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ABSTRACT: An efficient diastereo- and enantioselective [3 +
2] cycloaddition of heterosubstituted alkenes with oxiranes via
selective C−C bond cleavage of epoxides has been developed.
The reaction was catalyzed by a chiral N,N′-dioxide/Ni(II)
catalyst, and a variety of chiral highly substituted tetrahy-
drofurans were obtained in up to 99% yield, 92/8 dr, and 99%
ee.

Tetrahydrofurans (THFs) represent a class of common
heterocyclic scaffolds and are found in myriads of natural

products and biologically active molecules.1 Thus, considerable
efforts have been devoted to developing efficient methodologies
for their synthesis.2 For the synthesis of chiral tetrahydrofurans,
asymmetric [3 + 2] cycloadditions (Scheme 1a, b),3−5

cyclization of alcohols,6 oxidative cyclization of olefins,7

intramolecular Michael addition/lactonization8 (Scheme 1c),
and sequential Henry reaction/iodocyclization9 (Scheme 1d)
have been developed. Though great progress has been achieved,
other efficient methods are still desirable. Oxiranes have
obviously become interesting reagents for the past few years.
Particularly, their selective C−C bond cleavage has been proved
to be an atom-economical approach to generate carbonyl
ylides.10 Up to now, chemoselective [4 + 3] cycloadditions of
oxiranes with nitrones,11 tandem heterocyclization/[4 + 1]
cycloaddition of oxiranes,12 ring-opening/Friedel−Crafts alky-
lation,13 and a range of [3 + 2] cycloaddition of oxiranes14 have
been achieved. Recently, we demonstrated that our chiral N,N′-
dioxide/metal complexes15 could realize the asymmetric
cycloaddition of oxiranes with aldehydes,16 alkynes,4 and
indoles5 for the first time. Therefore, it is reasonable to predict
that chiral N,N′-dioxide/metal complexes would be workable
for the catalytic asymmetric [3 + 2] cycloaddition of oxiranes
with heterosubstituted alkenes, which would offer a facile way
to construct chiral furan derivatives. Herein, we described our
efforts in developing an efficient chiral N,N′-dioxide−Ni(II)
catalyst system for the asymmetric [3 + 2] cycloaddition of
heterosubstituted alkenes with oxiranes. A variety of chiral
substituted tetrahydrofurans were obtained in up to 99% yield,
92/8 dr, and 99% ee.
In our initial work, the [3 + 2] cycloaddition of oxirane 1a

and heterosubstituted alkene 2a was employed as the model
reaction to optimize the reaction conditions. We first examined
various N,N′-dioxides derived from L-ramipril (Ra) by
complexing with Ni(BF4)2·6H2O. As shown in Table 1, the
steric hindrance at the ortho positions of the aniline of N,N′-
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Scheme 1. Methods for Catalytic Asymmetric Synthesis of
Highly Substituted Tetrahydrofurans
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dioxide ligands affected the reaction greatly (Table 1, entries
1−4). When L-RaPh was employed, only a trace amount of the
desired product was obtained and the ee value was only 11%
(Table 1, entry 1). In the presence of L-RaMe2 bearing methyl
groups, the yield was improved to 99% and the dr was
improved to 72/28, albeit with still a low ee value (Table 1,
entry 2). When it came to L-RaEt2 with ethyl groups, the dr
value was further improved to 80/20 and the configuration of
the product was reversed (23% ee, Table 1, entry 3).
Gratifyingly, L-RaPr2 bearing i-propyl groups increased sharply
the ee to 87% and the dr to 92/8 (Table 1, entry 4). Further
optimization of reaction conditions revealed that solvents
affected the reaction to a great extent. When the reaction was
performed in CHCl3, the ee increased slightly to 89%, but the
dr decreased a little (90/10) (Table 1, entry 5). When the
reaction was performed in CH2ClCH2Cl, the ee further
increased to 91% with the yield and dr maintained (Table 1,
entry 6). Finally, the optimal reaction conditions were
established as follows: 1a:2a = 1:1.2, L-RaPr2:Ni(BF4)2·6H2O
= 1.1:1 (10 mol %), LiNTf2 (10 mol %) and 20 mg of 4 Å MS
in CH2ClCH2Cl (0.5 mL) under N2 at 35 °C for 24 h.
With the optimized conditions in hand, we investigated the

scope of the reaction. With respect to oxiranes (Table 2),
aromatic (R1) substituted epoxides with either electron-
withdrawing or electron-donating substitutes at the para
position on the phenyl ring transformed to the corresponding
products in good to excellent yields (85−98%) with high dr
(>90/10) and ee values (91−93%) (Table 2, entries 2−6).
Meanwhile, when an electron-donating group was at the meta
or ortho position, excellent outcomes also can be obtained
(Table 2, entries 7−10). Unfortunately, the aromatic oxiranes
with electron-withdrawing groups at the meta or ortho position
(1r, 1s) exhibited much lower reactivity. We got only 71% and
66% yields even if we added 2 equiv of 2a and prolonged the
reaction time to 48 h (Table 2, entries 18−19). What’s more,
the desired products were very difficult to separate from the

starting materials.17 These problems may be due to the
electronic effects of the aryl group substituents. In addition,
ring-fused epoxides 1k, 1l and heteroaromatic epoxides 1m, 1n
were also well tolerated, delivering the corresponding products
in 87−99% yields with 83/17 to 91/9 dr and 88−91% ee (Table
2, entries 11−14). Remarkably, unsaturated oxirane 1o could
also undergo this reaction smoothly, affording product 3o in
98% yield with 92/8 dr and 90% ee (Table 2, entry 15).
Moreover, we also varied the substituent R2 on the acyl group;
1p, 1q were transformed to 3p, 3q in quantitative yields with
90/10 dr and 88−92% ee (Table 2, entries 16−17).
Subsequently, we explored the scope of heterosubstituted

alkenes (Figure 1). It was found that large steric hindrance on

vinyl ether was beneficial for the enantioselectivity, but not for
diastereoselectivity. From 2b to 2e, enantioselectivity increased
little by little as the steric hindrance on heterosubstituted
alkenes became larger. When 2e was employed, 99% ee of 3ae
was obtained while the dr decreased sharply to 73/27. Besides,
cyclohexyl vinyl ether 2g also proceeded in the reaction well,
giving 3ag in 97% yield with 90/10 dr and 96% ee. Cyclic vinyl
ether 1,4-dioxene 2f was also tested, generating 3af with three
stereogenic centers in 90% yield, 89/11 dr, and 90% ee.
Furthermore, the absolute configuration of 3af was determined
to be (4aR,7S,7aR) by X-ray analysis.18 Finally, allyl vinyl ether
2h and vinyl sulfide 2i were examined, generating 3ah in 97%
yield, 86/14 dr, 89% ee and 3ai in 99% yield, 80/20 dr, 86% ee.
To show the prospect of the methodology, a gram-scale

synthesis of 3a was carried out. As shown in Scheme 2, 3.0
mmol of oxirane 1a reacted smoothly with 3.6 mmol of
heterosubstituted alkenes 2a, affording 1.28 g of the
corresponding product 3a (99% yield) with 90/10 dr and
90% ee.

Table 1. Optimization of the Reaction Conditions

entrya ligand solvent yield (%)b
drc

cis/trans
ee (%)c

cis-3ae

1 L-RaPh CH2Cl2 trace 56/44 −11d

2 L-RaMe2 CH2Cl2 99 72/28 −17d

3 L-RaEt2 CH2Cl2 99 80/20 23
4 L-RaPr2 CH2Cl2 99 92/8 87
5 L-RaPr2 CHCl3 99 90/10 89
6 L-RaPr2 CH2ClCH2Cl 99 90/10 91

aUnless otherwise noted, all reactions were carried out with ligand−
metal (1.1:1, 10 mol %), 1a (0.10 mmol), 2a (0.12 mmol, 1.2 equiv),
LiNTf2 (10 mol %) and 20 mg of 4 Å MS in solvent (0.5 mL) under
N2 at 35 °C for 24 h. bIsolated yield. cDetermined by HPLC analysis.
d“-” represents that the optical rotation is opposite to the others.
eDetermined by NOESY.

Figure 1. Substrate scope of heterosubstituted alkenes. Unless
otherwise noted, all reactions were carried out with L-RaPr2−metal
(1.1:1, 10 mol %), 1a (0.10 mmol), 2a (0.12 mmol, 1.2 equiv), LiNTf2
(10 mol %), and 20 mg of 4 Å MS in CH2ClCH2Cl (0.5 mL) under
N2 at 35 °C for 24 h. (b) Isolated yield. (c) Determined by HPLC
analysis. (d) 2 equiv of 2a was added. (e) The reaction time was
prolonged to 48 h. (f) The absolute configuration was determined to
be (4aR,7S,7aR) by X-ray crystallographic analysis.
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On the basis of our previous study15 and the absolute
configuration of 3af by X-ray analysis,18 a possible transition
state was proposed in Figure 2. The prepared catalyst
coordinates with the two carbonyl groups of oxirane in a
bidentate fashion, which leads to the formation of the carbonyl
ylide, forming a rigid octahedral complex. The 2,6-diisopropy-
laniline group underneath the ligand shields the Si face of the
carbonyl ylide. Therefore, heterosubstituted alkene attacks the
Re face of the carbonyl ylide, giving (4aR,7S,7aR)-configured
3af.
In summary, we have demonstrated a catalytic asymmetric [3

+ 2] cycloaddition of heterosubstituted alkenes with oxiranes

via C−C bond cleavage of epoxides in the presence of a chiral
N,N′-dioxide−Ni(II) complex. A variety of chiral highly
substituted tetrahydrofurans were furnished in good to
excellent yields (up to 99%) with good to excellent
enantioselectivities and diastereoselectivities (up to 92/8 dr
and 99% ee) under mild reaction conditions.

Table 2. Substrate Scope of Oxiranes

aUnless otherwise noted, all reactions were carried out with L-RaPr2-Ni(BF4)2·6H2O (10 mol %, 1.1:1), 1a (0.10 mmol), 2a (0.12 mmol, 1.2 equiv),
LiNTf2 (10 mol %), and 20 mg of 4 Å MS in CH2ClCH2Cl (0.5 mL) under N2 at 35 °C for 24 h. bIsolated yield. cDetermined by chiral HPLC
analysis. dDetermined by 1H NMR (CH2Br2 as a standard).

e2 equiv of 2a was added. fThe reaction time was prolonged to 48 h.

Scheme 2. Gram-Scale Synthesis of 3a

Figure 2. Proposed transition-state model and the absolute
configuration of 3af.
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■ EXPERIMENTAL SECTION
General Remarks. 1H NMR spectra were recorded on commercial

instruments (400 MHz). Chemical shifts were reported in ppm from
tetramethylsilane with the solvent resonance as the internal standard
(CDCl3, δ = 7.26). Spectra are reported as follows: chemical shift (δ
ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constants (Hz), integration and assignment. 13C
NMR spectra were collected on commercial instruments (100 MHz)
with complete proton decoupling. Chemical shifts are reported in ppm
from the tetramethylsilane with the solvent resonance as internal
standard (CDCl3, δ = 77.0). The enantiomeric excesses (ee) were
determined by HPLC analysis on commercial chiral columns. Optical
rotations were reported as follows: [α]D

T (c = g/100 mL, in solvent).
HRMS was recorded on a commercial apparatus (ESI Source). All
reagents and solvents were obtained from commercial suppliers and
used without further purification except as indicated below. All
catalytic reactions were run in dried glassware. Solvent was distilled
over CaH2.
General Procedure for Substrates. AcOH (10 mol %) and

piperidine (10 mol %) were added to the solution of 1,3-diphenyl-1,3-
propanedione (5.6 g) and benzaldehyde (2.5 mL) in toluene (25 mL).
After addition, the mixture was heated to reflux for 4 h (separate the
produced water from reaction system). Then, the solvent was removed
under reduced pressure. The resulting residue was purified by silica gel
column chromatography eluting with PE/EA = 10:1. The white solid,
crude unsaturated diketone, was obtained in 86% yield. To a well-
stirred solution of unsaturated diketone (22 mmol) in 1,2-dichloro-
ethane (DCE, 15 mL) which was cooled in an ice bath were added t-
BuOOH (in DCE, 21 mL) and DBU (4 mL). Commercial t-BuOOH
(70% in H2O, 13 mL) should be extracted with DCE (20 mL). The
reaction mixture was further stirred for 40 min. After removing the
solvent DCE, the crude product 1 was purified by silica gel column
chromatography eluting with PE/EA = 10:1 and recrystallized in ethyl
acetate. After it was washed with petroleum ether and dried under
vacuum, the pure product was obtained. Substrate 2 was obtained from
commercial suppliers.
General Procedure for Chiral N,N′-Dioxide Preparation. The

N,N′-dioxides were prepared according to the methods reported in the
literature.19

General Procedure for the Catalytic [3 + 2] Cycloaddition. A
dry reaction tube was charged with L-RaPr2 (11 mol %), Ni(BF4)2·
6H2O (10 mol %), LiNTf2 (10 mol %), and 20 mg of 4 Å MS.
CH2ClCH2Cl (0.5 mL) was added, and the mixture was stirred at 35
°C for 0.5 h until Ni(BF4)2·6H2O is solved entirely. Then, the
heterosubstituted alkenes 2 (1.2 or 2.0 equiv) and oxiranes 1 (0.1
mmol) were added to the reaction mixture. After being stirred at 35 °C
for 24 or 48 h, the crude reaction mixture was purified by flash
chromatography on silica gel (PE/EA = 10/1) to afford the desired
product.
(3-Butoxy-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3a). Yield 42.7 mg, 99%; green viscous liquid; 91% ee, 90/10
dr; [α]D

13 = −137.9 (c = 0.75 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.26 min, t2 = 8.18 min, t3 = 10.03 min, t4 = 11.42
min; 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.7 Hz, 2H), 8.03 (d,
J = 8.0 Hz, 2H), 7.54−7.47 (m, 3H), 7.46−7.34 (m, 5H), 7.33−7.26
(m, 3H), 5.33 (dd, J = 6.4, 3.4 Hz, 1H), 4.88 (t, J = 8.0 Hz, 1H), 3.48−
3.40 (m, 1H), 3.33−3.23 (m, 1H), 2.89−2.77 (m, 1H), 2.28−2.18 (m,
1H), 1.32−1.24 (m, 2H), 1.09−0.98 (m, 2H), 0.69 (t, J = 7.4 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ = 196.3, 194.8, 141.1, 136.7, 134.0,
133.3, 132.7, 130.2, 129.9, 128.5, 128.4, 128.0, 127.9, 126.7, 98.8, 83.7,
81.2, 69.9, 40.7, 31.5, 19.0, 13.7. HRMS (ESI-TOF): calcd for
C28H28NaO4

+ ([M + Na+]) 451.1880, found 451.1881.
(3-Butoxy-5-(4-fluorophenyl)tetrahydrofuran-2,2-diyl)bis(phenyl-

methanone) (3b). Yield 41.8 mg, 93%; green viscous liquid; 93% ee,
91/9 dr; [α]D

13 = −129.5 (c = 0.70 in CH2Cl2); HPLC (Daicel chiralcel
IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 6.98 min, t2 = 7.82 min, t3 = 8.66 min, t4 = 11.51
min; 1H NMR (400 MHz, CDCl3) δ 8.08−8.00 (m, 4H), 7.53−7.45

(m, 3H), 7.45−7.41 (m, 1H), 7.41−7.35 (m, 2H), 7.33−7.27 (m, 2H),
7.12−7.01 (m, 2H), 5.32 (dd, J = 6.0, 3.2 Hz, 1H), 4.90 (t, J = 7.6 Hz,
1H), 3.46−3.40 (m, 1H), 3.28−3.21 (m, 1H), 2.86−2.77 (m, 1H),
2.22−2.15 (m, 1H), 1.30−1.22 (m, 2H), 1.08−0.96 (m, 2H), 0.69 (t, J
= 7.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 195.9, 194.7, 162.4
(d, J = 244 Hz), 137.1 (d, J = 3 Hz), 136.5, 134.0, 133.4, 132.8, 130.2,
129.7, 128.5 (d, J = 8 Hz), 128.4, 128.1, 115.3 (d, J = 22 Hz), 98.8,
83.6, 80.7, 69.9, 40.5, 31.4, 19.0, 13.6. HRMS (ESI-TOF): calcd for
C28H27FNaO4

+ ([M + Na+]) 469.1786, found 469.1799.
(3-Butoxy-5-(4-chlorophenyl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3c). Yield 43.1 mg, 93%; green viscous liquid;
91% ee, 90/10 dr; [α]D

13 = −112.4 (c = 0.86 in CH2Cl2); HPLC (Daicel
chiralcel IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 6.79 min, t2 = 7.91 min, t3 = 10.12 min, t4 =
13.24 min; 1H NMR (400 MHz, CDCl3) δ 8.06−7.96 (m, 4H), 7.53−
7.43 (m, 4H), 7.41−7.35 (m, 2H), 7.35−7.28 (m, 4H), 5.31 (dd, J =
6.0, 2.8 Hz, 1H), 4.91 (t, J = 7.6 Hz, 1H), 3.44−3.88 (m, 1H), 3.26−
3.20 (m, 1H), 2.86−2.77 (m, 1H), 2.21−2.14 (m, 1H), 1.28−1.21 (m,
2H), 1.04−0.97 (m, 2H), 0.68 (t, J = 7.6 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 195.7, 194.6, 140.0, 136.5, 134.0, 133.5, 133.5,
132.8, 130.2, 129.7, 128.6, 128.4, 128.1, 128.1, 98.9, 83.6, 80.6, 69.8,
40.4, 31.4, 19.0, 13.6. HRMS (ESI-TOF): calcd for C28H27

34.9689-
ClNaO4

+ ([M + Na+]) 485.1491, found 485.1493, C28H27
36.9659-

ClNaO4
+ ([M + Na+]) 487.1461, found 487.1491.

(5-(4-Bromophenyl)-3-butoxytetrahydrofuran-2,2-diyl)bis-
(phenylmethanone) (3d). Yield 42.9 mg, 85%; green viscous liquid;
91% ee, 90/10 dr; [α]D

13 = −94.5 (c = 0.86 in CH2Cl2); HPLC (Daicel
chiralcel ID, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 6.87 min, t2 = 8.19 min, t3 = 10.27 min, t4 =
13.28 min; 1H NMR (400 MHz, CDCl3) δ 7.99−7.88 (m, 4H), 7.44−
7.38 (m, 3H), 7.37−7.27 (m, 5H), 7.25−7.20 (m, 2H), 5.23 (dd, J =
6.4, 3.2 Hz, 1H), 4.81 (t, J = 7.8 Hz, 1H), 3.37−3.28 (m, 1H), 3.20−
3.11 (m, 1H), 2.79−2.67 (m, 1H), 2.14−2.04 (m, 1H), 1.20−1.12 (m,
2H), 0.97−0.86 (m, 2H), 0.60 (t, J = 7.2 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 194.7, 193.6, 139.5, 135.5, 133.0, 132.4, 131.7,
130.5, 129.2, 129.1, 128.6, 127.4, 127.4, 127.0, 120.6, 97.9, 82.6, 79.6,
68.8, 39.3, 30.4, 18.0, 12.6. HRMS (ESI-TOF): calcd for C28H27

78.9183-
BrNaO4

+ ([M + Na+]) 529.0985, found 529.0989, C28H27
80.9163-

BrNaO4
+ ([M + Na+]) 531.0965, found 531.0980.

(3-Butoxy-5-(p-tolyl)tetrahydrofuran-2,2-diyl)bis(phenylmeth-
anone) (3e). Yield 43.6 mg, 98%; green viscous liquid; 93% ee, 92/8
dr; [α]D

13 = −122.9 (c = 0.83 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.57 min, t2 = 8.64 min, t3 = 9.94 min, t4 = 12.37
min; 1H NMR (400 MHz, CDCl3) δ 8.13−8.07 (m, 2H), 8.04−7.99
(m, 2H), 7.54−7.48 (m, 1H), 7.47−7.42 (m, 1H), 7.42−7.36 (m, 4H),
7.33−7.27 (m, 2H), 7.18 (d, J = 8.0 Hz, 2H), 5.32 (dd, J = 6.4, 3.6 Hz,
1H), 4.83 (t, J = 8.0 Hz, 1H), 3.49−3.42 (m, 1H), 3.32−3.25 (m, 1H),
2.86−2.77 (m, 1H), 2.36 (s, 3H), 2.24−2.17 (m, 1H), 1.33−1.24 (m,
2H), 1.10−1.00 (m, 2H), 0.71 (t, J = 7.6 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 196.5, 194.8, 137.9, 137.7, 136.7, 134.0, 133.3,
132.7, 130.2, 130.0, 129.1, 128.4, 128.0, 126.8, 98.6, 83.7, 81.2, 69.9,
40.7, 31.5, 21.2, 19.1, 13.7. HRMS (ESI-TOF): calcd for C29H30NaO4

+

([M + Na+]) 465.2036, found 465.2041.
(3-Butoxy-5-(4-methoxyphenyl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3f). Yield 44.7 mg, 97%; green viscous liquid;
93% ee, 91/9 dr; [α]D

13 = −113.0 (c = 0.72 in CH2Cl2); HPLC (Daicel
chiralcel IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 10.20 min, t2 = 12.57 min, t3 = 13.77 min, t4 =
18.25 min; 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.2 Hz, 2H),
8.00 (t, J = 7.6 Hz, 2H), 7.53−7.50 (m, 1H), 7.46−7.35 (m, 5H),
7.33−7.26 (m, 2H), 6.90 (d, J = 8.4 Hz, 2H), 5.31 (dd, J = 6.4, 3.6 Hz,
1H), 4.83 (t, J = 8.0 Hz, 1H), 3.81 (s, 3H), 3.50−3.41 (m, 1H), 3.32−
3.25 (m, 1H), 2.85−2.74 (m, 1H), 2.25−2.15 (m, 1H), 1.34−1.25 (m,
2H), 1.11−1.00 (m, 2H), 0.71 (t, J = 7.4 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 196.5, 194.8, 159.4, 136.7, 134.0, 133.3, 133.0,
132.7, 130.2, 130.0, 128.4, 128.3, 128.0, 113.8, 98.6, 83.7, 81.1, 69.9,
55.3, 40.6, 31.5, 19.1, 13.7. HRMS (ESI-TOF): calcd for C29H30NaO5

+

([M + Na+]) 481.1985, found 481.1988.
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(3-Butoxy-5-(m-tolyl)tetrahydrofuran-2,2-diyl)bis(phenylmeth-
anone) (3g). Yield 44.7 mg, 99%; green viscous liquid; 90% ee, 90/10
dr; [α]D

16 = −100.3 (c = 0.89 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 6.99 min, t2 = 8.24 min, t3 = 9.14 min, t4 = 11.31
min; 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.6 Hz, 2H), 7.94 (d,
J = 7.6 Hz, 2H), 7.47−7.40 (m, 1H), 7.39−7.27 (m, 3H), 7.27−7.14
(m, 5H), 7.06−6.97 (m, 1H), 5.24 (dd, J = 6.4, 3.2 Hz, 1H), 4.75 (t, J
= 8.0 Hz, 1H), 3.42−3.32 (m, 1H), 3.26−3.16 (m, 1H), 2.79−2.68 (m,
1H), 2.28 (s, 3H), 2.17−2.09 (m, 1H), 1.25−1.16 (m, 2H), 1.04−0.92
(m, 2H), 0.62 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ =
196.5, 194.8, 140.9, 138.1, 136.8, 134.0, 133.3, 132.7, 130.2, 130.0,
128.7, 128.4, 128.4, 127.9, 127.5, 123.8, 98.8, 83.7, 81.3, 69.9, 40.7,
31.5, 21.5, 19.1, 13.7. HRMS (ESI-TOF): calcd for C29H30NaO4

+ ([M
+ Na+]) 465.2036, found 465.2046.
(3-Butoxy-5-(3-methoxyphenyl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3h). Yield 45.1 mg, 98%; green viscous liquid;
88% ee, 90/10 dr; [α]D

15 = −116.4 (c = 0.67 in CH2Cl2); HPLC (Daicel
chiralcel IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 8.57 min, t2 = 9.70 min, t3 = 11.72 min, t4 =
15.26 min; 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 7.6 Hz, 2H),
8.02 (d, J = 7.6 Hz, 2H), 7.54−7.48 (m, 1H), 7.47−7.37 (m, 3H),
7.34−7.27 (m, 2H), 7.27−7.23 (m, 1H), 7.15 (s, 1H), 7.03 (d, J = 7.6
Hz, 1H), 6.84 (dd, J = 8.0, 2.4 Hz, 1H), 5.31 (dd, J = 6.4, 3.2 Hz, 1H),
4.87 (t, J = 7.8 Hz, 1H), 3.81 (s, 3H), 3.47−3.39 (m, 1H), 3.30−3.22
(m, 1H), 2.88−2.77 (m, 1H), 2.27−2.16 (m, 1H), 1.31−1.23 (m, 2H),
1.08−0.98 (m, 2H), 0.69 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ = 196.3, 194.7, 159.8, 142.8, 136.7, 134.0, 133.3, 132.7,
130.2, 129.9, 129.4, 128.4, 128.0, 119.0, 113.8, 111.8, 98.9, 83.7, 81.3,
69.9, 55.2, 40.6, 31.5, 19.0, 13.6. HRMS (ESI-TOF): calcd for
C29H30NaO5

+ ([M + Na+]) 481.1985, found 481.1993.
(3-Butoxy-5-(3-phenoxyphenyl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3i). Yield 53.3 mg, 99%; green viscous liquid;
90% ee, 91/9 dr; [α]D

13 = −92.4 (c = 1.07 in CH2Cl2); HPLC (Daicel
chiralcel ID, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 8.16 min, t2 = 9.50 min, t3 = 13.59 min, t4 =
24.14 min; 1H NMR (400 MHz, CDCl3) δ 8.08−8.03 (m, 2H), 8.03−
7.98 (m, 2H), 7.54−7.38 (m, 3H), 7.37−7.29 (m, 7H), 7.22−7.18 (m,
1H), 7.15−7.05 (m, 1H), 7.05−6.99 (m, 2H), 6.96−6.91 (m, 1H),
5.29 (dd, J = 6.4, 3.2 Hz, 1H), 4.86 (t, J = 7.8 Hz, 1H), 3.44−3.37 (m,
1H), 3.30−3.20 (m, 1H), 2.87−2.77 (m, 1H), 2.24−2.17 (m, 1H),
1.27−1.19 (m, 2H), 1.06−0.95 (m, 2H), 0.68 (t, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ = 196.2, 194.7, 157.3, 157.2, 143.3, 136.6,
133.9, 133.4, 132.7, 130.2, 129.9, 129.8, 129.8, 128.4, 128.0, 123.3,
121.6, 118.9, 118.8, 118.2, 117.2, 98.9, 83.6, 80.9, 69.9, 40.5, 31.4, 19.0,
13.7. HRMS (ESI-TOF): calcd for C34H32NaO5

+ ([M + Na+])
543.2142, found 543.2141.
(3-Butoxy-5-(2-methoxyphenyl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3j). Yield 42.7 mg, 93%; green viscous liquid;
89% ee, 89/11 dr; [α]D

15 = −141.5 (c = 0.85 in CH2Cl2); HPLC (Daicel
chiralcel IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 7.89 min, t2 = 9.86 min, t3 = 12.26 min, t4 =
13.10 min; 1H NMR (400 MHz, CDCl3) δ 8.06 (m, 4H), 7.85 (d, J =
7.2 Hz, 1H), 7.53 (t, J = 7.3 Hz, 1H), 7.47−7.37 (m, 3H), 7.36−7.20
(m, 3H), 7.05−6.96 (m, 1H), 6.85−6.76 (m, 1H), 5.37 (dd, J = 6.4,
3.6 Hz, 1H), 5.12 (t, J = 8.0 Hz, 1H), 3.74 (s, 3H), 3.44−3.34 (m,
1H), 3.28−3.19 (m, 1H), 3.00−2.86 (m, 1H), 2.11−1.99 (m,
1H),1.29−1.18 (m, 2H), 1.05−0.92 (m, 2H), 0.66 (t, J = 7.4 Hz,
3H). 13C NMR (100 MHz, CDCl3) δ = 196.7, 195.0, 155.8, 136.7,
134.1, 133.2, 132.6, 130.3, 130.0, 129.9, 128.3, 128.0, 126.5, 120.7,
109.9, 98.3, 83.7, 76.0, 69.8, 55.2, 39.8, 31.5, 19.0, 13.6. HRMS (ESI-
TOF): calcd for C29H30NaO5

+ ([M + Na+]) 481.1985, found
481.1991.
(3-Butoxy-5-(naphthalen-1-yl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3k). Yield 49.7 mg, 99%; green viscous liquid;
88% ee, 83/17 dr; [α]D

13 = −116.4 (c = 0.99 in CH2Cl2); HPLC (Daicel
chiralcel ID, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 7.47 min, t2 = 8.82 min, t3 = 9.89 min, t4 =
14.88 min; 1H NMR (400 MHz, CDCl3) δ 8.13−8.07 (m, 4H), 8.06−
8.02 (m, 1H), 7.87−7.77 (m, 3H), 7.54−7.49 (m, 2H), 7.48−7.42 (m,

3H), 7.41−7.36 (m, 2H), 7.35−7.29 (m, 2H), 5.54 (t, J = 8.0 Hz, 1H),
5.47 (dd, J = 6.8, 3.6 Hz, 1H), 3.39−3.32 (m, 1H), 3.27−3.18 (m,
1H), 3.11−3.01 (m, 1H), 2.38−2.29 (m, 1H), 1.26−1.18 (m, 2H),
1.01−0.92 (m, 2H), 0.64 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ = 195.8, 195.1, 136.6, 136.6, 134.1, 133.6, 133.5, 132.8,
130.3, 129.8, 128.8, 128.4, 128.1, 128.1, 126.0, 125.7, 125.5, 123.4,
123.3, 98.7, 83.7, 78.2, 69.8, 39.8, 31.4, 19.0, 13.6. HRMS (ESI-TOF):
calcd for C32H30NaO4

+ ([M + Na+]) 501.2037, found 501.2046.
(3-Butoxy-5-(naphthalen-2-yl)tetrahydrofuran-2,2-diyl)bis-

(phenylmethanone) (3l). Yield 47.1 mg, 98%; green viscous liquid;
90% ee, 91/9 dr; [α]D

16 = −89.0 (c = 0.94 in CH2Cl2); HPLC (Daicel
chiralcel IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 8.86 min, t2 = 10.38 min, t3 = 11.72 min, t4 =
15.65 min; 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 7.2 Hz, 2H),
8.06 (d, J = 7.6 Hz, 2H), 7.88 (s, 1H), 7.87−7.78 (m, 2H), 7.72−7.64
(m, 1H), 7.54−7.45 (m, 3H), 7.44−7.35 (m, 3H), 7.30 (t, J = 7.8 Hz,
2H), 5.36 (dd, J = 6.3, 3.0 Hz, 1H), 5.06 (t, J = 7.8 Hz, 1H), 3.51−3.39
(m, 1H), 3.36−3.22 (m, 1H), 2.97−2.82 (m, 1H), 2.38−2.23 (m, 1H),
1.33−1.23 (m, 2H), 1.11−0.98 (m, 2H), 0.69 (t, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ = 196.3, 194.8, 138.5, 136.7, 134.0, 133.4,
133.2, 133.1, 132.8, 130.2, 130.0, 128.4, 128.1, 128.0, 127.7, 126.2,
126.1, 125.7, 124.7, 99.0, 83.8, 81.5, 69.9, 40.6, 31.5, 19.1, 13.7. HRMS
(ESI-TOF): calcd for C32H30NaO4

+ ([M + Na+]) 501.2036, found
501.2042.

(3-Butoxy-5-(furan-3-yl)tetrahydrofuran-2,2-diyl)bis(phenyl-
methanone) (3m). Yield 36.5 mg, 87%; green viscous liquid; 91% ee,
91/9 dr; [α]D

15 = −181.0 (c = 0.73 in CH2Cl2); HPLC (Daicel chiralcel
IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.84 min, t2 = 8.79 min, t3 = 10.94 min, t4 = 12.11
min; 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.6 Hz, 2H), 7.98 (d,
J = 7.6 Hz, 2H), 7.53−7.48 (m, 1H), 7.48−7.41 (m, 3H), 7.40−7.35
(m, 2H), 7.33−7.28 (m, 2H), 6.60 (s, 1H), 5.26 (dd, J = 6.0, 2.8 Hz,
1H), 4.95 (t, J = 7.6 Hz, 1H), 3.53−3.45 (m, 1H), 3.33−3.25 (m, 1H),
2.77−2.68 (m, 1H), 2.27−2.18 (m, 1H), 1.34−1.25 (m, 2H), 1.11−
1.00 (m, 2H), 0.71 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3)
δ = 196.5, 194.6, 143.5, 140.3, 136.6, 133.9, 133.3, 132.7, 130.1, 130.0,
128.4, 127.9, 125.8, 109.5, 98.7, 83.9, 74.1, 70.0, 39.1, 31.5, 19.0, 13.7.
HRMS (ESI-TOF): calcd for C26H26NaO5

+ ([M + Na+]) 441.1672,
found 441.1673.

(3-Butoxy-5-(thiophen-3-yl)tetrahydrofuran-2,2-diyl)bis(phenyl-
methanone) (3n). Yield 41.9 mg, 96%; green viscous liquid; 91% ee,
91/9 dr; [α]D

15 = −179.0 (c = 0.61 in CH2Cl2); HPLC (Daicel chiralcel
IE, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.91 min, t2 = 8.95 min, t3 = 11.76 min, t4 = 12.81
min; 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.6 Hz, 2H), 8.00 (d,
J = 8.0 Hz, 2H), 7.53−7.41 (m, 2H), 7.41−7.35 (m, 2H), 7.35−7.22
(m, 5H), 5.29 (dd, J = 6.4, 3.2 Hz, 1H), 5.02 (t, J = 7.6 Hz, 1H), 3.51−
3.41 (m, 1H), 3.33−3.22 (m, 1H), 2.84−2.71 (m, 1H), 2.33−2.20 (m,
1H), 1.32−1.24 (m, 2H), 1.11−0.97 (m, 2H), 0.70 (t, J = 7.2 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ = 196.4, 194.7, 142.3, 136.6, 133.9,
133.3, 132.7, 130.2, 130.0, 128.4, 128.0, 126.5, 126.2, 122.5, 98.7, 83.8,
77.6, 70.0, 39.7, 31.5, 19.0, 13.7. HRMS (ESI-TOF): calcd for
C26H26NaO4S

+ ([M + Na+]) 457.1444, found 457.1447.
(E)-(3-Butoxy-5-styryltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3o). Yield 44.7 mg, 98%; green viscous liquid; 90% ee, 92/8
dr; [α]D

15 = −105.0 (c = 0.89 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 8.09 min, t2 = 9.48 min, t3 = 10.31 min, t4 = 14.04
min; 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.6 Hz, 2H), 8.00 (d,
J = 7.6 Hz, 2H), 7.53−7.48 (m, 1H), 7.47−7.36 (m, 5H), 7.36−7.28
(m, 4H), 7.28−7.21 (m, 1H), 6.59−6.46 (m, 2H), 5.26 (dd, J = 5.8,
2.4 Hz, 1H), 4.67 (dd, J = 13.2, 6.8 Hz, 1H), 3.52−3.42 (m, 1H),
3.31−3.23 (m, 1H), 2.66−2.52 (m, 1H), 2.19−2.07 (m, 1H), 1.34−
1.24 (m, 2H), 1.13−1.01 (m, 2H), 0.71 (t, J = 7.4 Hz, 3H). 13C NMR
(100 MHz, CDCl3) δ = 196.5, 194.5, 136.6, 136.4, 134.0, 133.3, 132.7,
132.1, 130.2, 129.8, 129.5, 128.6, 128.4, 128.0, 127.9, 126.7, 98.8, 84.0,
81.7, 69.9, 38.4, 31.5, 19.1, 13.7. HRMS (ESI-TOF): calcd for
C30H30NaO4

+ ([M + Na+]) 477.2036, found 477.2036.
(3-Butoxy-5-phenyltetrahydrofuran-2,2-diyl)bis(p-tolylmeth-

anone) (3p). Yield 48.7 mg, 99%; green viscous liquid; 92% ee, 90/10
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dr; [α]D
16 = −114.7 (c = 0.97 in CH2Cl2); HPLC (Daicel chiralcel IE,

n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 10.90 min, t2 = 11.43 min, t3 = 15.38 min, t4 =
16.34 min; 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.4 Hz, 2H),
7.94 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 7.2 Hz, 2H), 7.41−7.33 (m, 2H),
7.32−7.26 (m, 1H), 7.20−7.16 (m, 2H), 7.12−7.06 (m, 2H), 5.31 (dd,
J = 6.4, 3.2 Hz, 1H), 4.86 (t, J = 7.8 Hz, 1H), 3.47−3.37 (m, 1H),
3.31−3.20 (m, 1H), 2.89−2.75 (m, 1H), 2.37 (s, 3H), 2.29 (s, 3H),
2.24−2.15 (m, 1H), 1.31−1.22 (m, 2H), 1.10−0.98 (m, 2H), 0.69 (t, J
= 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 195.6, 194.6, 144.2,
143.4, 141.3, 134.1, 131.5, 130.4, 130.0, 129.08, 128.7, 128.4, 127.8,
126.7, 98.8, 83.6, 81.0, 69.8, 40.7, 31.5, 21.7, 21.7, 19.0, 13.7. HRMS
(ESI-TOF): calcd for C30H32NaO4

+ ([M + Na+]) 479.2193, found
479.2206.
(3-Butoxy-5-phenyltetrahydrofuran-2,2-diyl)bis((4-bromo-

phenyl)methanone) (3q). Yield 59.7 mg, 99%; green viscous liquid;
88% ee, 90/10 dr; [α]D

16 = −108.2 (c = 1.19 in CH2Cl2); HPLC (Daicel
chiralcel ID, n-hexane/i-PrOH = 95/5, flow rate 1.0 mL/min, λ = 254
nm) retention time: t1 = 6.85 min, t2 = 7.54 min, t3 = 9.78 min, t4 =
10.50 min; 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H),
7.91−7.82 (m, 2H), 7.60−7.51 (m, 2H), 7.50−7.43 (m, 4H), 7.42−
7.36 (m, 2H), 7.35−7.29 (m, 1H), 5.27 (dd, J = 6.4, 3.2 Hz, 1H), 4.86
(t, J = 8.0 Hz, 1H), 3.50−3.41 (m, 1H), 3.33−3.25 (m, 1H), 2.87−
2.77 (m, 1H), 2.29−2.17 (m, 1H), 1.34−1.24 (m, 2H), 1.11−1.00 (m,
2H), 0.73 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 195.5,
193.6, 140.5, 135.1, 132.6, 131.8, 131.7, 131.6, 131.6, 131.4, 128.9,
128.6, 128.3, 128.1, 126.7, 98.6, 83.6, 81.6, 70.0, 40.3, 31.5, 19.1, 13.7.
HRMS (ESI-TOF): calcd for C28H26

78.9183Br2NaO4
+ ([M + Na+])

607.0090, found 607.0096, C28H26
78.9183Br80.9163BrNaO4

+ ([M + Na+])
609.0070, found 609.0075.
(3-Ethoxy-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3ab). Yield 35.2 mg, 88%; green viscous liquid; 89% ee, 86/14
dr; [α]D

28 = −181.6 (c = 0.83 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 8.18 min, t2 = 9.20 min, t3 = 11.73 min, t4 = 12.10
min; 1H NMR (400 MHz, CDCl3) δ 8.10−8.05 (m, 2H), 8.04−8.00
(m, 2H), 7.53−7.47 (m, 3H), 7.46−7.40 (m, 2H), 7.39−7.34 (m, 3H),
7.33−7.27 (m, 3H), 5.36 (dd, J = 6.8, 4.0 Hz, 1H), 4.86 (t, J = 8.0 Hz,
1H), 3.57−3.46 (m, 1H), 3.40−3.30 (m, 1H), 2.90−2.80 (m, 1H),
2.27−2.17 (m, 1H), 0.93 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ = 196.7, 194.8, 140.9, 136.8, 134.0, 133.3, 132.7, 130.2,
129.9, 128.5, 128.4, 128.4, 128.0, 127.9, 126.7, 98.7, 83.4, 81.2, 65.8,
40.9, 14.9. HRMS (ESI-TOF): calcd for C26H24NaO4

+ ([M + Na+])
423.1567, found 423.1572.
(3-Isobutoxy-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3ac). Yield 45.2 mg, 99%; green viscous liquid; 90% ee, 91/9
dr; [α]D

16 = −162.9 (c = 0.50 in CH2Cl2); HPLC (Daicel chiralcel ID,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 6.50 min, t2 = 7.81 min, t3 = 8.88 min, t4 = 13.21
min; 1H NMR (400 MHz, CDCl3) δ 8.14−8.09 (m, 2H), 8.04−8.00
(m, 2H), 7.54−7.47 (m, 3H), 7.47−7.40 (m, 2H), 7.39−7.35 (m, 3H),
7.33−7.27 (m, 3H), 5.32 (dd, J = 6.4, 3.2 Hz, 1H), 4.89 (t, J = 7.8 Hz,
1H), 3.26−3.19 (m, 1H), 3.09−2.99 (m, 1H), 2.88−2.76 (m, 1H),
2.28−2.17 (m, 1H), 1.61−1.53 (m, 1H), 0.61 (dd, J = 12.8, 6.4 Hz,
6H). 13C NMR (100 MHz, CDCl3) δ = 196.1, 194.7, 141.1, 136.6,
134.0, 133.3, 132.8, 130.2, 130.0, 128.5, 128.4, 128.0, 128.0, 126.7,
98.9, 83.9, 81.3, 77.0, 40.4, 28.4, 19.2, 19.1. HRMS (ESI-TOF): calcd
for C28H28NaO4

+ ([M + Na+]) 451.1880, found 451.1884.
(3-Isopropoxy-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3ad). Yield 38.3 mg, 92%; green viscous liquid; 93% ee, 83/17
dr; [α]D

28 = −125.1 (c = 0.77 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.56 min, t2 = 8.45 min, t3 = 10.30 min, t4 = 11.25
min; 1H NMR (400 MHz, CDCl3) δ 8.14−8.07 (m, 2H), 8.06−7.97
(m, 2H), 7.54−7.48 (m, 3H), 7.46−7.40 (m, 2H), 7.40−7.33 (m, 3H),
7.33−7.27 (m, 3H), 5.44 (dd, J = 6.4, 3.6 Hz, 1H), 4.84 (t, J = 8.0 Hz,
1H), 3.65−3.55 (m, 1H), 2.92−2.81 (m, 1H), 2.24−2.16 (m, 1H),
1.03 (d, J = 6.2 Hz, 3H), 0.81 (d, J = 6.2 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 195.7, 193.9, 139.9, 135.7, 133.0, 132.2, 131.6,
129.2, 129.1, 129.0, 127.4, 127.3, 127.1, 126.9, 126.8, 125.7, 124.7,

97.7, 80.2, 80.1, 41.0, 21.4, 20.4. HRMS (ESI-TOF): calcd for
C27H26NaO4

+ ([M + Na+]) 437.1723, found 437.1730.
(3-(tert-Butoxy)-5-phenyltetrahydrofuran-2,2-diyl)bis(phenyl-

methanone) (3ae). Yield 40.6 mg, 93%; green viscous liquid; 99% ee,
73/27 dr; [α]D

17 = −101.6 (c = 1.54 in CH2Cl2); HPLC (Daicel
chiralcel ADH, n-hexane/i-PrOH = 99/1, flow rate 1.0 mL/min, λ =
254 nm) retention time: t1 = 15.34 min, t2 = 17.65 min, t3 = 25.06 min,
t4 = 30.01 min; 1H NMR (400 MHz, CDCl3) δ 8.16−8.11 (m, 2H),
8.00−7.94 (m, 2H), 7.55−7.48 (m, 3H), 7.47−7.40 (m, 3H), 7.40−
7.34 (m, 2H), 7.32−7.29 (m, 2H), 7.19−7.15 (m, 1H), 5.61 (dd, J =
7.20, 4.00 Hz, 1H), 4.75 (t, J = 8.00 Hz, 1H), 2.94−2.83 (m, 1H),
2.24−2.15 (m, 1H), 1.06 (s, 9H). 13C NMR (100 MHz, CDCl3) δ =
195.7, 193.9, 140.0, 135.7, 133.0, 132.2, 131.6, 129.1, 129.1, 127.4,
127.3, 126.9, 126.8, 125.7, 97.8, 80.3, 80.1, 41.0, 31.5, 30.1, 24.5, 22.5,
22.4. HRMS (ESI-TOF): calcd for C28H28NaO4

+ ([M + Na+])
451.1880, found 451.1885.

(7-Phenylhexahydrofuro[3,4-b][1,4]dioxine-5,5-diyl)bis(phenyl-
methanone) (3af). Yield 37.2 mg, 90%; a white amorphous solid, mp
154−156 °C; 90% ee, 89/11 dr; [α]D

28 = −54.7 (c = 0.74 in CH2Cl2);
HPLC (Daicel chiralcel IE, n-hexane/i-PrOH = 95/5, flow rate 1.0
mL/min, λ = 254 nm) retention time: t1 = 26.05 min, t2 = 28.01 min,
t3 = 46.86 min, t4 = 50.86 min; 1H NMR (400 MHz, CDCl3) δ 8.14
(d, J = 7.2 Hz, 2H), 8.04−7.98 (m, 2H), 7.63 (d, J = 7.2 Hz, 2H),
7.56−7.51 (m, 1H), 7.46−7.37 (m, 5H), 7.35−7.26 (m, 3H), 5.62 (d, J
= 4.8 Hz, 1H), 5.02 (d, J = 5.6 Hz, 1H), 4.54 (m, 1H), 3.59−3.50 (m,
1H), 3.48−3.40 (m, 1H), 3.35 (t, J = 5.0 Hz, 2H). 13C NMR (100
MHz, CDCl3) δ 195.5, 193.8, 136.1, 135.9, 134.0, 133.5, 133.3, 130.3,
129.9, 128.5, 128.5, 128.4, 128.3, 128.1, 127.9, 127.2, 125.6, 95.9, 82.3,
78.2, 75.0, 62.4, 62.0. HRMS (ESI-TOF): calcd for C26H22NaO5

+ ([M
+ Na+]) 437.1359, found 437.1367.

(3-(Cyclohexyloxy)-5-phenyltetrahydrofuran-2,2-diyl)bis(phenyl-
methanone) (3ag). Yield 44.2 mg, 97%; green viscous liquid; 96% ee,
90/10 dr; [α]D

22 = −74.5 (c = 0.88 in CH2Cl2); HPLC (Daicel chiralcel
ID, n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 7.36 min, t2 = 8.51 min, t3 = 11.04 min, t4 = 14.26
min; 1H NMR (400 MHz, CDCl3) δ 8.16−8.09 (m, 2H), 8.07−7.97
(m, 2H), 7.54−7.48 (m, 3H), 7.46−7.40 (m, 2H), 7.39−7.33 (m, 3H),
7.32−7.26 (m, 3H), 5.47 (dd, J = 6.6, 3.2 Hz, 1H), 4.85 (t, J = 8.0 Hz,
1H), 3.36−3.28 (m, 1H), 2.91−2.79 (m, 1H), 2.25−2.18 (m, 1H),
1.74−1.71 (m, 1H), 1.53−1.41 (m, 3H), 1.29−1.16 (m, 4H), 1.11−
1.03 (m, 2H). 13C NMR (100 MHz, CDCl3) δ = 196.8, 195.0, 141.1,
136.8, 134.1, 133.3, 132.6, 130.2, 130.1, 128.4, 128.4, 128.4, 127.9,
127.9, 126.8, 98.9, 81.3, 81.2, 77.3, 42.0, 32.5, 31.2, 25.6, 23.5, 23.4.
HRMS (ESI-TOF): calcd for C30H30NaO4

+ ([M + Na+]) 477.2036,
found 477.2042.

(3-(Allyloxy)-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-
anone) (3ah). Yield 40.0 mg, 97%; green viscous liquid; 89% ee, 86/14
dr; [α]D

22 = −132.0 (c = 0.80 in CH2Cl2); HPLC (Daicel chiralcel IE,
n-hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm)
retention time: t1 = 9.02 min, t2 = 10.71 min, t3 = 13.81 min, t4 = 15.34
min; 1H NMR (400 MHz, CDCl3) δ 8.13−8.08 (m, 2H), 8.05−7.98
(m, 2H), 7.54−7.47 (m, 3H), 7.47−7.43 (m, 1H), 7.43−7.41 (m, 1H),
7.41−7.36 (m, 3H), 7.33−7.27 (m, 3H), 5.68−5.57 (m, 1H), 5.43 (dd,
J = 6.8, 4.0 Hz, 1H), 5.09−4.98 (m, 2H), 4.86 (t, J = 8.0 Hz, 1H),
4.03−3.93 (m, 1H), 3.92−3.80 (m, 1H), 2.92−2.79 (m, 1H), 2.30−
2.19 (m, 1H). 13C NMR (100 MHz, CDCl3) δ = 196.5, 194.7, 140.7,
136.6, 133.9, 133.8, 133.4, 132.8, 130.2, 130.0, 128.5, 128.4, 128.1,
128.0, 126.7, 117.0, 98.6, 83.0, 81.1, 71.0, 40.9. HRMS (ESI-TOF):
C27H24NaO4

+ ([M + Na+]) 435.1567, found 435.1579.
(3-(Ethylthio)-5-phenyltetrahydrofuran-2,2-diyl)bis(phenylmeth-

anone) (3ai). Yield 41.7 mg, 99%; green viscous liquid; 86% ee, 80/20
dr; [α]D

28 = −52.2 (c = 0.90 in CH2Cl2); HPLC (Daicel chiralcel IE, n-
hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 254 nm) retention
time: t1 = 7.05 min, t2 = 7.97 min, t3 = 9.25 min, t4 = 15.37 min; 1H
NMR (400 MHz, CDCl3) δ 8.07−8.01 (m, 2H), 7.98−7.91 (m, 2H),
7.49−7.43 (m, 1H), 7.38−7.31 (m, 5H), 7.30−7.20 (m, 5H), 4.80−
4.69 (m, 2H), 2.96−2.86 (m, 1H), 2.60−2.50 (m, 1H), 2.44−2.33 (m,
1H), 2.18−2.08 (m, 1H), 1.13 (t, J = 7.4 Hz, 3H). 13C NMR (100
MHz, CDCl3) δ = 196.1, 194.0, 138.2, 135.5, 132.8, 132.1, 131.9,
129.4, 129.2, 128.6, 127.5, 127.4, 127.3, 127.1, 127.0, 125.2, 124.7,
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97.2, 80.1, 45.4, 41.7, 26.2, 13.3. HRMS (ESI-TOF): calcd for
C26H24NaO3S

+ ([M + Na+]) 439.1338, found 439.1349.
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J.; Albericio, F.; Álvarez, M. Chem. Rev. 2013, 113, 4567. (b) Goel, A.;
Kumar, A.; Raghuvanshi, A. Chem. Rev. 2013, 113, 1614. (c) Kang, E.
J.; Lee, E. Chem. Rev. 2005, 105, 4348. (d) Gribble, G. W. Chem. Soc.
Rev. 1999, 28, 335.
(2) For selected examples of the synthesis of tetrahydrofuran
derivatives: (a) Wolfe, J. P.; Hay, M. B. Tetrahedron 2007, 63, 261.
(b) Harmange, J.-C.; Figader̀e, B. Tetrahedron: Asymmetry 1993, 4,
1711. (c) Nicolle, S. M.; Lewis, W.; Hayes, C. J.; Moody, C. J. Angew.
Chem., Int. Ed. 2015, 54, 8485. (d) Kelly, B. D.; Lambert, T. H. Org.
Lett. 2011, 13, 740. (e) Palmer, C.; Morra, N. A.; Stevens, A. C.;
Bajtos, B.; Machin, B. P.; Pagenkopf, B. L. Org. Lett. 2009, 11, 5614.
(3) (a) Parsons, A. T.; Johnson, J. S. J. Am. Chem. Soc. 2009, 131,
3122. (b) Peng, Z. H.; Woerpel, K. A. Org. Lett. 2002, 4, 2945.
(c) Mertz, E.; Tinsley, J. M.; Roush, W. R. J. Org. Chem. 2005, 70,
8035. (d) Nair, V.; Mathai, S.; Varma, R. L. J. Org. Chem. 2004, 69,
1413.
(4) Chen, W. L.; Fu, X.; Lin, L. L.; Yuan, X.; Luo, W. W.; Feng, J. H.;
Liu, X. H.; Feng, X. M. Chem. Commun. 2014, 50, 11480.
(5) Chen, W. L.; Xia, Y.; Lin, L. L.; Yuan, X.; Guo, S. S.; Liu, X. H.;
Feng, X. M. Chem. - Eur. J. 2015, 21, 15104.
(6) (a) Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. J. Am. Chem. Soc.
2005, 127, 17778. (b) Mihelcic, J.; Moeller, K. D. J. Am. Chem. Soc.
2003, 125, 36. (c) Marshall, J. A.; Hann, R. K. J. Org. Chem. 2008, 73,
6753.
(7) (a) Donohoe, T. J.; Butterworth, S. Angew. Chem., Int. Ed. 2003,
42, 948. (b) Brown, R. C. D.; Bataille, C. J.; Hughes, R. M.; Kenney,
A.; Luker, T. J. J. Org. Chem. 2002, 67, 8079.
(8) Belmessieri, D.; de la Houpliere, A.; Calder, E. D. D.; Taylor, J.
E.; Smith, A. D. Chem. - Eur. J. 2014, 20, 9762.
(9) Chen, L.-Y.; Chen, J.-R.; Cheng, H.-G.; Lu, L.-Q.; Xiao, W.-J. Eur.
J. Org. Chem. 2014, 2014, 4714.
(10) For selected examples of carbonyl ylides via selective C−C bond
cleavage of oxiranes, see: (a) Chen, Z. L.; Tian, Z. Q.; Zhang, J. M.;
Ma, J.; Zhang, J. L. Chem. - Eur. J. 2012, 18, 8591. (b) Wang, G.-W.;
Yang, H.-T.; Wu, P.; Miao, C.-B.; Xu, Y. J. Org. Chem. 2006, 71, 4346.
(c) Jagerovic, N.; Elguero, J.; Aubagnac, J.-L. J. Chem. Soc., Perkin
Trans. 1 1996, 499. (d) Huisgen, R.; de March, P. J. Am. Chem. Soc.
1982, 104, 4953. (e) U llman, E. F.; Henderson, W. A. J. Am. Chem.
Soc. 1966, 88, 4942. (f) Ullman, E. F.; Milks, J. E. J. Am. Chem. Soc.
1964, 86, 3814.

(11) Wang, T.; Zhang, J. L. Chem. - Eur. J. 2011, 17, 86.
(12) Wang, T.; Wang, C.-H.; Zhang, J. L. Chem. Commun. 2011, 47,
5578.
(13) Wei, L.; Liu, L.; Zhang, J. L. Org. Biomol. Chem. 2014, 12, 6869.
(14) (a) Zhang, J. M.; Chen, Z. L.; Wu, H.-H.; Zhang, J. L. Chem.
Commun. 2012, 48, 1817. (b) Liu, R. R.; Zhang, M.; Zhang, J. L. Chem.
Commun. 2011, 47, 12870. (c) Chen, Z. L.; Wei, L.; Zhang, J. L. Org.
Lett. 2011, 13, 1170.
(15) For recent examples of N,N′-dioxide−metal complexes in
asymmetric reactions, see: (a) Liu, X. H.; Lin, L. L.; Feng, X. M. Acc.
Chem. Res. 2011, 44, 574. (b) Liu, X. H.; Lin, L. L.; Feng, X. M. Org.
Chem. Front. 2014, 1, 298. (c) Yao, Q.; Wang, Z.; Zhang, Y. H.; Liu, X.
H.; Lin, L. L.; Feng, X. M. J. Org. Chem. 2015, 80, 5704. (d) Zheng, H.
F.; Liu, X. H.; Xu, C. R.; Xia, Y.; Lin, L. L.; Feng, X. M. Angew. Chem.,
Int. Ed. 2015, 54, 10958.
(16) Chen, W. L.; Lin, L. L.; Cai, Y. F.; Xia, Y.; Cao, W. D.; Liu, X.
H.; Feng, X. M. Chem. Commun. 2014, 50, 2161.
(17) See the Supporting Information for details.
(18) CCDC 1421279 (3af).
(19) (a) Li, X.; Liu, X. H.; Fu, Y. Z.; Wang, L. J.; Zhou, L.; Feng, X.
M. Chem. - Eur. J. 2008, 14, 4796. (b) Xie, M. S.; Liu, X. H.; Wu, X. X.;
Cai, Y. F.; Lin, L. L.; Feng, X. M. Angew. Chem., Int. Ed. 2013, 52,
5604.

The Journal of Organic Chemistry Note

DOI: 10.1021/acs.joc.5b02524
J. Org. Chem. 2016, 81, 1237−1243

1243

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b02524
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02524/suppl_file/jo5b02524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02524/suppl_file/jo5b02524_si_002.cif
mailto:lililin@scu.edu.cn
mailto:xmfeng@scu.edu.cn
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02524/suppl_file/jo5b02524_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.5b02524

