (n-hexane/
AcOEt = 3/1) gave 8a (15.3 mg, 71%) as a colorless solid. Rf: 0.1 (n-
hexane/AcOEt = 3/1); mp: 51−52 °C; 1H NMR (400 MHz,
CDCl3): δ 11.8−9.0 (br s, 1H), 4.46 (dd, J = 6.7, 4.8 Hz, 1H), 3.09
(dd, J = 8.9, 4.3 Hz, 1H), 2.87 (dq, J = 6.5, 6.5 Hz, 1H), 2.77 (dd, J =
16.8, 8.9 Hz, 1H), 2.15 (dd, J = 16.8, 4.3 Hz, 1H), 1.95 (m, 1H),
1.70−1.59 (m, 2H), 1.50 (m, 1H), 1.44 (s, 3H), 0.94 (d, J = 6.5 Hz,
3H); 13C{1H} NMR (100 MHz, CDCl3): δ 208.3, 177.7, 85.4, 80.5,
56.9, 50.0, 32.1, 29.9, 26.2, 24.5, 9.6; HRMS (ESI+) m/z: calcd for
C11H16NaO4 (M + Na)+, 235.0946; found, 235.0941. The relative
configuration of 8a was determined by NOESY.

Compound (8b). According to general procedure E, the reaction of
1 (28.1 mg, 0.114 mmol) with 10 (19.6 mg, 0.172 mmol) and BF3·
OEt2 (1.2 M CH2Cl2 solution, 0.23 mL, 0.276 mmol) followed by
purification by preparative TLC on silica gel (n-hexane/AcOEt = 3/1)
gave a carboxylic acid. Then, the reaction of the mixture with
TMSCHN2 (2.0 M diethyl ether solution, 0.16 mL, 0.32 mmol)
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followed by purification by preparative TLC on silica gel (n-hexane/
AcOEt = 3/1) gave 8b (3.5 mg, 12%) as a colorless oil. Rf: 0.5 (n-
hexane/AcOEt = 3/1); 1H NMR (400 MHz, CDCl3): δ 4.31 (ddd, J
= 6.5, 4.5, 1.9 Hz, 1H), 3.72 (s, 3H), 3.03 (dd, J = 10.4, 1.8 Hz, 1H),
2.91 (quint, J = 6.5 Hz, 1H), 2.69 (dd, J = 16.1, 10.4 Hz, 1H), 2.10
(dd, J = 16.1, 1.8 Hz, 1H), 1.70−1.42 (m, 5H), 1.32 (s, 3H), 1.13 (m,
1H), 1.00 (d, J = 6.5 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
210.9, 172.9, 77.2, 75.3, 54.8, 52.0, 46.9, 32.7, 30.3, 29.4, 24.4, 16.3,
10.3; HRMS (ESI+) m/z: calcd for C13H20NaO4 (M + Na)+,
263.1259; found, 263.1258.
Compound (8c). According to general procedure D, the reaction of

1 (26.3 mg, 0.107 mmol) with 11 (24.1 mg, 0.149 mmol) and BF3·
OEt2 (1.2 M CH2Cl2 solution, 0.22 mL, 0.264 mmol) followed by
purification by preparative TLC on silica gel (n-hexane/AcOEt = 3/1)
gave 8c (26.9 mg, 92%) as a colorless solid. Rf: 0.1 (n-hexane/AcOEt
= 3/1); mp: 118 °C (decomp); 1H NMR (400 MHz, CDCl3): δ
12.0−9.0 (br s, 1H), 7.42−7.26 (m, 5H), 4.61 (t, J = 6.2 Hz, 1H),
3.21 (dd, J = 10.0, 3.6 Hz, 1H), 3.06 (quint, J = 6.2 Hz, 1H), 2.59 (dd,
J = 16.8, 10.0 Hz, 1H), 2.11−1.97 (m, 3H), 1.84 (dd, J = 16.8, 3.6 Hz,
1H), 1.76 (m, 1H), 1.01 (d, J = 6.2 Hz, 3H); 13C{1H} NMR (100
MHz, CDCl3): δ 207.5, 177.2, 141.7, 128.4, 128.0, 126.2, 89.2, 80.3,
58.5, 50.4, 30.6, 29.9, 25.6, 9.5; HRMS (ESI+) m/z: calcd for
C16H18NaO4 (M + Na)+, 297.1103; found, 297.1099.
Compounds (12) and (13). A suspension of 1 (>99% ee, 18.7 mg,

0.0759 mmol) and 10% Pd/C (55% water, 9.8 mg, 0.00416 mmol) in
AcOEt (3.4 mL) was stirred under H2 for 20 h. The mixture was
filtered on silica, and the filtrate was concentrated under reduced
pressure to give a mixture of 12 and 13 [23%, 12:13 = 1.9:1 by NMR;
Rf, 0.3 (n-hexane/AcOEt = 5/1)]. The formation of 13 was confirmed
by comparing the 1H NMR spectra of the obtained mixture with that
of 13 described in the literature.15 HPLC analysis with a chiral
stationary phase column of the mixture showed that 12 and 13 were
11% ee and 31% ee, respectively. The absolute configuration of the
obtained 13 was determined to be 4S,5R by comparison with the
retention time of (4R,5S)-13 (80% ee) described in the literature.15

These results indicated that the absolute configuration of the starting
1 was S.
Compounds (14) and (15). To a solution of ent-3a′ (80% ee, 12.5

mg, 0.0369 mmol) in dry MeOH (0.9 mL) was added NaBH4 (2.9
mg, 0.0763 mmol) at 0 °C, and the mixture was stirred at the same
temperature for 0.5 h. The reaction was quenched by addition of
water, and the mixture was concentrated under vacuum to remove
methanol. The remained mixture was filtered through silica gel. The
filtrate was concentrated under reduced pressure. The residue was
purified by preparative TLC on silica gel (n-hexane/AcOEt = 30/1)
to give 14 (8.4 mg, 67%, 77% ee) as a pale yellow oil and 15 (3.8 mg,
30% 78% ee) as a pale yellow oil.
Compound 14. [α]D

20: −12 (c 0.42, CHCl3, 77% ee); Rf: 0.33 (n-
hexane/AcOEt = 3/1); 1H NMR (400 MHz, CDCl3): δ 7.44−7.26
(m, 10H), 4.35 (d, J = 9.6 Hz, 1H), 4.15 (d, J = 10.0 Hz, 1H), 3.54 (s,
3H), 3.44 (t, J = 9.0 Hz, 1H), 2.36 (m, J = 6.0 Hz, 1H), 2.31 (d, J =
6.0 Hz, 2H), 2.17 (br s, 1H), 1.88 (m, 1H), 0.85 (d, J = 6.4 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 173.8, 140.2, 139.5, 128.4,
128.3 (×2), 127.9, 127.7, 127.4, 85.0, 82.8, 78.1, 51.7, 47.2, 45.7, 33.7,
13.4; HRMS (ESI+) m/z: calcd for C21H24NaO4 (M + Na)+,
363.1572; found, 363.1567. The relative configuration of 14 was
determined by NOESY.
Compound 15. [α]D

25 +1 (c 0.38, CHCl3, 78% ee); Rf: 0.36 (n-
hexane/AcOEt = 3/1); 1H NMR (400 MHz, CDCl3): δ 7.39−7.36
(m, 4H), 7.33−7.29 (m, 4H), 7.26−7.25 (m, 2H), 4.67 (d, J = 9.6 Hz,
1H), 4.59 (d, J = 10.8 Hz, 1H), 4.04 (s, 1H), 3.57 (s, 3H), 2.48−2.39
(m, 2H), 2.09−2.00 (m, 3H), 0.78 (d, J = 6.8 Hz, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ 173.2, 140.9, 140.1, 128.4, 128.2, 128.1,
127.7, 127.5, 127.3, 80.1, 78.6, 70.9, 51.6, 44.7, 42.3, 33.0, 14.0;
HRMS (ESI+) m/z: calcd for C21H24NaO4 (M + Na)+, 363.1572;
found, 363.1571.
(S)-MTPA-14. To a solution of 14 (1.9 mg, 0.0056 mmol),

triethylamine (2.5 mg, 0.024 mmol) and N,N′-dimethylaminopyridine
(DMAP, 0.8 mg, 0.0065 mmol) in anhydrous CH2Cl2 (0.9 mL) were
added (R)-(−)-MTPA chloride (4.5 mg) at room temperature under

a nitrogen atmosphere. The reaction mixture was stirred at 40 °C for
16 h. The reaction mixture was filtered through silica gel. The filtrate
was concentrated under reduced pressure. The residue was purified by
preparative TLC on silica gel (n-hexane/AcOEt = 3/1) to give (S)-
MTPA-14 (2.3 mg, 73%). Rf: 0.2 (n-hexane/AcOEt = 10/1); 1H
NMR (400 MHz, CDCl3): δ 7.60−7.56 (m, 2H), 7.40−7.24 (m,
13H), 5.34 (t, J = 11.3 Hz, 1H), 4.74 (d, J = 10.2 Hz, 1H), 4.26 (d, J
= 10.4 Hz, 1H), 3.54 (d, J = 1.6 Hz, 3H), 3.44 (s, 3H), 2.49 (dddd, J
= 11.3, 10.2, 4.9, 1.6 Hz, 1H), 2.18 (dd, J = 17.0, 6.2 Hz, 1H), 2.12−
2.03 (m, 2H), 0.60 (d, J = 6.4 Hz, 3H); HRMS (ESI+) m/z: calcd for
C31H31F3NaO6 (M + Na)+, 579.1970; found, 579.1967.

(R)-MTPA-14. To a solution of 14 (2.3 mg. 0.0068 mmol),
triethylamine (3.5 mg, 0.035 mmol) and DMAP (1.6 mg, 0.013
mmol) in anhydrous CH2Cl2 (0.9 mL) were added (S)-(−)-MTPA
chloride (5.1 mg) at room temperature under a nitrogen atmosphere.
The reaction mixture was stirred at 40 °C for 16 h. The reaction
mixture was filtered through silica gel. The filtrate was concentrated
under reduced pressure. The residue was purified by preparative TLC
on silica gel (n-hexane/AcOEt = 3/1) to give (R)-MTPA-14 (2.3 mg,
61%). Rf: 0.2 (n-hexane/AcOEt = 10/1); 1H NMR (400 MHz,
CDCl3): δ 7.60−7.58 (m, 2H), 7.43−7.22 (m, 13H), 5.41 (t, J = 11.3
Hz, 1H), 4.79 (d, J = 10.4 Hz, 1H), 4.28 (d, J = 10.0 Hz, 1H), 3.56
(d, J = 0.8 Hz, 3H), 3.48 (s, 3H), 2.39 (dddd, J = 11.3, 10.4, 4.2, 1.4
Hz, 1H), 2.15−2.06 (m, 2H), 1.91 (dd, J = 17.2, 2.8 Hz, 1H), 0.70 (d,
J = 6.4 Hz, 3H); HRMS (ESI+) m/z: calcd for C31H31F3NaO6 (M +
Na)+, 579.1970; found, 579.1959.

Compounds (16), (17), and (18). To a solution of β-silyl-γ-
ethylidene-γ-butyrolactone 1 (252.4 mg, 1.02 mmol) in anhydrous
CH2Cl2 (9 mL) was added benzaldehyde (110.4 mg, 1.04 mmol).
The reaction mixture was stirred at −78 °C under a nitrogen
atmosphere. BF3·OEt2 (1.2 M CH2Cl2 solution, 1.1 mL, 1.32 mmol)
was added slowly to the reaction mixture. The reaction mixture was
stirred at −78 °C for 1.5 h and then quenched with brine. The
reaction mixture was extracted with CH2Cl2 (×3). The combined
organic layers were dried over anhydrous MgSO4 and filtered. The
filtrate was concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel (n-hexane/AcOEt =
3/1) to give 16 (118.7 mg, 53%) as a colorless oil, 17 (16.7 mg, 8%,
16:17 = 1:5) as a colorless oil, and 18 (104.0 mg, 29%) as a pale
yellow oil.

Compound (16). Rf: 0.1 (n-hexane/AcOEt = 5/1); 1H NMR (400
MHz, CDCl3): δ 7.39−7.26 (m, 5 H), 5.12 (dd, J = 3.2, 2.4 Hz, 1H),
5.03 (d, J = 4.8 Hz, 1H), 3.19 (dt, J = 24.4, 2.1 Hz, 1H), 3.13 (dt, J =
24.4, 2.4 Hz, 1H), 2.79 (m, 1H), 1.94 (br s, 1H), 1.14 (d, J = 6.8 Hz,
3H); 13C{1H} NMR (100 MHz, CDCl3): δ 176.5, 158.3, 142.1,
128.3, 127.6, 125.8, 99.7, 73.8, 41.3, 33.7, 10.7; HRMS (ESI+) m/z:
calcd for C13H14NaO3 (M + Na)+, 241.0841; found, 241.0826.

Compound (17). Rf: 0.1 (n-hexane/AcOEt = 5/1); 1H NMR (400
MHz, CDCl3): δ 7.37−7.28 (m, 5H), 5.25 (s, 1H), 4.74 (d, J = 7.5
Hz, 1H), 3.21 (d, J = 24.8 Hz, 1H), 3.18 (d, J =24.8 Hz, 1H), 2.83
(quint, J = 7.5 Hz, 1H), 2.36 (br s, 1H), 0.95 (d, J = 7.5 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ 176.6, 158.0, 141.5, 128.4,
128.1, 126.6, 100.0, 75.5, 41.5, 33.8, 14.0; HRMS (DART+) m/z:
calcd for C13H15O3 (M + H)+, 219.1021; found, 219.1032.

Compound (18). Rf: 0.5 (n-hexane/AcOEt = 5/1); 1H NMR (400
MHz, CDCl3): δ 7.51−7.20 (m, 10 H), 5.01 (d, J = 4.4 Hz, 1H),
4.96−4.95 (m, 1H), 2.98 (dt, J = 24.2, 2.8 Hz, 1H), 2.88 (dt, J = 24.2,
2.0 Hz, 1H), 2.64 (m, 1H), 1.07 (d, J = 7.2 Hz, 3H), 0.25 (s, 3H),
0.23 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 176.6, 158.3,
142.9, 137.7, 133.4, 129.6, 128.0, 127.7, 127.2, 126.0, 99.5, 74.5, 42.3,
33.6, 10.5, −1.2, −1.9; HRMS (ESI+) m/z: calcd for C21H24NaO3Si
(M + Na)+, 375.1392; found, 375.1365.
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