
Organic &
Biomolecular Chemistry

PAPER

Cite this: Org. Biomol. Chem., 2018,
16, 742

Received 13th November 2017,
Accepted 29th December 2017

DOI: 10.1039/c7ob02778h

rsc.li/obc

Decarboxylation-promoted Pd-catalyzed
asymmetric propargylic [3 + 2] annulation for the
enantioselective construction of a quaternary
stereocenter in 2,3-dihydrofurans†

Kun Li,a,b Fu-Lin Zhu,b Zhen-Ting Liu,b Jing Tong*a and Xiang-Ping Hu *b

The enantioselective construction of a quaternary stereocenter in 2,3-dihydrofuran frameworks has been

realized via the palladium-catalyzed asymmetric [3 + 2] cycloaddition of tertiary propargylic carbonates

with β-ketoesters enabled by a chiral ferrocene/benzimidazole-based bidentate P,N-ligand. The reaction

was significantly promoted by loss of CO2 to irreversibly form π-propargylpalladium or allenylpalladium

intermediates. This protocol features a good tolerance of functional groups in both tertiary propargylic

carbonates and β-ketoesters, thereby delivering a variety of highly functionalized chiral 2,3-dihydrofurans

bearing a quaternary stereocenter at the 2-position and an exocyclic double bond at the 3-position in

good chemical yields and high enantioselectivities (up to 98% ee).

Introduction

Palladium-catalyzed annulation of propargylic compounds
with bis-nucleophiles has become a strategically important
and powerful process for the construction of structurally
diverse carbo- and heterocyclic frameworks1 since the pioneer-
ing work of Tsuji and co-workers reported in the 1980s.2 The
reaction proceeds via the π-propargylpalladium or allenyl-
palladium intermediates, which are attacked consecutively by
two nucleophilic atoms of bis-nucleophiles to give the cyclo-
adducts bearing an exocyclic double bond. Due to the instabil-
ity of the exocyclic double bond under the reaction conditions,
it is readily isomerized into the more stable endocyclic double
bond, thereby converting the adjacent sp3 carbon atom into a
non-chiral sp2 carbon atom, which greatly limits its value in
asymmetric catalysis. It is therefore appreciable that the asym-
metric version of this methodology is rarely studied.3 However,
when a tertiary propargylic ester is used as the reaction
partner, this isomerization process could be completely inhib-
ited by the formation of a quaternary carbon center adjacent
to the exocyclic double bond. We therefore envisioned that
this methodology may provide an efficient and powerful access

to optically active cyclic frameworks decorated with a quatern-
ary stereocenter (Scheme 1). The construction of quaternary
stereocenters in cyclic frameworks still represents one of the
key challenges in organic synthesis, especially in a catalytic,
enantioselective fashion.4 To the best of our knowledge, none
has explored the potential of this methodology in the employ-
ment of tertiary propargylic compounds for the construction
of quaternary stereocenters with a control of the absolute
stereochemistry. In this context, we wished to demonstrate the

Scheme 1 Decarboxylation-promoted palladium-catalyzed asymmetric
propargylic [3 + 2] annulation with β-ketoesters for the construction of
quaternary stereocenters.
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potential of this methodology in the enantioselective construc-
tion of quaternary stereocenters in cyclic frameworks.

In our recent study, we have disclosed an enantioselective
palladium-catalyzed [3 + 2] cycloaddition of secondary pro-
pargylic acetates with β-ketoesters enabled by chiral ferrocene/
benzimidazole-based bidentate P,N-ligands (AmiFerroPhos, L)
developed by our group,5 which led to biologically important
chiral dihydrofurans (Scheme 1a).6 It is therefore envisioned
that this reaction protocol should be also suitable for tertiary
propargylic acetates. However, an initial attempt led to very
disappointing results in which no [3 + 2] adduct was detected.
The reason might be the congested nature of tertiary
propargylic acetates and their reversible conversion into
π-propargylpalladium or allenylpalladium intermediates. We
therefore presumed that tertiary propargylic carbonates should
be a better choice for the reaction since they could irreversibly
form π-propargylpalladium or allenylpalladium intermediates
by the loss of CO2 (Scheme 1b). As a result, herein we wish to
describe the first highly enantioselective palladium-catalyzed
decarboxylative [3 + 2] cycloaddition of tertiary propargylic car-
bonates with β-ketoesters, which gave rise to highly functiona-
lized chiral 3-methylidene-2,3-dihydrofurans with a quaternary
stereocenter at the 2-position in good chemical yields and
high enatioselectivities (up to 98% ee).

Results and discussion

Experiments designed to evaluate a series of ligands employed
ethyl (2-phenylbut-3-yn-2-yl)carbonate (1a), methyl benzoyl-
acetate (2a, 1.0 equiv.), and Cs2CO3 (1.2 equiv.) in the presence
of Pd2(dba)3·CHCl3 (2.5 mol%) and the ligand (5.5 mol%) in
toluene at 60 °C for 24 h, and the results are summarized in
Table 1. The initial screening of the reaction with BINAP (L1)7

gave rise to moderate enantioselectivity (entry 1). In sharp con-
trast, a very low conversion was achieved by the use of pro-
pargylic acetate 1a′ instead of the corresponding carbonate 1a
as the substrate (entry 2). This result demonstrated the impor-
tant role of the decarboxylation-activated strategy in the devel-
opment of this challenging propargylic [3 + 2] cycloaddition.
Further ligand-screening showed that Trost’s ligand (L2)8 and
PHOX (L3),9 the privileged ligands for palladium-catalyzed
asymmetric allylic transformation, led to disappointing per-
formance (entries 3 and 4). The results of Table 1 disclosed
that a chiral P,N-ligand class (AmiFerroPhos, L) developed by
our group was indeed highly efficient in this palladium-cata-
lyzed cycloaddition with ligand La to give the desired cyclo-
adduct 3aa in 90% yield and up to 96% ee (entry 6), signifi-
cantly superior to those with ligands L1–3. Again, propargylic
acetate 1a′ didn’t lead to any cycloadduct with ligand La
(entry 5). Further modification of the ligand structure did not
improve the reaction performance (entries 7–9). We next inves-
tigated the influence of the reaction conditions on the reaction
performance. The catalyst precursor exerted a large influence
on the reactivity but had less influence on the enantio-
selectivity. Thus, the use of Pd(PPh3)4 and Pd(OAc)2 instead of

Pd2(dba)3·CHCl3 led to a clear decrease in the yields but gave
rise to the almost maintained enantioselectivities (entries 12
and 13). However, no Pd-catalyst precursors in the absence of
P,N-ligand La showed reactivity for the model reaction (entries
10 and 11). The base additive was not necessary for the reac-
tion since the reaction could proceed in its absence although
at a lower reaction rate (entry 14). However, the presence of an
appropriate base such as Cs2CO3 could significantly promote
the reactivity (entry 6). The variation of the base had a clear
effect on the reactivity. Thus, the use of Et3N and tBuOK
clearly reduced the reactivity (entries 15 and 17), while K3PO4

gave good performance (entry 16). The nature of the solvent
had a significant influence on both the yield and the enantio-

Table 1 Optimization of the reaction conditionsa

Entry [Pd] L Base Yieldb (%) eec (%)

1 Pd2(dba)3·CHCl3 L1 Cs2CO3 92 59
2d Pd2(dba)3·CHCl3 L1 Cs2CO3 — —e

3 Pd2(dba)3·CHCl3 L2 Cs2CO3 — —e

4 Pd2(dba)3·CHCl3 L3 Cs2CO3 — —e

5d Pd2(dba)3·CHCl3 La Cs2CO3 — —e

6 Pd2(dba)3·CHCl3 La Cs2CO3 90 96
7 Pd2(dba)3·CHCl3 Lb Cs2CO3 86 80
8 Pd2(dba)3·CHCl3 Lc Cs2CO3 86 96
9 Pd(dba)3·CHCl3 Ld Cs2CO3 83 96
10 Pd2(dba)3·CHCl3 — Cs2CO3 — —e

11 Pd(PPh3)4 — Cs2CO3 — —e

12 Pd(PPh3)4 La Cs2CO3 68 93
13 Pd(OAc)2 La Cs2CO3 65 96
14 Pd(dba)3·CHCl3 La None 56 95
15 Pd(dba)3·CHCl3 La Et3N 65 96
16 Pd(dba)3·CHCl3 La K3PO4 88 96
17 Pd(dba)3·CHCl3 La tBuOK 73 95
18 f Pd2(dba)3·CHCl3 La Cs2CO3 38 87
19g Pd2(dba)3·CHCl3 La Cs2CO3 90 95

a Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), [Pd] (0.015 mmol,
5 mol%), L* (0.0165 mmol, 5.5 mol%), base (0.36 mmol), and 3 mL of
toluene unless otherwise specified, 60 °C, 24 h. b Yield of the isolated
product. cDetermined by HPLC using a chiral stationary phase.
d Acetate 1a′ was used instead of carbonate 1a. eNot determined due to
low conversion. fDMSO as the solvent. gClCH2CH2Cl as the solvent.
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selectivity. DMSO proved to be an inferior solvent for the reac-
tion, giving the cycloadduct in only 38% yield and 87% ee
(entry 18). Using ClCH2CH2Cl as the solvent, a similar result to
that for toluene was obtained (entry 19).

With the optimal reaction conditions in hand, various
methyl β-ketoesters were explored to investigate the generality
of this cycloaddition, and the results are summarized in
Table 2. The electronic properties of the substituent at the
para position of the phenyl ring had little effect on the
enantioselectivity (entries 2–5), but showed some influence on
the reactivity with the 4-methoxy group, leading to a decreased
yield of 74% (entry 3). The reaction was highly sensitive to the
substitution pattern on the phenyl ring. Thus, either a 4-Cl or
3-Cl substituted substrate (2e or 2f ) gave good yields and high
enantioselectivities (entries 5 and 6), while the substrate 2g
bearing a 2-Cl substituent resulted in clearly reduced yield and
enantioselectivity (entry 7). The 2-naphthyl substituted sub-
strate 2h worked well, giving the cycloadduct 3ah in 92% yield
and 95% ee (entry 8). Heteroaromatic substrate 2i was also a
suitable reaction partner, providing the cycloadduct 3ai in
89% yield and 97% ee (entry 9). Remarkably, aliphatic
β-ketoesters were also well tolerated in this process, providing
the corresponding cycloadducts 3aj and 3ak in good enantio-
selectivities although with decreased yields (entries 10 and 11).

Next, the tolerance of tertiary propargylic esters in the cyclo-
addition was studied, and the results are shown in Table 3.
To our delight, high to excellent enantioselectivities were
observed regardless of the electronic properties and positions
of the substituents at the para position of the phenyl ring
(entries 1–5). However, the substitution pattern on the phenyl
ring showed some influence on the reactivity (entries 5–7).
Thus, the 2-Cl substituted substrate 1g led to a reduced yield
of 62% (entry 7). 2-Naphthyl (1h) and 2-furyl (1i) substrates

also served well for this cycloaddition, thus giving the corres-
ponding cycloadducts 3ha and 3ia in good results (entries 8
and 9). Besides the methyl group, other aliphatic chains such
as the R2 group were also tolerated in the reaction (entries 10
and 11). However, the substrate 1l bearing two different alkyl
groups (R1 = Et, R2 = Me) gave low enantioselectivity (entry 12).
The absolute configuration of the [3 + 2] cycloadducts was
unambiguously determined by X-ray structure analysis of 3da,
which is assigned as having an S configuration.10

Based on the experimental results, we proposed a plausible
mechanism to explain the observed stereochemistry (Fig. 1).
There are two possible orientations present in square-planar
Pd-allyl intermediates: M-type and W-type, in which M-type (A)
is favored due to steric hindrance. The regioselective attack at
the more congested π-allyl terminus according to the report
by Larock11 and the trans-effect12 gives (S)-3aa as a major
cycloadduct.

The robustness and practicality of the current methodology
could be further demonstrated by large-scale synthesis. Thus,
the cycloaddition between 1a and 2a on a gram-scale delivered
the corresponding cycloadduct 3aa in 89% yield and 95% ee.

Table 2 Scope with respect to β-ketoestersa

Entry Substrate (R) Product (3) Yieldb (%) eec (%)

1 2a: R = Ph 3aa 90 96
2 2b: R = 4-MeC6H4 3ab 92 90
3 2c: R = 4-MeOC6H4 3ac 74 97
4 2d: R = 4-FC6H4 3ad 93 96
5 2e: R = 4-ClC6H4 3ae 92 94
6 2f: R = 3-ClC6H4 3af 90 92
7 2g: R = 2-ClC6H4 3ag 64 85
8 2h: R = 2-naphthyl 3ah 92 95
9 2i: R = 2-thienyl 3ai 89 97
10 2j: R = Me 3aj 72 87
11 2k: R = iPr 3ak 66 89

a Reaction conditions: 1a (0.3 mmol), 2 (0.3 mmol), Pd2(dba)3·CHCl3
(0.0075 mmol, 2.5 mol%), (Rc,Sp)-La (0.0165 mmol, 5.5 mol%), Cs2CO3
(0.36 mmol, 1.2 equiv.), and 3 mL of toluene, 60 °C, 24 h. b Yield of the
isolated product. cDetermined by HPLC using a chiral stationary
phase.

Table 3 Scope with respect to propargylic carbonatesa

Entry Substrate (R1, R2)
Product
(3)

Yieldb

(%)
eec

(%)

1 1a: R1 = Ph, R2 = Me 3aa 90 96
2 1b: R1 = 4-MeC6H4, R

2 = Me 3ba 93 90
3 1c: R1 = 4-FC6H4, R

2 = Me 3ca 92 92
4 1d: R1 = 4-BrC6H4, R

2 = Me 3da 76 94
5 1e: R1 = 4-ClC6H4, R

2 = Me 3ea 86 93
6 1f: R1 = 3-ClC6H4, R

2 = Me 3fa 85 95
7 1g: R1 = 2-ClC6H4, R

2 = Me 3ga 62 98
8 1h: R1 = 2-naphthyl, R2 = Me 3ha 90 90
9 1i: R1 = 2-furyl, R2 = Me 3ia 85 86
10 1j: R1 = Ph, R2 = Et 3ja 81 93
11 1k: R1 = Ph, R2 = Pr 3ka 61 94
12 1l: R1 = Et, R2 = Me 3la 75 22

a Reaction conditions: 1 (0.3 mmol), 2a (0.3 mmol), Pd2(dba)3·CHCl3
(0.0075 mmol, 2.5 mol%), (Rc,Sp)-La (0.0165 mmol, 5.5 mol%), Cs2CO3
(0.36 mmol, 1.2 equiv.), and 3 mL of toluene, 60 °C, 24 h. b Yield of the
isolated product. cDetermined by HPLC using a chiral stationary
phase.
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The resulting 2,3-dihydrofurans could be used for further
functionalization and should be highly useful synthons. For
example, the exocyclic double bond of 3aa could be readily oxi-
dized by PCC in CH2Cl2 at room temperature to provide the
corresponding furan-3(2H)-one 4 without a clear erosion in the
optical purity (Scheme 2).

Conclusions

In conclusion, we have developed a highly enantioselective Pd-
catalyzed decarboxylative propargylic [3 + 2] cycloaddition of
tertiary propargylic carbonates with methyl β-ketoesters,
leading to highly functionalized 2,3-dihydrofurans bearing a
quaternary stereocenter at the 2-position in good yields
and high enantioselectivities (up to 98% ee). Chiral ferrocene/
benzimidazole-based bidentate P,N-ligands developed by our
group and the decarboxylation-activated strategy for irrevers-
ible formation of π-propargylpalladium or allenylpalladium
intermediates should be responsible for the first realization of
this cycloaddition in an enantioselective manner. The reaction
tolerates a wide range of functional groups with respect to
both tertiary propargylic esters and β-ketoesters, and rep-
resents an attractive and practical approach for the construc-
tion of chiral quaternary stereocenters in heterocyclic frame-
works. The robustness and practicality of this method were
demonstrated by large-scale synthesis and the formation of
optically active furan-3(2H)-ones through the oxidation of the
exocyclic double bond of cycloadducts. The development of a

new asymmetric propargylic annulation is the subject of
ongoing research in our laboratory.13

Experimental
General methods

All reactions were carried out under a nitrogen atmosphere.
Solvents were purified by a standard procedure before use.
Commercial reagents were used without further purification.
Flash chromatography was performed on silica gel 60
(40–63 μm, 60 Å). Thin layer chromatography (TLC) was per-
formed on glass plates coated with silica gel 60 with an F254
indicator. 1H NMR and 13C NMR spectra were recorded on a
Bruker 400 MHz spectrometer. The chemical shifts (δ) and
coupling constants ( J) are expressed in parts per million
(ppm) and hertz (Hz), respectively. Data are represented as
follows: chemical shift, multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet), coupling con-
stants in hertz (Hz), integration. Enantiomeric ratios were
determined by chiral HPLC using n-hexane and i-PrOH as
solvents. Optical rotations were recorded on a JASCO P-1020
polarimeter. Tertiary propargylic esters 1,14 β-ketoesters 215

and AmiFerroPhos L5,16 were prepared following a method
reported in the literature.

General procedure for Pd-catalyzed asymmetric [3 + 2]
cycloaddition of β-ketoesters with tertiary propargylic esters

A solution of Pd2(dba)3·CHCl3 (7.8 mg, 0.0075 mmol) and
(Rc,Sp)-La (9.2 mg, 0.0165 mmol) in 1 mL of anhydrous toluene
placed in an oven-dried Schlenk flask was stirred at room
temperature under a nitrogen atmosphere for 1 h. A solution
of propargylic esters 1 (0.3 mmol), β-ketoesters 2 (0.3 mmol)
and Cs2CO3 (117.3 mg, 0.36 mmol) in 2 mL of anhydrous
toluene was added. The mixture was stirred at 60 °C for 24 h.
The reaction mixture was purified by silica gel chromatography
to afford dihydrofuran products 3.

Methyl (S)-5-methyl-4-methylene-2,5-diphenyl-4,5-dihydro-
furan-3-carboxylate (3aa). A pale yellow oil was obtained in
90% yield after purification by column chromatography on
silica gel (hexanes/ethyl acetate, 100/1). 96% ee was deter-
mined by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 90/
10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) = 8.9 min,
tR (minor) = 6.0 min. [α]27D = +13.2 (c = 1.11, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.74–7.72 (m, 2H), 7.55–7.31 (m, 8H),
5.53 (s, 1H), 4.84 (s, 1H), 3.63 (s, 3H), 1.86 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) δ 168.5, 164.5, 152.6, 143.5, 131.5, 130.2,
129.4, 129.0, 128.5, 128.4, 125.1, 105.6, 103.0, 91.4, 51.5, 27.7;
HRMS (ESI): m/z calcd for C20H19O3 [M + H] 307.1334, found
307.1332.

Methyl (S)-5-methyl-4-methylene-5-phenyl-2-(p-tolyl)-4,5-
dihydrofuran-3-carboxylate (3ab). A yellow oil was obtained in
92% yield after purification by column chromatography on
silica gel (hexanes/ethyl acetate, 70/1). 90% ee was determined
by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 90/10,
0.8 mL min−1, 254 nm, 40 °C): tR (major) = 16.9 min,

Fig. 1 The proposed transition state for stereochemistry.

Scheme 2 Synthetic application.
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tR (minor) = 7.5 min. [α]23D = −14.3 (c = 1.10, CH2Cl2).
1H NMR

(400 MHz, DMSO-d6) δ 7.65–7.63 (m, 2H), 7.50–7.28 (m, 7H),
5.50 (s, 1H), 4.82 (s, 1H), 3.63 (s, 3H), 2.37 (s, 3H), 1.85 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 168.6, 164.6, 152.8, 143.6,
141.5, 129.4, 129.0, 129.0, 128.3, 127.3, 125.1, 105.1, 102.6,
91.1, 51.4, 27.7, 21.6; HRMS (ESI): m/z calcd for C21H21O3

[M + H] 321.1491, found 321.1488.
Methyl (S)-2-(4-methoxyphenyl)-5-methyl-4-methylene-5-

phenyl-4,5-dihydrofuran-3-carboxylate (3ac). A yellow oil was
obtained in 74% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 50/1). 97% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 80/20, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
17.5 min, tR (minor) = 7.5 min. [α]29D = +10.9 (c = 1.00, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.75–7.73 (m, 2H), 7.49–7.33
(m, 5H), 7.04–7.02 (m, 2H), 5.46 (s, 1H), 4.79 (s, 1H), 3.83 (s,
3H), 3.65 (s, 3H), 1.84 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
δ 168.4, 164.7, 161.9, 152.8, 143.7, 131.3, 129.0, 128.3,
125.1, 122.2, 113.9, 104.2, 102.3, 90.9, 55.8, 51.4, 27.7; HRMS
(ESI): m/z calcd for C21H21O4 [M + H] 337.1440, found
337.1438.

Methyl (S)-2-(4-fluorophenyl)-5-methyl-4-methylene-5-
phenyl-4,5-dihydrofuran-3-carboxylate (3ad). A yellow oil was
obtained in 93% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 100/1). 96% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH
= 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) = 11.1 min,
tR (minor) = 6.7 min. [α]26D = −22.6 (c = 1.10, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.83–7.80 (m, 2H), 7.50–7.29 (m, 7H),
5.53 (s, 1H), 4.83 (s, 1H), 3.64 (s, 3H), 1.86 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) δ 167.6, 164.4, 163.9 (d, J = 249.4 Hz)
152.5, 143.4, 132.1 (d, J = 8.9 Hz), 129.0, 128.4, 126.6 (d, J = 3.2
Hz), 125.1, 115.6 (d, J = 21.9 Hz), 105.6, 103.2, 91.5, 51.5, 27.7;
HRMS (ESI): m/z calcd for C20H18FO3 [M + H] 325.1240, found
325.1241.

Methyl (S)-2-(4-chlorophenyl)-5-methyl-4-methylene-5-
phenyl-4,5-dihydrofuran-3-carboxylate (3ae). A yellow oil was
obtained in 92% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 70/1). 94% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
13.8 min, tR (minor) = 6.9 min. [α]27D = −23.9 (c = 0.77, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.77–7.75 (m, 2H), 7.56–7.32
(m, 7H), 5.54 (s, 1H), 4.85 (s, 1H), 3.64 (s, 3H), 1.86 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 167.3, 164.3, 152.4, 143.4,
136.2, 131.3, 129.0, 128.9, 128.6, 128.4, 125.1 106.1, 103.6,
91.6, 51.5, 27.7; HRMS (ESI): m/z calcd for C20H18ClO3 [M + H]
341.0944, found 341.0944.

Methyl (S)-2-(3-chlorophenyl)-5-methyl-4-methylene-5-
phenyl-4,5-dihydrofuran-3-carboxylate (3af). A yellow oil was
obtained in 90% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 70/1). 92% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
7.1 min, tR (minor) = 6.0 min. [α]26D = −36.7 (c = 1.07, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.78–7.58 (m, 3H), 7.50–7.33

(m, 6H), 5.56 (s, 1H), 4.84 (s, 1H), 3.64 (s, 3H), 1.86 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 166.8, 164.2, 152.2, 143.3,
133.2, 132.2, 131.2, 130.4, 129.1, 129.0, 128.4, 128.1, 125.2,
106.5, 103.9, 91.8, 51.6, 27.6; HRMS (ESI): m/z calcd for
C20H18ClO3 [M + H] 341.0944, found 341.0942.

Methyl (S)-2-(2-chlorophenyl)-5-methyl-4-methylene-5-
phenyl-4,5-dihydrofuran-3-carboxylate (3ag). A yellow oil was
obtained in 64% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 70/1). 85% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 95/5, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
8.2 min, tR (minor) = 7.1 min. [α]29D = −17.4 (c = 1.04, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.60–7.33 (m, 9H), 5.61 (s,
1H), 4.81 (s, 1H), 3.51 (s, 3H), 1.89 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ 167.7, 163.7, 151.7, 142.9, 132.4, 132.1, 131.2,
130.8, 129.9, 128.9, 128.5, 127.5, 125.4, 108.2, 103.5, 92.9, 51.4,
27.6; HRMS (ESI): m/z calcd for C20H18ClO3 [M + H] 341.0944,
found 341.0941.

Methyl (S)-5-methyl-4-methylene-2-(naphthalen-2-yl)-5-
phenyl-4,5-dihydrofuran-3-carboxylate (3ah). A pale yellow
solid was obtained in 92% yield after purification by column
chromatography on silica gel (hexanes/ethyl acetate, 50/1).
M.p.: 97–98 °C. 95% ee was determined by chiral HPLC
(Chiralpak AD-H, n-hexane/i-PrOH = 80/20, 0.8 mL min−1,
254 nm, 40 °C): tR (major) = 10.3 min, tR (minor) = 6.9 min.
[α]24D = +35.4 (c = 0.95, CH2Cl2).

1H NMR (400 MHz, DMSO-d6)
δ 8.38 (s, 1H), 8.07–7.96 (m, 3H), 7.78 (dd, J = 8.6, 1.7 Hz, 1H),
7.63–7.54 (m, 4H), 7.44–7.32 (m, 3H), 5.57 (s, 1H), 4.86 (s, 1H),
3.65 (s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
δ 168.4, 164.5, 152.7, 143.6, 134.3, 132.5, 129.7, 129.3, 129.0,
128.4, 128.3, 128.1, 127.8, 127.6, 127.2, 126.2, 125.2, 106.0,
103.1, 91.5, 51.5, 27.7; HRMS (ESI): m/z calcd for C24H21O3

[M + H] 357.1491, found 357.1486.
Methyl (S)-5-methyl-4-methylene-5-phenyl-2-(thiophen-2-yl)-

4,5-dihydrofuran-3-carboxylate (3ai). A yellow oil was obtained
in 89% yield after purification by column chromatography on
silica gel (hexanes/ethyl acetate, 70/1). 97% ee was determined
by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 80/20,
0.8 mL min−1, 254 nm, 40 °C): tR (major) = 6.9 min, tR (minor)
= 5.7 min. [α]24D = +102.9 (c = 1.00, CH2Cl2).

1H NMR (400 MHz,
DMSO-d6) δ 8.17 (dd, J = 3.9, 1.2 Hz, 1H), 7.95 (dd, J = 5.0,
1.2 Hz, 1H), 7.47–7.24 (m, 7H), 5.54 (s, 1H), 4.87 (s, 1H), 3.78
(s, 3H), 1.85 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 164.5,
162.0, 152.0, 143.7, 133.8, 133.4, 131.0, 129.0, 128.4, 128.3,
125.0, 103.8, 103.7, 90.9, 51.6, 27.7; HRMS (ESI): m/z calcd for
C18H17O3S [M + H] 313.0898, found 313.0895.

Methyl (S)-2,5-dimethyl-4-methylene-5-phenyl-4,5-dihydro-
furan-3-carboxylate (3aj). A yellow oil was obtained in 72%
yield after purification by column chromatography on silica
gel (hexanes/ethyl acetate, 70/1). 87% ee was determined by
chiral HPLC (Chiralcel OJ-H, n-hexane/i-PrOH = 50/50, 0.8
mL min−1, 254 nm, 40 °C): tR (major) = 8.6 min, tR (minor) =
18.7 min. [α]29D = +88.1 (c = 1.00, CH2Cl2).

1H NMR (400 MHz,
DMSO-d6) δ 7.41–7.32 (m, 5H), 5.39 (s, 1H), 4.63 (s, 1H), 3.71
(s, 3H), 2.40 (s, 3H), 1.76 (s, 3H); 13C NMR (101 MHz, DMSO-
d6) δ 174.3, 164.9, 151.7, 143.3, 128.9, 128.3, 125.2, 105.1,
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100.9, 92.0, 51.3, 27.5, 15.9; HRMS (ESI): m/z calcd for
C15H17O3 [M + H] 245.1178, found 245.1175.

Methyl (S)-2-isopropyl-5-methyl-4-methylene-5-phenyl-4,5-
dihydrofuran-3-carboxylate (3ak). A yellow oil was obtained in
66% yield after purification by column chromatography on
silica gel (hexanes/ethyl acetate, 100/1). 89% ee was deter-
mined by chiral HPLC (Chiralcel OJ-H, n-hexane/i-PrOH =
90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) = 10.6 min,
tR (minor) = 11.7 min. [α]22D = −77.8 (c = 1.00, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.41–7.30 (m, 5H), 5.38 (s, 1H), 4.62 (s,
1H), 3.76–3.70 (m, 4H), 1.73 (s, 3H), 1.19 (dd, J = 12.8, 6.9 Hz,
6H); 13C NMR (101 MHz, DMSO-d6) δ 181.0, 164.8, 152.0,
143.5, 128.9, 128.2, 124.9, 103.3, 101.2, 91.4, 51.3, 27.8, 27.5,
19.9, 19.8; HRMS (ESI): m/z calcd for C17H21O3 [M + H]
273.1491, found 273.1493.

Methyl (S)-5-methyl-4-methylene-2-phenyl-5-(p-tolyl)-4,5-
dihydrofuran-3-carboxylate (3ba). A pale yellow solid was
obtained in 93% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 70/1). 90% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
9.5 min, tR (minor) = 6.4 min. [α]29D = −48.1 (c = 1.04, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.72–7.69 (m, 2H), 7.54–7.36
(m, 5H), 7.21–7.19 (m, 2H), 5.51 (s, 1H), 4.78 (s, 1H), 3.62
(s, 3H), 2.29 (s, 3H), 1.83 (s, 3H); 13C NMR (101 MHz, DMSO-
d6) δ 168.6, 164.5, 152.8, 140.6, 137.7, 131.4, 130.3, 129.5,
129.4, 128.4, 125.2, 105.6, 102.8, 91.4, 51.4, 27.6, 21.1; HRMS
(ESI): m/z calcd for C21H21O3 [M + H] 321.1491, found
321.1487.

Methyl (S)-5-(4-fluorophenyl)-5-methyl-4-methylene-2-
phenyl-4,5-dihydrofuran-3-carboxylate (3ca). A yellow oil was
obtained in 92% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 100/1). 92% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
8.3 min, tR (minor) = 6.2 min. [α]27D = −52.2 (c = 1.07, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.72–7.70 (m, 2H), 7.54–7.47
(m, 5H), 7.25–7.20 (m, 2H), 5.53 (s, 1H), 4.83 (s, 1H), 3.63 (s,
3H), 1.85 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 168.4, 164.4,
162.2 (d, J = 244.6 Hz), 152.5, 139.8 (d, J = 3.0 Hz), 131.5, 130.1,
129.4, 128.5, 127.5 (d, J = 8.4 Hz), 115.8 (d, J = 21.5 Hz), 105.6,
103.2, 90.9, 51.4, 27.7; HRMS (ESI): m/z calcd for C20H18FO3

[M + H] 325.1240, found 325.1238.
Methyl (S)-5-(4-bromophenyl)-5-methyl-4-methylene-2-

phenyl-4,5-dihydrofuran-3-carboxylate (3da). A pale yellow
solid was obtained in 76% yield after purification by column
chromatography on silica gel (hexanes/ethyl acetate, 100/1).
M.p.: 100–101 °C. 94% ee was determined by chiral HPLC
(Chiralpak AD-H, n-hexane/i-PrOH = 90/10, 0.8 mL min−1,
254 nm, 40 °C): tR (major) = 10.3 min, tR (minor) = 7.0 min.
[α]23D = −32.9 (c = 1.02, CH2Cl2).

1H NMR (400 MHz, DMSO-d6)
δ 7.72–7.70 (m, 2H), 7.61–7.43 (m, 7H), 5.52 (s, 1H), 4.85 (s,
1H), 3.62 (s, 3H), 1.84 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
δ 168.4, 164.4, 152.2, 142.9, 132.0, 131.5, 130.0, 129.4, 128.5,
127.5, 121.8, 105.6, 103.4, 90.8, 51.5, 27.5; HRMS (ESI): m/z
calcd for C20H18BrO3 [M + H] 385.0439, found 385.0436.

Methyl (S)-5-(4-chlorophenyl)-5-methyl-4-methylene-2-
phenyl-4,5-dihydrofuran-3-carboxylate (3ea). A yellow oil was
obtained in 86% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 70/1). 93% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
9.5 min, tR (minor) = 6.7 min. [α]27D = −56.9 (c = 1.00, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.73–7.71 (m, 2H), 7.53–7.45
(m, 7H), 5.53 (s, 1H), 4.86 (s, 1H), 3.63 (s, 3H), 1.85 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 168.4, 164.4, 152.3, 142.5,
133.2, 131.5, 130.0, 129.4, 129.0, 128.5, 127.2, 105.6, 103.3,
90.8, 51.5, 27.6; HRMS (ESI): m/z calcd for C20H18ClO3 [M + H]
341.0944, found 341.0944.

Methyl (S)-5-(3-chlorophenyl)-5-methyl-4-methylene-2-
phenyl-4,5-dihydrofuran-3-carboxylate (3fa). A yellow oil was
obtained in 85% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 100/1). 95% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
7.9 min, tR (minor) = 5.6 min. [α]27D = −39.1 (c = 0.88, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 7.73–7.71 (m, 2H), 7.55–7.39
(m, 7H), 5.54 (s, 1H), 4.92 (s, 1H), 3.63 (s, 3H), 1.87 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 168.3, 164.3, 152.1, 145.9,
133.8, 131.6, 131.1, 129.9, 129.4, 128.5, 128.4, 125.0, 123.9,
105.7, 103.6, 90.7, 51.5, 27.5; HRMS (ESI): m/z calcd for
C20H18ClO3 [M + H] 341.0944, found 341.0944.

Methyl (S)-5-(2-chlorophenyl)-5-methyl-4-methylene-2-
phenyl-4,5-dihydrofuran-3-carboxylate (3ga). A pale yellow
solid was obtained in 62% yield after purification by column
chromatography on silica gel (hexanes/ethyl acetate, 100/1).
M.p.: 96–97 °C. 98% ee was determined by chiral HPLC
(Chiralpak AD-H, n-hexane/i-PrOH = 90/10, 0.8 mL min−1,
254 nm, 40 °C): tR (major) = 9.7 min, tR (minor) = 6.7 min.
[α]29D = −28.8 (c = 1.13, CH2Cl2).

1H NMR (400 MHz, DMSO-d6)
δ 7.79–7.67 (m, 3H), 7.53–7.41 (m, 6H), 5.44 (s, 1H), 4.41 (s,
1H), 3.65 (s, 3H), 1.88 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
δ 168.9, 164.6, 152.4, 138.1, 134.2, 131.8, 131.3, 131.0, 130.6,
129.7, 129.3, 128.4, 127.4, 106.7, 102.0, 90.8, 51.4, 28.6; HRMS
(ESI): m/z calcd for C20H18ClO3 [M + H] 341.0944, found
341.0939.

Methyl (S)-5-methyl4-methylene-5-(naphthalen-2-yl)-2-
phenyl-4,5-dihydrofuran-3-carboxylate (3ha). A yellow oil was
obtained in 90% yield after purification by column chromato-
graphy on silica gel (hexanes/ethyl acetate, 50/1). 90% ee was
determined by chiral HPLC (Chiralpak AD-H, n-hexane/
i-PrOH = 90/10, 0.8 mL min−1, 254 nm, 40 °C): tR (major) =
12.9 min, tR (minor) = 8.4 min. [α]28D = −37.3 (c = 1.00, CH2Cl2).
1H NMR (400 MHz, DMSO-d6) δ 8.07–7.75 (m, 6H), 7.59–7.46
(m, 6H), 5.58 (s, 1H), 4.86 (s, 1H), 3.65 (s, 3H), 1.98 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ 168.8, 164.5, 152.6, 140.7,
133.0, 132.9, 131.5, 130.2, 129.5, 128.9, 128.8, 128.5, 127.9,
127.0, 126.9, 123.9, 123.7, 105.8, 103.3, 91.6, 51.5, 27.6; HRMS
(ESI): m/z calcd for C24H21O3 [M + H] 357.1491, found
357.1489.

Methyl (S)-2-methyl-3-methylene-5-phenyl-2,3-dihydro-[2,2′-
bifuran]-4-carboxylate (3ia). A yellow oil was obtained in 85%
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yield after purification by column chromatography on silica
gel (hexanes/ethyl acetate, 70/1). 86% ee was determined by
chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 90/10,
0.8 mL min−1, 254 nm, 40 °C): tR (major) = 8.1 min,
tR (minor) = 6.1 min. [α]22D = −59.1 (c = 1.13, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.70 (d, J = 0.7 Hz, 1H), 7.64–7.62 (m,
3H), 7.53–7.43 (m, 3H), 6.56 (d, J = 3.3 Hz, 1H), 6.47 (dd, J =
3.2, 1.8 Hz, 1H), 5.57 (s, 1H), 4.73 (s, 1H), 3.65 (s, 3H), 1.83 (s,
3H); 13C NMR (101 MHz, DMSO-d6) δ 168.4, 164.4, 154.3,
149.9, 144.4, 131.5, 130.1, 129.4, 128.4, 110.9, 108.7, 105.5,
103.3, 86.8, 51.5, 26.0; HRMS (ESI): m/z calcd for C18H17O4

[M + H] 297.1127, found 297.1124.
Methyl (S)-5-ethyl-4-methylene-2,5-diphenyl-4,5-dihydro-

furan-3-carboxylate (3ja). A yellow oil was obtained in 81%
yield after purification by column chromatography on silica
gel (hexanes/ethyl acetate, 100/1). 93% ee was determined by
chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 90/10,
0.8 mL min−1, 254 nm, 40 °C): tR (major) = 7.4 min,
tR (minor) = 6.0 min. [α]18D = +55.3 (c = 0.93, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.77–7.75 (m, 2H), 7.56–7.29 (m, 8H),
5.57 (s, 1H), 4.93 (s, 1H), 3.61 (s, 3H), 2.31–2.13 (m, 2H), 0.89
(t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ 169.0,
164.4, 150.7, 143.2, 131.5, 130.1, 129.3, 129.0, 128.5, 128.1,
124.8, 106.5, 102.9, 94.0, 51.4, 33.4, 8.3; HRMS (ESI): m/z calcd
for C21H21O3 [M + H] 321.1491, found 321.1492.

Methyl (S)-4-methylene-2,5-diphenyl-5-propyl-4,5-dihydro-
furan-3-carboxylate (3ka). A yellow oil was obtained in 61%
yield after purification by column chromatography on silica
gel (hexanes/ethyl acetate, 100/1). 94% ee was determined by
chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 95/5, 0.8
mL min−1, 254 nm, 40 °C): tR (major) = 7.8 min, tR (minor) =
6.6 min. [α]22D = +99.1 (c = 0.40, CH2Cl2).

1H NMR (400 MHz,
DMSO-d6) δ 7.75–7.73 (m, 2H), 7.57–7.30 (m, 8H), 5.51 (s, 1H),
4.94 (s, 1H), 3.61 (s, 3H), 2.26–2.08 (m, 2H), 1.43–1.21 (m, 2H),
0.91 (t, J = 7.4 Hz, 1H); 13C NMR (101 MHz, DMSO-d6) δ 168.8,
164.4, 151.1, 143.3, 131.5, 130.1, 129.3, 129.0, 128.6, 128.1,
124.8, 106.3, 102.8, 93.7, 51.5, 42.7, 17.1, 14.4; HRMS (ESI):
m/z calcd for C22H23O3 [M + H] 335.1647, found 335.1648.

Methyl (S)-5-ethyl-5-methyl-4-methylene-2-phenyl-4,5-
dihydrofuran-3-carboxylate (3la). A yellow oil was obtained in
75% yield after purification by column chromatography on
silica gel (hexanes/ethyl acetate, 100/1). 22% ee was deter-
mined by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 98/
2, 0.8 mL min−1, 254 nm, 40 °C): tR (major) = 9.5 min,
tR (minor) = 7.0 min. [α]19D = −16.7 (c = 1.10, CH2Cl2).

1H NMR
(400 MHz, DMSO-d6) δ 7.64–7.62 (m, 2H), 7.52–7.43 (m, 3H),
5.45 (s, 1H), 4.72 (s, 1H), 3.61 (s, 3H), 1.83 (dq, J = 14.5, 7.3 Hz,
1H), 1.69 (dq, J = 14.5, 7.3 Hz, 1H), 1.42 (s, 3H), 0.83 (t, J =
7.3 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ 169.2, 164.6,
151.5, 131.2, 130.6, 129.2, 128.3, 106.3, 100.2, 92.0, 51.2, 34.2,
27.4, 7.9; HRMS (ESI): m/z calcd for C16H18O3 [M + H]
259.1334, found 259.1326.

Synthetic application of cycloadduct 3aa

To a solution of 3aa (61.3 mg, 0.20 mmol) in 4 mL of anhy-
drous dichloromethane was added PCC (pyridinium chloro-

chromate 431.1 mg, 2.0 mmol), and the resulting solution was
stirred at room temperature for 16 h. After the filtration of
undissolved solids, the filtrate was concentrated under
reduced pressure, and the residue was purified by silica gel
chromatography (hexanes/ethyl acetate, 20/1) to afford 4
(40.1 mg, 65% yield) as a colorless oil. 95% ee was determined
by chiral HPLC (Chiralpak AD-H, n-hexane/i-PrOH = 90/10,
0.8 mL min−1, 254 nm, 40 °C): tR (major) = 13.7 min,
tR (minor) = 11.6 min. [α]22D = +16.9 (c = 1.00, CH2Cl2).

1H NMR
(400 MHz, CDCl3) δ 8.03 (d, J = 7.5 Hz, 2H), 7.64–7.33 (m, 8H),
3.82 (s, 3H), 1.89 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 199.0,
187.6, 163.3, 137.4, 133.5, 129.5, 128.8, 128.7, 128.5, 128.4,
124.6, 106.4, 90.7, 52.0, 24.8; HRMS (ESI): m/z calcd for
C19H17O4 [M + H] 309.1127, found 309.1127.
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