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ABSTRACT: The bifunctional N-heterocyclic carbene catalyzed [3 + 4]
annulation of enals and 5-alkenyl thiazolones was developed, giving the
corresponding thiazole-fused ε-lactones in high yields with excellent
diastereoselectivties and enantioselectivities. The thiazole-fused ε-lactone
could be isomerized to the spirocyclic thiazolone−cyclopentanone
without erosion of enantioselectivity.

Thiazole is a significant motif in various biologically active
natural products and pharmaceuticals.1 For example,

thiamin, also called vitamin B1, is effective for metabolic
disorders, thiamine deficiency, and brain disorders.2 Further-
more, bleomycin, tallysomycin, and zorbamycin, containing the
same motif, are used as antitumor antibiotics.3 On the other
hand, ε-lactones are also core structures of numerous biological
active compounds.4 Combined with these two motifs, thiazole-
fused ε-lactones are interesting from biological and synthetic
points of view.
Over the past decades, N-heterocyclic carbenes (NHCs)

have been demonstrated as powerful organic catalysts for a
range of reactions.5 The NHC-catalyzed reactions of enals have
gained popularity since the first example established by Bode et
al. and Glorius et al. in 2004.6 Then, various reactions of enals
were developed via the Breslow intermediate,7 homoenolate,8

enolate,9 vinyl enolate,10 α,β-unsaturated acyl azolium,11 δ-
carbon activation12 and single electron oxidation.13

In 2013, Scheidt et al. and our group independently reported
the NHC-catalyzed enantioselective [3 + 4] annulation of enals
with o-quinone methides to give the corresponding benzo-ε-
lactones (Scheme 1, reaction a).14 Zhao et al. developed the
NHC-catalyzed [3 + 4] annulation with aurone for the
synthesis of indole-fused ε-lactones under the regulation of
Lewis acid.15 Meanwhile, our group revealed that [3 + 4]
annulation products are kinetically favored when a bifunctional
NHC bearing the free hydroxyl group was used (Scheme 1,
reaction b).16 It is noted that only quinones and benzohetero-
cycles are used for these reactions. Thus, it would be interesting
and useful to extend the reactant to simple heterocycles without
benzene. In this note, the [3 + 4] annulation of enals with 5-
alkenyl thiazolones was developed for the synthesis of thiazole-
fused ε-lactones (Scheme 1, reaction c).
The model reaction of the n-hexenal (1a) with 5-benzylidene

thiazolone (2a) was investigated under NHC catalysis (Table
1). It was found that no desired [3 + 4] annulation product 3a

or competitive [3 + 2] annulation product 4a was formed for
the reaction in the presence of 10 mol % of NHC precursor A1
or A2 with a silyl ether group (entries 1 and 2).17 We were
encouraged to find that the [3 + 4] product 3a was obtained in
14% yield with exclusive cis-selectivity and 92% ee when
preNHC B1 with a free hydroxyl group was used (entry 3).18

Interestingly, the yield was dramatically improved to 86% with
essentially single enantiomer when the preNHC B2 with N-2-
isopropylphenyl group was used (entry 4). The base is also
found to play an important role for the reaction. The yield of ε-
lactone 3a was decreased when NaOAc was used instead of
KOAc (entry 5), and the competitive [3 + 2] cycloadduct 4a
was observed when Cs2CO3 or DBU was used (entries 6 and
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Scheme 1. NHC-Catalyzed Synthesis of ε-Lactones
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7).19 Screening of solvent resulted in no better solvent than 1,4-
dioxane (entry 4 vs entries 8−10).
With the optimized reaction conditions in hand, the substrate

scope of this reaction was then investigated using various 5-
alkenyl thiazolones 2 with enals 1 (Scheme 2). It was found
that both electron-donating (Ar = 4-MeC6H4, 4-MeOC6H4)
and electron-withdrawing (Ar = 4-FC6H4, 4-ClC6H4, 4-BrC6H4,
4-NO2C6H4) substituents of 5-alkenyl thiazolones worked well,
giving the desired cycloadducts 3b−g in good yields with
excellent diastereo- and enantioselectivities. Meta-substituents
(Ar = 3-ClC6H4) and 1-naphthyl were tolerable with
preservation of good yields and excellent diastereo- and
enantioselectivities (3h,i). Enals with different substituents
were also explored. Enals with both short and long alkyl chains
worked well (3j,k). The reaction of aryl enals gave the products
(3l,m) in high yields and with excellent enantioselectivities but
decreased diastereoselectivities (4:1 dr). The 5-alkenyl
thiazolones with different substituted aryls on the 2-carbon
were also investigated. It was found that both the electron-
donating and electron-withdrawing substituents (Ar′ = 4-
MeC6H4, 4-ClC6H4) were tolerable, giving the desired products
3n,o in good yields with excellent enantioselectivities.
The reaction could be carried out at 2 mmol scale in good

yield with exclusive cis-selectivity and excellent enantioselectiv-
ity (eq 1).

In the presence of ordinary triazolium NHC precursor C, the
thiazole-fused ε-lactone 3a could be transformed to the
corresponding spirocyclic product 4a in good yield with
excellent diastereoselectvity (eq 2).

The absolute structures of thiazole-fused ε-lactone 3l and
spirocyclic cyclopentanone 4a were established by the X-ray
analysis of their single crystals (Figures S1 and S2, Supporting
Information).
The proposed catalytic cycle is depicted in Figure 1. The

addition of NHC to enals 1 generates the vinyl Breslow
intermediate I, in which the Z-configuration of the enol is
favored possibly due to repulsion of the sterically demanded
diarylmethyl of the NHC and the hydroxyl of E-enol.20 The
Michael addition of intermediate I to 5-alkenyl thiazolones 2
via a transition state (TS A), featuring with the H-bonding
between the hydroxyl of the NHC and 5-alkenyl thiazolone,
gave adduct II. The intramolecular O-acylation of adduct II
gives the desired [3 + 4] cycloadduct 3 and regenerates NHC
catalyst (path a). Alternatively, the C-acylation of adduct II may
afford the [3 + 2] cycloadduct 4 (path b). In our optimized
reaction conditions, the O-acylation is overwhelmingly favored
with no C-acylation observed. The possible H-bonding may
make the carbonyl a harder Lewis acid and thus favors the hard
Lewis basic O-acylation over the soft Lewis basic C-acylation.

Table 1. Optimization of the Reaction Conditionsa

3a 4a

entry preNHC base solvent yieldb (%) eec (%) yieldb (%) eec (%)

1 A1 KOAc 1,4-dioxane NR
2 A2 KOAc 1,4-dioxane NR
3 B1 KOAc 1,4-dioxane 14 92 0
4 B2 KOAc 1,4-dioxane 86 (80)d >99 0
5 B2 NaOAc 1,4-dioxane 72 >99 trace
6 B2 Cs2CO3 1,4-dioxane 29 >99 22 >99
7 B2 DBU 1,4-dioxane 18 99 <5
8 B2 KOAc CH2Cl2 72 >99 12 >99
9 B2 KOAc ethyl ether 44 >99 24 >99
10 B2 KOAc toluene 75 >99 0

aGeneral conditions: 1a (0.24 mmol), 2a (0.20 mmol), preNHC A-B (10 mol %), base (15 mol %), solvent (2 mL), room temperature. bYield
determined by 1H NMR spectroscopy. cDetermined by HPLC on a chiral column. dIsolated yield in parentheses. NR = no reaction.
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In summary, the N-heterocyclic carbene catalyzed [3 + 4]
annulation of enals and 5-alkenyl thiazolones was developed.
The reaction worked well for various 5-alkenyl thiazolones and
enals, giving the corresponding thiazole-fused ε-lactones in high
yields with excellent diastereoselectivities and enantioselectiv-
ities under the optimized conditions using a bifunctional chiral
triazolium NHC precursor with a free hydroxyl group. The
thiazole-fused ε-lactone could be transformed to the corre-
sponding spirocyclic cyclopentanone under ordinary NHC
catalysis.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out under

nitrogen atmosphere in oven-dried glassware with magnetic stirring.
All solvents were dried and distilled by standard procedures. Column
chromatography was performed on silica gel 200−300 mesh. 1H NMR
(400 MHz) and 13C NMR (101 MHz) spectra were recorded in
CDCl3, with tetramethylsilane as an internal standard and reported in
parts per million (ppm, δ). Optical rotations were measured on a
digital polarimeter operating at the sodium D line with a 100 mm path
cell and are reported as follows: [α]D

T (concentration (g/100 mL),
solvent). High-resolution mass spectrometry (HRMS) data were
obtained using electrospray ionization (ESI), and an orbitrap mass
analyzer was used. Melting points were determined on a melting point
apparatus and are uncorrected.

General Procedure for the Synthesis of Thiazole-Fused ε-
Lactones. To the solution of NHC precursor B2 (15.4 mg, 0.02
mmol), KOAc (3.0 mg, 0.03 mmol), and 5-alkenyl thiazolone 2 (0.20
mmol) in 1,4-dioxane (2 mL) was added enal 1 (0.24 mmol). The
reaction mixture was stirred at room temperature overnight. The
reaction mixture was passed through a pad of silica gel and washed
with ethyl acetate. A small portion of the mixture was collected for 1H
NMR to determine the ratio of cis-3/trans-3. The solvent was removed
under reduced pressure, and the residue was purified by flash
chromatography on silica gel (ethyl ether/petroleum ether, typically 1/
10) to give the thiazole-fused ε-lactone 3 with exclusive cis-
selectivtivities for all cases except compounds 3l and 3m. Racemic
samples for standard of chiral HPLC were prepared using 10 mol % of
racemic NHC precursor rac-B2 as the preNHC.

(7R,8S)-2,8-Diphenyl-7-propyl-7,8-dihydrooxepino[2,3-d]thiazol-
5(6H)-one (3a). Yield: 59 mg (80%), viscous solid, Rf = 0.20
(petroleum ether/ethyl ether, 8:1). [α]D

20 −43.5 (c 0.52, CHCl3).

Scheme 2. Substrate Scope

Figure 1. Plausible catalytic cycle.
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HPLC analysis: 99% ee [Daicel CHIRALPAK IA column, 20 °C, 254
nm n-hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 14.1 min
(major), 18.0 min (minor)]. 1H NMR (400 MHz, CDCl3): δ 8.06−
7.66 (m, 2H), 7.43−7.30 (m, 6H), 7.24 (d, J = 6.6 Hz, 2H), 4.53 (d, J
= 5.9 Hz, 1H), 2.98 (dd, J = 14.7, 9.2 Hz, 1H), 2.75 (dd, J = 14.8, 2.2
Hz, 1H), 2.57 (m, 1H), 1.52−1.39 (m, 1H), 1.38−1.27 (m, 1H),
1.26−1.07 (m, 2H), 0.83 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 169.0, 163.8, 153.2, 140.1, 132.8, 130.7, 129.4, 129.1, 128.7,
128.0, 125.9, 118.3, 47.5, 39.1, 37.3, 33.3, 20.4, 14.0. IR (KBr): ν 2980,
1647, 1453 cm−1. HRMS (ESI) m/z: [M + H] + calcd for
C22H22NO2S

+ 364.1371, found 364.1361.
(7R,8S)-2-Phenyl-7-propyl-8-(p-tolyl)-7,8-dihydrooxepino[2,3-d]-

thiazol-5(6H)-one (3b). Yield: 62 mg (82%), viscous solid, Rf = 0.21
(petroleum ether/ethyl ether, 8:1). [α]D

20 −58.5 (c 1.25, CHCl3).
HPLC analysis: >99% ee, [Daicel CHIRALPAK IA column, 20 °C,
254 nm n-hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 18.5 min
(major), 20.1 min (minor)]. 1H NMR (400 MHz, CDCl3): δ 7.95−
7.77 (m, 2H), 7.39 (dd, J = 5.5, 1.8 Hz, 3H), 7.23−7.05 (m, 4H), 4.49
(d, J = 5.7 Hz, 1H), 2.97 (dd, J = 14.7, 9.3 Hz, 1H), 2.73 (dd, J = 14.8,
2.2 Hz, 1H), 2.57−2.52 (m, 1H), 2.36 (s, 3H), 1.51−1.38 (m, 1H),
1.38−1.28 (m, 1H), 1.25−1.10 (m, 2H), 0.83 (t, J = 7.1 Hz, 3H). 13C
NMR (101 MHz, CDCl3): δ 169.0, 163.7, 153.1, 137.7, 137.1, 132.8,
130.6, 129.3, 129.3, 129.0, 125.9, 118.6, 47.1, 39.1, 37.2, 33.4, 21.2,
20.4, 14.0. IR (KBr): ν 2959, 1644, 1455 cm−1. HRMS (ESI) m/z: [M
+ H] + calcd for C23H24NO2S

+ 378.1522, found 378.1519.
(7R ,8S) -8- (4-Methoxypheny l ) -2-pheny l -7-propy l -7 ,8-

dihydrooxepino[2,3-d]thiazol-5(6H)-one (3c). Yield: 52 mg (62%),
viscous solid, Rf = 0.14 (petroleum ether/ethyl ether, 8:1). [α]D

20

−46.0 (c 0.61, CHCl3). HPLC analysis: 98% ee [Daicel CHIRALPAK
IA column, 20 °C, 254 nm n-hexane/i-PrOH = 90:10, 1.0 mL/min,
254 nm, 17.0 min (major), 22.8 min (minor)]. 1H NMR (400 MHz,
CDCl3): δ 7.92−7.72 (m, 2H), 7.40 (dd, J = 5.2, 2.1 Hz, 3H), 7.21−
7.08 (m, 2H), 6.89 (d, J = 8.7 Hz, 2H), 4.48 (d, J = 5.7 Hz, 1H), 3.82
(s, 3H), 2.96 (dd, J = 14.7, 9.3 Hz, 1H), 2.73 (dd, J = 14.7, 2.1 Hz,
1H), 2.61−2.44 (m, 1H), 1.52−1.39 (m, 1H), 1.38−1.30 (m, 1H),
1.27−1.07 (m, 2H), 0.84 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 169.0, 163.7, 159.2, 153.0, 132.8, 132.2, 130.7, 130.4, 129.1,
125.9, 118.9, 114.0, 55.4, 46.7, 39.2, 37.2, 33.4, 20.4, 14.0. IR (KBr): ν
1636, 1511 cm−1. HRMS (ESI) m/z: [M + H] + calcd for
C23H24NO3S

+ 394.1471, found 394.1465.
( 7R , 8S ) - 8 - ( 4 - F luo ropheny l ) - 2 -pheny l - 7 -p ropy l - 7 , 8 -

dihydrooxepino[2,3-d]thiazol-5(6H)-one (3d). Yield: 60 mg (79%),
viscous solid, Rf = 0.18 (petroleum ether/ethyl ether, 8:1). [α]D

20

−30.5 (c 0.56, CHCl3). HPLC analysis: 99% ee [Daicel CHIRALPAK
IA column, 20 °C, 254 nm hexane/i-PrOH = 90:10, 1.0 mL/min, 254
nm, 16.0 min (major), 17.7 min (minor)]. 1H NMR (400 MHz,
CDCl3): δ 7.84 (dd, J = 7.6, 2.2 Hz, 2H), 7.42−7.40 (m, 3H), 7.30−
7.14 (m, 2H), 7.07 (t, J = 8.6 Hz, 2H), 4.53 (d, J = 5.9 Hz, 1H), 2.96
(dd, J = 14.8, 9.2 Hz, 1H), 2.76 (dd, J = 14.8, 2.2 Hz, 1H), 2.58−2.52
(m, 1H), 1.53−1.38 (m, 1H), 1.35−1.25 (m, 1H), 1.23−1.11 (m, 2H),
0.84 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 168.7, 164.0,
162.4 (d, J = 247.2 Hz), 161.1, 153.2, 136.0 (d, J = 3.3 Hz), 132.7,
130.9 (t, J = 2.0 Hz), 129.1, 126.0, 118.0, 115.7 (d, J = 21.3 Hz), 46.9,
39.0, 37.2, 33.2, 20.4, 14.0. IR (KBr): ν 2981, 1644, 1508 cm −1.
HRMS (ESI) m/z: [M + H3O]

+ calcd for C22H 23NO3FS
+ 400.1377,

found 400.1375.
( 7R , 8S ) - 8 - ( 4 -Ch lo ropheny l ) - 2 -pheny l - 7 -p ropy l -7 , 8 -

dihydrooxepino[2,3-d]thiazol-5(6H)-one (3e). Yield: 60 mg (75%),
white solid. Mp: 94−96 °C. Rf = 0.15 (petroleum ether/ethyl ether,
6:1). [α]D

20 −46.9 (c 1.0, CHCl3). HPLC analysis: >99% ee [Daicel
CHIRALPAK IA column, 20 °C, 254 nm n-hexane/i-PrOH = 90:10,
1.0 mL/min, 254 nm, 14.8 min (major), 19.5 min (minor)]. 1H NMR
(400 MHz, CDCl3): δ 7.84 (dt, J = 7.8, 2.7 Hz, 2H), 7.48−7.31 (m,
5H), 7.21−7.15 (m, 2H), 4.52 (d, J = 5.9 Hz, 1H), 2.96 (dd, J = 14.8,
9.2 Hz, 1H), 2.76 (dd, J = 14.8, 2.2 Hz, 1H), 2.58−2.52 (m, 1H),
1.54−1.39 (m, 1H), 1.36−1.22 (m, 1H), 1.26−1.07 (m, 2H), 0.84 (t, J
= 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 168.6, 164.1, 153.2,
138.7, 133.9, 132.6, 130.8, 130.7, 129.1, 128.9, 126.0, 117.6, 47.0, 38.8,
37.1, 33.1, 20.4, 14.0. IR (KBr): ν 2970, 1636, 1489 cm−1. HRMS

(ESI) m/z: [M + H]+ calcd for C22H21NO2SCl
+, 398.0976, Found

398.0973.
( 7R , 8S ) - 8 - ( 4 -B romopheny l ) - 2 -pheny l - 7 -p ropy l - 7 , 8 -

dihydrooxepino[2,3-d]thiazol-5(6H)-one (3f). Yield: 67 mg (76%),
white solid. Mp: 99−103 °C. Rf = 0.2 (petroleum ether/ethyl ether,
4:1). [α]D

20 −45.3 (c 0.92, CHCl3). HPLC analysis: 99% ee [Daicel
CHIRALPAK IA column, 20 °C, 254 nm n-hexane/i-PrOH = 90:10,
1.0 mL/min, 254 nm, 15.8 min (major), 21.0 min (minor)]. 1H NMR
(400 MHz, CDCl3): δ 7.95−7.76 (m, 2H), 7.56−7.42 (m, 2H), 7.40
(d, J = 6.5 Hz, 3H), 7.18−7.02 (m, 2H), 4.50 (d, J = 5.7 Hz, 1H), 2.96
(dd, J = 14.8, 9.2 Hz, 1H), 2.76 (dd, J = 14.9, 2.1 Hz, 1H), 2.60−2.49
(m, 1H), 1.56−1.38 (m, 1H), 1.34−1.06 (m, 3H), 0.84 (t, J = 7.0 Hz,
3H). 13C NMR (101 MHz, CDCl3): δ 168.6, 164.0, 153.2, 139.2,
132.6, 131.9, 131.0, 130.8, 129.1, 125.9, 122.0, 117.5, 47.1, 38.7, 37.1,
33.1, 20.4, 14.0. IR (KBr): ν 1636, 1486, 1465 cm−1. HRMS (ESI) m/
z: [M + H]+ calcd for C22H21BrNO2S

+ 442.0471, found 442.0462.
(7R,8S)-8-(4-Nitrophenyl)-2-phenyl-7-propyl-7,8-dihydrooxepino-

[2,3-d]thiazol-5(6H)-one (3g). Yield: 63 mg (77%), viscous solid. Rf =
0.1 (petroleum ether/ethyl ether, 4:1). [α]D

20 −48.6 (c 0.5, CHCl 3).
HPLC analysis: 99% ee [Daicel CHIRALPAK IA column, 20 °C, 254
nm n-hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 13.5 min
(major), 22.2 min (minor)]. 1H NMR (400 MHz, CDCl3): δ 8.25 (d, J
= 8.8 Hz, 2H), 7.84 (dd, J = 7.9, 1.8 Hz, 2H), 7.50−7.35 (m, 5H), 4.68
(d, J = 6.0 Hz, 1H), 3.01 (dd, J = 14.8, 8.9 Hz, 1H), 2.84 (dd, J = 14.9,
2.1 Hz, 1H), 2.64−2.62 (m, 1H), 1.57−1.42 (m, 1H), 1.30−1.13 (m,
3H), 0.84 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 168.1,
164.5, 153.4, 147.6, 147.6, 132.4, 131.1, 130.2, 129.2, 126.0, 124.0,
116.2, 47.5, 38.5, 37.2, 32.9, 20.4, 13.9. IR (KBr): ν 2975, 1637, 1490
cm−1. HRMS (ESI) m/z: [M + H]+ calcd for C22H21N2O4S

+ 409.1217,
found 409.1213.

( 7R , 8S ) - 8 - ( 3 -Ch lo ropheny l ) - 2 -pheny l - 7 -p ropy l - 7 , 8 -
dihydrooxepino[2,3-d]thiazol-5(6H)-one (3h). Yield: 63 mg (80%),
viscous solid. Rf = 0.2 (petroleum ether/ethyl ether, 6:1). [α]D

20 −48.7
(c 0.53, CHCl3). HPLC analysis: >99% ee, [Daicel CHIRALPAK IA
column, 20 °C, 254 nm n-hexane/i-PrOH = 90:10, 1.0 mL/min, 254
nm, 14.7 min (major), 18.1 min (minor)]. 1H NMR (400 MHz,
CDCl3): δ 7.85 (dd, J = 7.6, 2.1 Hz, 2H), 7.47−7.36 (m, 3H), 7.41−
7.26 (m, 2H), 7.24 (s, 1H), 7.18−7.08 (m, 1H), 4.51 (d, J = 5.9 Hz,
1H), 2.98 (dd, J = 14.9, 9.2 Hz, 1H), 2.78 (dd, J = 14.8, 2.1 Hz, 1H),
2.63−2.50 (m, 1H), 1.55−1.39 (m, 1H), 1.35−1.08 (m, 3H), 0.85 (t, J
= 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 168.6, 164.2, 153.2,
142.2, 134.7, 132.6, 130.9, 123.0, 129.4, 129.1, 128.2, 127.6, 126.0,
117.3, 47.3, 38.7, 37.2, 33.1, 20.4, 14.0. IR (KBr): ν 2982, 1640, 1409
cm−1. HRMS (ESI) m/z: [M + H] + calcd for C22H21NO2SCl

+

398.0976, found 398.0973.
(7R ,8S ) -8 - (Naphtha len-1 -y l ) -2 -pheny l -7 -p ropy l -7 ,8 -

dihydrooxepino[2,3-d]thiazol-5(6H)-one (3i). Yield: 60 mg (73%),
white solid. Mp: 143−147 °C. Rf = 0.2 (petroleum ether/ethyl ether,
10:1). [α]D

20 −90.4 (c 0.75, CHCl3). HPLC analysis: 99% ee [Daicel
CHIRALPAK IA column, 20 °C, 254 nm n-hexane/i-PrOH = 90:10,
1.0 mL/min, 254 nm, 15.2 min (major), 18.3 min (minor)]. 1H NMR
(400 MHz, CDCl3): δ 8.02 (d, J = 8.4 Hz, 1H), 7.87 (dd, J = 8.0, 1.7
Hz, 1H), 7.78−7.76 (m, 3H), 7.56−7.44 (m, 2H), 7.39 (t, J = 7.6 Hz,
1H), 7.35−7.31 (m, 4H), 5.41 (d, J = 5.0 Hz, 1H), 3.09 (dd, J = 14.4,
8.1 Hz, 1H), 2.99 (dd, J = 14.5, 2.1 Hz, 1H), 2.75−2.59 (m, 1H),
1.33−1.30 (m, 2H), 1.06−0.94 (m, 1H), 0.84−0.78 (m, 1H), 0.58 (t, J
= 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 168.7, 164.1, 153.6,
136.7, 134.0, 132.8, 131.2, 130.7, 129.5, 129.1, 128.6, 128.1, 127.0,
126.1, 126.0, 125.2, 122.2, 119.4, 43.9, 38.3, 37.1, 31.7, 20.4, 13.9. IR
(KBr): ν 2979, 1636, 1385 cm−1. HRMS (ESI) m/z: [M + H]+ calcd
for C26H26NO3S

+ 432.1628, found 432.1625.
(7R,8S)-7-Ethyl-2,8-diphenyl-7,8-dihydrooxepino[2,3-d]thiazol-

5(6H)-one (3j). Yield: 60 mg (86%), viscous solid. Rf = 0.3 (petroleum
ether/ethyl ether, 8:1). [α]D

20 −47.8 (c 0.45, CHCl3). HPLC analysis:
99% ee [Daicel CHIRALPAK IA column, 20 °C, 254 nm n-hexane/i-
PrOH = 90:10, 1.0 mL/min, 254 nm, 14.7 min (major), 19.7 min
(major)]. 1H NMR (400 MHz, CDCl3): δ 7.89−7.80 (m, 2H), 7.47−
7.29 (m, 6H), 7.30−7.21 (m, 2H), 4.55 (d, J = 5.9 Hz, 1H), 3.00 (dd, J
= 14.7, 9.2 Hz, 1H), 2.78 (dd, J = 14.7, 2.3 Hz, 1H), 2.53−2.40 (m,
1H), 1.47−1.41 (m, 1H), 1.28−1.08 (m, 1H), 0.92 (t, J = 7.4 Hz, 3H).
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13C NMR (101 MHz, CDCl3): δ 168.9, 163.9, 153.2, 140.2, 132.8,
130.7, 129.4, 129.1, 128.7, 128.0, 125.9, 118.3, 47.5, 41.2, 36.9, 24.2,
12.0. IR (KBr): ν 2965, 1648, 1454 cm −1. HRMS (ESI) m/z: [M +
H] + calcd for C21H20NO2S

+ 350.1209, found 350.1207.
(7R,8S)-7-Heptyl-2,8-diphenyl-7,8-dihydrooxepino[2,3-d]thiazol-

5(6H)-one (3k). Total yield: 62 mg (80%), viscous solid. Rf = 0.31
(petroleum ether/ethyl ether, 8:1). [α]D

20 −39.7 (c 0.6, CHCl 3).
HPLC analysis: 99% ee [Daicel CHIRALPAK IA column, 20 °C, 254
nm hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 10.9 min (major),
13.8 min (minor)]. 1H NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 7.5,
2.4 Hz, 2H), 7.40−7.26 (m, 6H), 7.24 (d, J = 6.9 Hz, 2H), 4.53 (d, J =
5.7 Hz, 1H), 2.99 (dd, J = 14.8, 9.3 Hz, 1H), 2.76 (dd, J = 14.7, 2.3 Hz,
1H), 2.64−2.44 (m, 1H), 1.44−1.29 (m, 2H), 1.26−1.19 (m, J = 5.3
Hz, 10H), 0.85 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ
169.0, 163.8, 153.2, 140.2, 132.8, 130.7, 129.4, 129.1, 128.7, 128.0,
125.9, 118.3, 47.5, 39.3, 37.3, 31.8, 31.2, 29.5, 29.2, 27.3, 22.7, 14.2. IR
(KBr): ν 2966, 1650, 1453 cm−1. HRMS (ESI) m/z: [M + H]+ calcd
for C26H30NO2S

+ 420.1997, found 420.1995.
(7R,8S)-2,7,8-Triphenyl-7,8-dihydrooxepino[2,3-d]thiazol-5(6H)-

one (3l). Total yield: 62 mg (80%, cis:trans = 4:1), viscous solid. Rf =
0.1 (petroleum ether/ethyl ether, 8:1). HPLC analysis: >99% ee
[Daicel CHIRALPAK IA column, 20 °C, 254 nm hexane/i-PrOH =
90:10, 1.0 mL/min, 254 nm, 17.8 min (major), 25.1 min (minor)].
DATA of cis-3l (obtained by recrystallization). 1H NMR (400 MHz,
CDCl3): δ 7.89 (dd, J = 6.6, 3.2 Hz, 2H), 7.43−7.42 (m, 3H), 7.26−
7.09 (m, 6H), 6.76−6.72 (m, 4H), 4.73 (d, J = 5.9 Hz, 1H), 4.02 (ddd,
J = 10.3, 6.1, 3.8 Hz, 1H), 3.43 (dd, J = 13.9, 11.1 Hz, 1H), 3.01 (dd, J
= 13.9, 3.9 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 168.9, 163.9,
153.9, 141.9, 139.4, 138.4, 132.8, 130.8, 129.5, 129.2, 128.5, 128.2,
127.9, 127.9, 126.0, 117.9, 49.4, 47.9, 38.0. IR (KBr): ν 2980, 1645,
1458 cm−1. HRMS (ESI) m/z: [M + H]+ calcd for C25H20NO2S

+

398.1209, found 398.1207.
(7R,8S)-7,8-Bis(4-chlorophenyl)-2-phenyl-7,8-dihydrooxepino-

[2,3-d]thiazol-5(6H)-one (3m). Total yield: 70 mg (75%, cis/trans =
4:1). Rf = 0.15 (petroleum ether/ethyl acetate, 10:1). HPLC analysis:
>99% ee [Daicel CHIRALPAK IA column, 20 °C, 254 nm hexane/i-
PrOH = 90:10, 1.0 mL/min, 254 nm, 24.4 min (major), 39.1 min
(minor)]. Data of cis-3m (obtained by recrystallization). White solid.
Mp: 188−190 °C. 1H NMR (400 MHz, CDCl3): δ 7.84−7.78 (m,
2H), 7.38−7.36 (m, 3H), 7.16−7.10 (m, 2H), 7.10−7.04 (m, 2H),
6.63 (t, J = 8.0 Hz, 4H), 4.62 (d, J = 5.9 Hz, 1H), 3.91 (ddd, J = 9.9,
6.1, 3.7 Hz, 1H), 3.27 (dd, J = 14.1, 11.1 Hz, 1H), 2.91 (dd, J = 13.9,
3.8 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 168.2, 164.2, 153.9,
137.6, 136.6, 134.2, 134.0, 132.6, 131.0, 130.7, 129.8, 129.2, 128.9,
128.7, 128.7, 126.0, 116.8, 76.8, 48.5, 47.18, 37.9. IR (KBr): ν 2923,
1770, 1490, 1130 cm−1. HRMS (ESI) m/z: [M + H]+ calcd for
C25H18Cl2NO2S

+ 466.0430, found 466.0423.
(7R,8S)-8-Phenyl-7-propyl-2-(p-tolyl)-7,8-dihydrooxepino[2,3-d]-

thiazol-5(6H)-one (3n). Yield: 60 mg (78%), viscous solid. Rf = 0.2
(petroleum ether/ethyl ether, 8:1). [α]D

20 −5.4 (c 0.5, CHCl3). HPLC
analysis: >99% ee [Daicel CHIRALPAK IA column, 20 °C, 254 nm
hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 16.4 min (major), 22.4
min (minor)]. 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 8.2 Hz,
2H), 7.42−7.32 (m, 3H), 7.26−7.17 (m, 4H), 4.52 (d, J = 5.7 Hz,
1H), 2.98 (dd, J = 14.7, 9.3 Hz, 1H), 2.75 (dd, J = 14.7, 2.2 Hz, 1H),
2.63−2.50 (m, 1H), 2.37 (s, 3H), 1.50−1.41 (m, 1H), 1.38−1.27 (m,
1H), 1.25−1.08 (m, 2H), 0.83 (t, J = 7.1 Hz, 3H).13C NMR (101
MHz, CDCl3): δ 169.1, 164.1, 153.1, 141.1, 140.2, 130.2, 129.8, 129.4,
128.7, 128.0, 125.9, 117.6, 47.5, 39.2, 37.3, 33.3, 21.6, 20.4, 14.0. IR
(KBr): ν 2926, 1764, 1542, 1220 cm−1. HRMS (ESI) m/z: [M + H]+

calcd for C23H24NO2S
+ 378.1522, Found 378.1514.

( 7R , 8S ) - 2 - ( 4 -Ch lo ropheny l ) - 8 -pheny l - 7 -p ropy l -7 , 8 -
dihydrooxepino[2,3-d]thiazol-5(6H)-one (3o). Yield: 71 mg (90%),
viscous solid. Rf = 0.19 (petroleum ether/ethyl ether, 8:1). [α]D

20

−28.0 (c 0.6, CHCl 3). HPLC analysis: 97% ee [Daicel CHIRALPAK
IA column, 20 °C, 254 nm hexane/i-PrOH = 90:10, 1.0 mL/min, 254
nm, 20.0 min (major), 22.1 min (minor)]. 1H NMR (400 MHz,
CDCl3): δ 7.77 (d, J = 6.2 Hz, 2H), 7.37 (m, 4H), 7.28−7.21 (m, 3H),
4.53 (d, J = 3.4 Hz, 1H), 2.98 (dd, J = 14.6, 5.5 Hz, 1H), 2.77−2.74
(m, 1H), 2.62−2.52 (m, 1H), 1.48−1.36 (m, 1H), 1.36−1.31 (m, 1H),

1.25−1.17 (m, 2H), 0.83 (t, J = 5 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 168.8, 162.5, 153.3, 140.1, 136.8, 131.3, 129.4, 129.4, 128.8,
128.1, 127.2, 118.8, 47.6, 39.1, 37.3, 33.3, 20.4, 14.0. IR (KBr): ν 2928,
1767, 1535, 1221 cm−1. HRMS (ESI) m/z: [M + H] + calcd for
C22H21ClNO2S

+ 398.0976, found 398.0969.
NHC-Catalyzed Isomerization of 3a to 4a. A solution of NHC

precursor C (5.5 mg, 0.02 mmol), KOAc (2.0 mg, 0.02 mmol), and 3a
(>20:1 dr, > 99% ee, 36.3 mg, 0.10 mmol) in 1,4-dioxane (1 mL) was
stirred at room temperature for 24 h. The reaction mixture was passed
through a pad of silica gel and washed with ethyl acetate. The solvent
was removed under reduced pressure, and the residue was purified by
flash chromatography on silica gel (petroleum ether/ethyl ether, 10:1)
to give cycloadduct 4a as a white solid.

(5R,8R,9S)-2,9-Diphenyl-8-propyl-1-thia-3-azaspiro[4.4]non-2-
ene-4,6-dione (4a). Yield: 30.8 mg (85%), white solid. Mp: 146−148
°C. Rf = 0.4 (petroleum ether/ethyl ether, 8:1). [α]D

20 −10.4 (c 0.5,
CHCl3). HPLC analysis: >99% ee, [Daicel CHIRALPAK IA column,
20 °C, 254 nm n-hexane/i-PrOH = 90:10, 1.0 mL/min, 254 nm, 14.8
min (minor), 16.5 min (major)]. 1H NMR (400 MHz, CDCl3): δ
8.10−7.94 (m, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H),
7.26−7.19 (m, 3H), 6.92 (dd, J = 6.4, 3.2 Hz, 2H), 3.92 (d, J = 7.3 Hz,
1H), 3.58−3.41 (m, 1H), 2.89 (dd, J = 19.7, 9.2 Hz, 1H), 2.36 (dd, J =
19.7, 11.6 Hz, 1H), 1.26−1.22 (m, 2H), 1.15−1.11 (m, 1H), 0.91−
0.79 (m, 1H), 0.76 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3):
δ 207.9, 196.9, 188.6, 140.4, 135.6, 131.7, 129.2, 129.1, 129.0, 128.5,
127.9, 80.4, 55.6, 41.1, 37.2, 34.8, 21.4, 14.3. IR (KBr): ν 2957, 1706,
1515 cm−1. HRMS (ESI) m/z: [M + H]+ calcd for C22H22NO2S

+

364.1371, found 364.1361.
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