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ABSTRACT: Alkynyloxiranes have been employed for the first
time as effective coupling partners in Cp*RhIII-catalyzed C−H
functionalization reactions. Their annulation with N-arylox-
yamides then offers a redox-neutral and efficient synthesis of
functionalized 2,3-dihydrobenzofurans bearing an exocyclic
E-allylic alcohol and a tetrasubstituted carbon center in good
yields with a broad substrate scope. The products can be easily
converted to molecules with more complexity, which provides an opportunity for rapid assembly of structurally diverse heterocycles.

Transition-metal-catalyzed C−H activation has been
established as a creative and straightforward strategy in

organic synthesis.1 In this regard, redox-neutral C−H activa-
tions utilizing oxidizing directing groups are even more intriguing,
which could not only enrich the reaction patterns of C−H
functionalization but also abstain from the use of a stoichiometric
amount of external oxidants.2,3 Among various unsaturated
coupling partners applied in C−H activations,1−3 allylic com-
pounds with different leaving groups have been extensively
explored toward C−H allylations4 under various transition metal
catalysis5 (Scheme 1a). Under control conditions, the allylation

can be switched to alkenylation via β-H elimination instead of
the departure of leaving groups.5d,6 Cyclic vinyl compounds,
e.g., vinyloxiranes, have also been applied in transition-metal-
catalyzed C−H allylations to afford corresponding allylic
alcohols via ring-opening reactions (Scheme 1b).7 Similar to
allylic derivatives, propargylic compounds with appropriate

leaving groups also exhibit versatile reactivity toward transition-
metal-catalyzed C−H activation, leading to either allene pro-
ducts8 or various cyclic structures9,3c (Scheme 1c). In view of
the rich reactivity of propargylic compounds as well as the ring
opening potential of oxiranes, it occurs to us that alkynyloxiranes
as coupling partners in transition-metal-catalyzed C−H activation
would bring up new reaction patterns, which, to the best of our
knowledge, remains to be unexplored. Herein, we report an
efficient Cp*RhIII-catalyzed redox-neutral C−H activation/
annulation of N-aryloxyacetamides with alkynyloxiranes, which
affords 2,3-dihydrobenzofurans bearing a useful exocyclic
(E)-allylic alcohol,10 and a tetrasubstituted carbon center in
good yields with a broad substrate scope (Scheme 1).
In connection with our recent work on the C−H activation/

anulation of N-aryloxyacetamides with 1,1-disubstituted alkenes,11

we commenced our studies on the coupling of N-phenoxyaceta-
mide (1a) with 2-(phenylethynyl)oxirane (2a) with 2.5 mol %
[Cp*RhCl2]2 and 50 mol % CsOAc in MeOH at room tem-
perature for 16 h (Table 1, entry 1). To our delight, the
reaction gave an annulative product dihydrobenzofuran 3aa
bearing an exocyclic allylic alcohol with a tetrasubstituted
carbon center in 86% yield with exclusive E-selectivity. The
E-configuration of the double bond was confirmed by NOE
analysis (see Supporting Information). Compared to CsOAc,12

other additives such as KOAc, NaOAc, AgOAc, and Cu(OAc)2
all led to lower yields (entries 1−5). Further screening of sol-
vents revealed that THF, DCE, PhMe, and dioxane delivered
the product 3aa in less than 51% yields, while CH3CN gave a
slightly higher yield of 87% (entries 6−10). A longer reaction
time of 24 h exerted little effect on the reaction, whereas a
shorter time of 10 h resulted in a decreased 66% yield (entries
11 and 12). Reducing the amount of 2a to 1.2 equiv also gave a
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Scheme 1. Transition-Metal-Catalyzed C−H
Functionalization with Allylic or Propargylic Coupling
Partners
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comparable yield of 84% (entry 13). Noteworthy is that other
transition metal catalysts such as ruthenium, iridium, and palla-
dium are ineffective for the annulation. Thus, the optimized con-
dition was established by performing the reaction in CH3CN or
MeOH in the presence of 50 mol % CsOAc with 2.5 mol %
[Cp*RhCl2]2 at room temperature for 16 h.
Under the optimized conditions, the reaction scope was then

investigated (Table 2). With 2-(phenylethynyl)oxirane (2a) as
a partner, a range of N-aryloxyamides 1 were examined. It was
found that switch of the acetamide to a bulky pivalamide also
gave the desired product 3aa′ in 61% yield. Substition with
electron-donating or electron-withdrawing groups on the para
position of the benzene ring could be well tolerated, providing
dihydrobenzofuran products 3ba−ga in good yields (57−79%).
meta-Substituted aryloxyacetamides afforded the corresponding
products 3ha−ja in 56−76% yields as single regioisomers, with
the C−H activation taken place at less hindered C−H bonds.
Notably, ortho-methylphenoxyacetamide also occurred smoothly,
affording product 3ka in 79% yield. Furthermore, N-(naphthalen-
1-yloxy)acetamide was compatible giving product 3la in a good
yield of 57%. Subsequently, a range of alkynyloxiranes 2 were
tested in the annulation with N-phenoxyacetamide 1a. Under
standard reaction conditions, 2-(arylethynyl)oxiranes with a
para- or meta-methyl on the benzene ring worked well giving
products 3ab and 3ac in 74% and 80% yields, respectively; how-
ever, ortho-substitution with a methyl group completely blocked
the reaction probably due to the bulkiness that impeded the
binding to the Rh center. The electronic property of the aryl
ring of substrates 2 exerts little impact on the reaction as
shown in products 3ae−ah, which were obtained in 66−75%
yields. Finally, it was found that 1,2-disubstituted alkynylox-
irane 2i−j, with R2 as an aryl or alkyl group, were also com-
patible, generating the corresponding products 3ai and 3aj in 54%
and 56% yield, respectively, albeit with poor diastereoselectivity.

However, alkyl substituted alkynyloxiranes (e.g., R1 = nBu, 3aa″)
were ineffective in the annulation leading to complex mixtures
under the standard conditions.
As 2,3-dihydrobenzofurans are privileged scaffolds in a variety

of natural products, bioactive compounds, and pharmaceuticals,13

their synthesis has attracted a long-standing interests from
synthetic community.14 As shown in Table 2, the Cp*RhIII-
catalyzed annulation of N-aryloxyacetamides with alkynyloxir-
anes thus offers a mild redox-neutral protocol for the synthesis
of highly functionalized 2,3-dihydrobenzofurans. To demon-
strate the practicality, running the reaction in 2 mmol scale
could also afford a 76% yield of the product 3aa (Table 2).
Taking advantage of the allylic alcohol moiety,10 cyclization of
3aa was achieved with triethyl orthoformate and propionic acid
to produce a tricyclic heterocycle 4 with two adjacent qua-
ternary stereogenic centers in 62% yield (Scheme 2a). In addi-
tion, a two-step sequence of oxidization and NHC-catalyzed
rearrangement of 3aa was exemplified to furnish a coumarin
product 5 in 61% overall yield (Scheme 2b).
To gain insight into the mechanism, several mechanistic

experiments were conducted. First, kinetic isotope effect was
determined using 1a/1a-d5 as substrates for parallel reactions
(Scheme 3a). A value of kH/D = 1.6 was identified, which indicates
that the C−H bond cleavage might not be involved in the rate-
limiting step.15 In addition, the reaction of 1a and 2a was
performed in CD3OD solvent under otherwise identical conditions
(Scheme 3b). The product 3aa was isolated in 31% yield with
no deuterium incorporation observed, suggesting that the C−H
activation step might be irreversible under the reaction conditions.

Table 1. Optimization of Reaction Conditionsa

entry catalyst solvent additive yieldb (%)

1 [RhCp*Cl2]2 MeOH CsOAc 86
2 [RhCp*Cl2]2 MeOH KOAc 69
3 [RhCp*Cl2]2 MeOH NaOAc 75
4 [RhCp*Cl2]2 MeOH AgOAc 69
5c [RhCp*Cl2]2 MeOH Cu(OAc)2 67
6 [RhCp*Cl2]2 THF CsOAc 38
7 [RhCp*Cl2]2 DCE CsOAc 51
8 [RhCp*Cl2]2 PhMe CsOAc 33
9 [RhCp*Cl2]2 dioxane CsOAc 29
10 [RhCp*Cl2]2 CH3CN CsOAc 87
11d [RhCp*Cl2]2 CH3CN CsOAc 87
12e [RhCp*Cl2]2 CH3CN CsOAc 66
13f [RhCp*Cl2]2 CH3CN CsOAc 84
14 [IrCp*Cl2]2 CH3CN CsOAc trace
15 [RuCl2(p-cymene)]2 CH3CN CsOAc trace
16 Pd(OAc)2 CH3CN CsOAc trace

aUnless specified, the reactions were carried out under N2 using
2.5 mol % catalyst, 50 mol % additive, 1.0 equiv of 1a (0.2 mmol) and
1.5 equiv of 2a (0.3 mmol) in 2 mL solvent at rt for 16 h. bIsolated
yields. c25 mol % Cu(OAc)2 was used.

dThe reaction was carried out for
24 h. eThe reaction was performed for 10 h. f1.2 equiv of 2a was used.

Table 2. Scope Investigationsa

aIsolated yields are given; reaction conditions: under N2, 1 (0.2 mmol,
1.0 equiv), 2 (0.3 mmol, 1.5 equiv), [Cp*RhCl2]2 (2.5 mol %), CsOAc
(0.1 mmol, 0.5 equiv) and CH3CN (2 mL) were sealed in a 25 mL
Schlenk tube at rt for 16 h. bYield of 2 mmol scale.
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On the basis of the results and literature precedents,3c,5,11 a
plausible mechanism is proposed in Scheme 4. In the presence

of CsOAc, an active catalytic species Cp*Rh(OAc)2 is formed
through anion exchange, which promotes a facile and irreversible
ortho-C−H activation of 1a to afford a 5-membered rhodacycle
intermediate A. Regioselective alkyne insertion with 2a forms a
7-membered rhodacycle B with the epoxide group away from
rhodium center, probably due to avoiding steric clash in the
coupling.8,16 Subsequent reductive elimination of B occurs to
furnish intermediate C bearing rhodium(I) species, which
undergoes oxidative addition to the N−O bond to generate a
rhodium(III) species D. Proto-demetalation then occurs to
regenerate the active catalyst Cp*Rh(OAc)2 and affords an
enamide compound E, which delivers the final product 3aa via
an intramolecular SN2′ ring opening of oxirane.3c

In conclusion, we have developed a Cp*RhIII-catalyzed
regio- and stereoselective C−H activation/annulation of

N-aryloxyamides with alkynyloxiranes, which provides 2,3-
dihydrobenzofurans with an exocyclic E-allylic alcohol and a
tetrasubstituted carbon center in good yields with a broad sub-
strate scope under mild redox-neutral conditions. This trans-
formation marks the first use of alkynyloxiranes as coupling
partners in transition-metal-catalyzed C−H functionalization.
The products can be easily converted to molecules with more
complexity, which provides an opportunity for rapid assembly
of structurally diverse heterocycles. Further studies to explore
synthetic applications of the methodology and developing new
transition-metal-catalyzed C−H functionalization reactions are
undergoing in this lab.

■ EXPERIMENTAL SECTION
General Methods. All reactions and manipulations involving air-

sensitive compounds were performed using standard Schlenk tech-
niques. Anhydrous THF and dioxane were distilled from sodium. Anhy-
drous CH2Cl2, ClCH2CH2Cl were distilled from CaH2 under an
atmosphere of N2. Anhydrous MeOH was distilled from magnesium
under N2 atmosphere. 1H, 13C and 19F NMR spectra were recorded
on a 400 MHz Bruker AV400 spectrometer. Chemical shifts (δ values)
were reported in ppm with internal TMS (1H NMR), CDCl3
(13C NMR), or external CF3CO2H (19F NMR) references, respec-
tively. HRMS (ESI) were determined on Agilent Technologies 6224
TOF LC−MS or Q-TOF or LTQ Orbitrap XL micro spectrometer.
The IR spectra were measured on a NICOLET iS10 spectrometer.
Column chromatography was performed on silica gel (200−300 mesh)
using a mixture of petroleum ether (60−90 °C)/ethyl acetate as the
eluent.

General Procedure for Synthesis of N-Aryloxyacetamides
1a−l and 1a′. The N-aryloxyacetamides 1a−l and 1a′ were syn-
thesized following a procedure reported by Kelly17 and Lu.3c Com-
pounds 1a−l and 1a′ are known compounds and all data were in
agreement with those reported.3i,11

General Procedure for Synthesis of Substrates 2a−i.
Propargyl epoxides 2a, 2c−d, 2f, 2h, and 2i−j were synthesized
according to the literature, and all data were in agreement with those
reported18a−c and 2j was obtained as trans/cis isomers (trans/cis =
5/1).18d The propargyl epoxides 2b, 2e, 2g were synthesized as a
following procedure analogous to that reported by Chang.18 In an
oven-dried flask, to a solution of ethynylbenzenes (10 mmol, 1 equiv)
in Et3N (5 mL) were added CuI (0.5 mmol, 95.2 mg), Pd(PPh3)4
(0.3 mmol, 210 mg), and vinyl bromide (15 mmol, 1 M, 15.0 mL) at
0 °C. After being stirred for 16 h at 25 °C, the mixture was allowed to
cool to rt and then filtered through a pad of Celite with Et2O (100 mL).
The ether solution was washed with water (3 × 100 mL), dried over
Na2SO4, and concentrated in vacuo. The crude residue was then taken
up in CH2Cl2 (50 mL) and cooled to 0 °C, and m-CPBA (15 mmol,
1.5 equiv) was added. After 30 min, the reaction mixture was warmed
to rt, and stirred for additional 12 h. The reaction mixture was then
washed with sat. NaHCO3 (100 mL), brine (20 mL), dried over
Na2SO4, filtered and evaporated under reduced pressure. The crude
product was purified by alkaline Al2O3 column chromatography (petro-
leum ether/ethyl acetate = 30/1 to 20/1) to afford the phenylethynyl-
oxiranes 2.

2-p-Tolylethynyloxirane (2b). Colorless liquid, yield 880 mg
(56%); 1H NMR (400 MHz, CDCl3) δ = 7.34 (d, J = 8.1 Hz, 2H),
7.11 (d, J = 7.9 Hz, 2H), 3.57 (t, J = 3.3 Hz, 1H), 3.00 (d, J = 3.2 Hz,
2H), 2.34 (s, 3H); 13C NMR (101 MHz, CDCl3) δ = 139.1, 131.9,
129.2, 119.0, 85.2, 83.7, 49.2, 40.4, 21.6; FTIR (neat) υ 2920, 2235,
1727, 1509, 1376, 1032, 927, 840, 814, 772, 751, 533 cm−1; HRMS
calculated for C11H11O (M + H)+: 159.0804, found 159.0804.

2-(4-Fluorophenylethynyl)oxirane (2e). Colorless liquid, yield
730 mg (45%); 1H NMR (400 MHz, CDCl3) δ = 7.42−7.37
(m, 2H), 7.01−6.95 (m, 2H), 3.55−3.53 (m, 1H), 2.99−2.95 (m, 2H);
13C NMR (101 MHz, CDCl3) δ = 162.8 (d, J = 250.2 Hz), 133.9 (d, J =
8.5 Hz), 118.0 (d, J = 3.5 Hz), 115.7 (d, J = 22.1 Hz), 85.6 (d, J =
1.3 Hz), 82.3, 49.0, 40.1; 19F NMR (376 MHz, CDCl3) δ = −109.9;

Scheme 2. Derivatization of Product 3aa

Scheme 3. Mechanistic Studies

Scheme 4. Proposed Mechanism
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FTIR (neat) υ 2991, 2239, 1653, 1601, 1505, 1377, 1230, 927, 834,
807, 777, 646, 533, 513, 490 cm−1; HRMS calculated for C10H8FO
(M + H)+: 163.0554, found 163.0548.
2-((4-Bromophenyl)ethynyl)oxirane (2g). Colorless liquid, yield

1110 mg (50%); 1H NMR (400 MHz, CDCl3) δ = 7.47−7.44
(m, 2H), 7.32−7.29 (m, 2H), 3.58−3.56 (m, 1H), 3.04−2.99 (m, 2H);
13C NMR (101 MHz, CDCl3) δ = 133.5, 131.8, 123.3, 121.0, 87.0,
82.5, 49.2, 40.3; FTIR (neat) υ 2961, 2246, 1583, 1485, 1370, 1285,
1068, 1011, 922, 865, 792, 776, 701, 569, 520, 477 cm−1; HRMS
calculated for C10H8BrO (M + H)+: 222.9753, found 222.9752.
General Procedure for Synthesis of (E)-3. A Schlenk tube

(25 mL) with a stir bar was added aryloxyacetamides 1 (0.20 mmol,
1 equiv), propargyl epoxides 2 (0.30 mmol, 1.5 equiv), [RhCp*Cl2]2
(0.005 mmol, 2.5 mol %) and CsOAc (0.10 mmol, 0.5 equiv). The
tube was purged three times by vacuum and N2, then the solvent
(2 mL, 0.1 M) was added. The mixture was stirred at room temper-
ature for 16 h, which was then concentrated in vacuum. The residue
was purified by silica gel column chromatography (petroleum ether/
ethyl acetate = 5/1 to 1/1) to give products (E)-3.
(E)-N-(3-(2-Hydroxyethylidene)-2-phenyl-2,3-dihydrobenzofur-

an-2-yl)acetamide (3aa). White solid, yield 51 mg (86%); 1H NMR
(400 MHz, DMSO-d6) δ = 8.92 (s, 1H), 7.42−7.25 (m, 7H), 6.98−
6.94 (m, 2H), 5.65 (t, J = 5.6 Hz, 1H), 5.03 (t, J = 5.2 Hz, 1H), 4.41-
4.28 (m, 2H), 1.91 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ =
169.5, 160.2, 141.6, 137.7, 129.9, 128.3, 127.8, 126.4, 124.9, 124.6,
123.7,121.0, 109.4, 96.3, 58.2, 23.3; FTIR (neat) υ 3049, 2923, 2151,
1593, 1485, 1439, 1025, 915, 848, 752, 684 cm−1; HRMS calculated
for C18H17NNaO3 (M + Na)+: 318.1101, found 318.1098.
(E)-N-(3-(2-Hydroxyethylidene)-2-phenyl-2,3-dihydrobenzofur-

an-2-yl)pivalamide (3aa′). White solid, yield 41 mg (61%);
1H NMR (400 MHz, DMSO-d6) δ = 8.17 (s, 1H), 7.39−7.26
(m, 7H), 6.99−6.93 (m, 2H), 5.63 (t, J = 5.6 Hz, 1H), 5.00 (t, J = 5.3 Hz,
1H), 4.40−4.28 (m, 2H), 1.13 (s, 9H). 13C NMR (101 MHz, DMSO-d6)
δ = 177.3, 160.3, 142.0, 137.9, 129.9, 128.4, 127.7, 125.9, 124.95,
124.5, 123.96, 120.9, 109.5, 96.5, 58.2, 39.1, 26.9; IR (neat) ν 3336,
2921, 2852, 1680, 1606, 1460, 1366, 1244, 1173, 1018, 855, 799, 746,
700, 566, 428 cm−1; HRMS calculated for C21H24NO3 (M + H)+:
338.1751, found 338.1748.
(E)-N-(3-(2-Hydroxyethylidene)-5-methyl-2-phenyl-2,3-dihydro-

benzofuran-2-yl)acetamide (3ba). White solid, yield 38 mg (62%);
1H NMR (400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.40−7.27
(m, 5H), 7.14 (s, 1H), 7.08 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H),
5.61 (t, J = 5.6 Hz, 1H), 5.02 (t, J = 5.1 Hz, 1H), 4.41−4.29 (m, 2H),
2.27 (s, 3H), 1.90 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ =
169.5, 158.4, 141.8, 137.98, 130.4, 129.8, 128.3, 127.7, 126.1, 125.2,
124.7, 123.7, 109.0, 96.4, 58.2, 23.3, 20.5; IR (neat) ν 3268, 2924,
2093, 1748, 1731, 1715, 1681, 1541, 1480, 1374, 1244, 1035, 920,
809, 704, 674, 590, 533 cm−1; HRMS calculated for C19H23N2O3
(M + NH4)

+: 327.1703, found 327.1699.
(E)-N-(5-(tert-Butyl)-3-(2-hydroxyethylidene)-2-phenyl-2,3-dihy-

drobenzofuran-2-yl)acetamide (3ca). White solid, yield 46 mg
(66%); 1H NMR (400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.43−7.18
(m, 7H), 6.90 (d, J = 8.4 Hz, 1H), 5.64 (t, J = 5.7 Hz, 1H), 5.04 (t, J =
5.1 Hz, 1H), 4.44−4.31 (m, 2H), 1.90 (s, 3H), 1.28 (s, 9H); 13C NMR
(101 MHz, DMSO-d6) δ = 169.5, 158.2, 143.3, 141.7, 138.3, 128.3,
127.8, 127.1, 125.7, 124.8, 123.3, 121.4, 108.8, 96.5, 58.2, 34.1, 31.4,
23.4; IR (neat) ν 3457, 3306, 2959, 1656, 1482, 1363, 1260, 1243,
1155, 1047, 959, 817, 732, 696, 665, 567, 509, 491 cm−1; HRMS
calculated for C22H29N2O3 (M + NH4)

+: 369.2173, found 369.2168.
(E)-N-(5-Fluoro-3-(2-hydroxyethylidene)-2-phenyl-2,3-dihydro-

benzofuran-2-yl)acetamide (3da). White solid, yield 49 mg (79%);
1H NMR (400 MHz, DMSO-d6) δ = 8.98 (s, 1H), 7.45−7.31 (m,
5H), 7.19 (dd, J = 8.9, 2.6 Hz, 1H), 7.12 (td, J = 9.0, 2.7 Hz, 1H),
6.98 (dd, J = 8.8, 4.3 Hz, 1H), 5.73 (t, J = 5.7 Hz, 1H), 5.08 (t, J =
5.2 Hz, 1H), 4.39−4.28 (m, 2H), 1.92 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.6, 156.9 (d, J = 234.6 Hz), 156.4, 141.4, 137.6,
128.4, 128.0, 127.6, 124.8, 124.7, 116.1 (d, J = 24.5 Hz), 111.5 (d, J =
25.6 Hz), 109.9 (d, J = 8.6 Hz), 97.1, 58.0, 23.3; 19F NMR (376 MHz,
DMSO-d6) δ = −123.00; IR (neat,cm−1) ν 3280, 2924, 2853, 1679,
1471, 1370, 1251, 1196, 1034, 940, 860, 811, 734, 698, 659, 556, 491;

HRMS calculated for C18H20FN2O3 (M + NH4)
+: 331.1452, found

331.1449.
(E)-N-(5-Chloro-3-(2-hydroxyethylidene)-2-phenyl-2,3-dihydro-

benzofuran-2-yl)pivalamide (3ea). White solid, yield 43 mg (65%);
1H NMR (400 MHz, DMSO-d6) δ = 9.01 (s, 1H), 7.46−7.18
(m, 7H), 6.99 (t, J = 8.5 Hz, 1H), 5.74 (t, J = 5.7 Hz, 1H), 5.08 (t, J =
5.2 Hz, 1H), 4.38−4.25 (m, 2H), 1.91 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.7, 158.9, 141.1, 137.1, 129.5, 128.5, 128.1, 127.7,
125.7, 124.7, 124.6, 124.4, 110.8, 97.3, 58.0, 23.3; IR (neat) ν 3412;
3273, 2923, 2851, 1682, 1461, 1368, 1245, 1159, 1059, 891, 870, 811,
771, 699 cm−1; HRMS calculated for C18H20ClN2O3 (M + NH4)

+:
347.1157, found 347.1155.

(E)-N-(5-Bromo-3-(2-hydroxyethylidene)-2-phenyl-2,3-dihydro-
benzofuran-2-yl)acetamide (3fa). White solid, yield 56 mg (75%);
1H NMR (400 MHz, DMSO-d6) δ = 9.02 (s, 1H), 7.47−7.31
(m, 7H), 6.95 (d, J = 8.5 Hz, 1H), 5.74 (t, J = 5.8 Hz, 1H), 5.08 (t, J =
5.2 Hz, 1H), 4.36−4.26 (m, 2H), 1.91 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.7, 159.3, 141.1, 136.97, 132.3, 128.6, 128.2, 127.6,
127.2, 126.3, 124.7, 112.2, 111.4, 97.2, 57.9, 23.3; IR (neat) ν 3360,
2918, 1679, 1525, 1459, 1245, 1024, 990, 824, 699, 552, cm−1; HRMS
calculated for C18H20BrN2O3 (M + NH4)

+: 391.0652, found 391.0651.
(E)-N-(3-(2-Hydroxyethylidene)-2-phenyl-5-(trifluoromethyl)-2,3-

dihydrobenzofuran-2-yl)acetamide (3ga). White solid, yield 39 mg
(54%); 1H NMR (400 MHz, DMSO-d6) δ = 9.12 (s, 1H), 7.65−7.63
(m, 2H), 7.46−7.33 (m, 5H), 7.15 (d, J = 8.2 Hz, 1H), 5.81 (t, J =
5.8 Hz, 1H), 5.13 (t, J = 5.2 Hz, 1H), 4.42−4.29 (m, 2H), 1.92 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ = 169.8, 162.6, 140.7, 136.6,
128.6, 128.4, 128.0, 127.5 (q, J = 4.2 Hz), 124.85, 124.81, 124.6 (q, J =
270.2 Hz), 121.9 (q, J = 3.0 Hz), 121.7 (q, J = 31.0 Hz), 110.0, 97.8,
57.9, 23.3; 19F NMR (376 MHz, DMSO-d6) δ = −59.54; IR (neat) ν
3417, 3267, 2918, 1683, 1614, 1529, 1489, 1314, 1154, 1116, 1056,
890, 823, 764, 697, 545, 437 cm−1; HRMS calculated for
C19H20F3N2O3 (M + NH4)

+: 381.1421, found 381.1417.
(E)-N-(3-(2-Hydroxyethylidene)-6-methyl-2-phenyl-2,3-dihydro-

benzofuran-2-yl)acetamide (3ha). White solid, yield 47 mg (76%);
1H NMR (400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.40−7.20
(m, 6H), 6.80−6.77 (m, 2H), 5.57 (t, J = 5.6 Hz, 1H), 4.99 (t, J =
5.2 Hz, 1H), 4.38−4.26 (m, 2H), 2.31 (s, 3H), 1.91 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) δ = 169.5, 160.5, 141.7, 140.2, 137.9 128.3,
127.7, 125.0, 124.66, 124.61, 121.9, 121.2, 110.0, 96.5, 58.2, 23.3,
21.3; IR (neat) ν 3275, 3034, 2922, 1673, 1618, 1521, 1492, 1447,
1369, 1336, 1259, 1146, 1033, 948, 809, 734, 699, 569 cm−1; HRMS
calculated for C19H23N2O3 (M + NH4)

+: 327.1703, found 327.1696.
(E)-N-(3-(2-Hydroxyethylidene)-6-methoxy-2-phenyl-2,3-dihy-

drobenzofuran-2-yl)pivalamide (3ia). White solid, yield 36 mg
(56%); 1H NMR (400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.41−7.23
(m, 6H), 6.62 (d, J = 2.2 Hz, 1H), 6.53 (dd, J = 8.5, 2.3 Hz, 1H), 5.48
(t, J = 5.7 Hz, 1H), 4.96 (t, J = 5.2 Hz, 1H), 4.34−4.24 (m, 2H), 3.77
(s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.5,
161.9, 161.5, 141.7, 137.7, 128.3, 127.7, 125.5, 124.7, 123.1, 116.5,
107.5, 97.2, 95.5, 58.2, 55.4, 24.3; IR (neat) ν 3275, 2924, 1679, 1614,
1588, 1521, 1493, 1443, 1369, 1282, 1196,1156, 956, 826, 804, 732,
698, 635, 591 cm−1; HRMS calculated for C19H23N2O4 (M + NH4)

+:
343.1652, found 343.1649.

(E)-N-(3-(2-Hydroxyethylidene)-4,6-dimethyl-2-phenyl-2,3-dihy-
drobenzofuran-2-yl)acetamide (3ja). White solid, yield 43 mg
(67%); 1H NMR (400 MHz, DMSO-d6) δ = 8.78 (s, 1H), 7.40−7.27
(m, 5H), 6.57 (d, J = 15.1 Hz, 2H), 5.48 (t, J = 6.2 Hz, 1H), 4.89 (t, J =
5.1 Hz, 1H), 4.36−4.19 (m, 2H), 2.32 (s, 3H), 2.24 (s, 3H), 1.90 (s,
3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.2, 160.9, 141.2, 140.3,
137.8, 133.6, 128.1, 127.8, 125.3, 124.8, 124.5, 119.9, 107.9, 97.5,
59.4, 23.5, 21.8, 21.1; IR (neat) ν 3268, 2923, 1670, 1620, 1525,
1447, 1373, 1264, 1174, 1031, 836, 804, 737, 699, 574 cm−1; HRMS
calculated for C20H25N2O3 (M + NH4)

+: 341.1860, found 341.1855.
(E)-N-(3-(2-Hydroxyethylidene)-7-methyl-2-phenyl-2,3-dihydro-

benzofuran-2-yl)acetamide (3ka). White solid, yield 49 mg (79%);
1H NMR (400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.43−7.28 (m,
5H), 7.15−7.10 (m, 2H), 6.86 (t, J = 7.5 Hz, 1H), 5.65 (t, J = 5.6 Hz,
1H), 5.01 (t, J = 5.2 Hz, 1H), 4.39−4.27 (m, 2H), 2.23 (s, 3H), 1.92
(s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.5, 158.6, 141.7,
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138.2, 130.9 128.4, 127.8, 125.8, 124.6, 123.1, 122.4, 120.9, 118.8,
96.0, 58.2, 23.4, 14.9; IR (neat) ν 3282, 2925, 1679, 1490, 1371,
1363, 1032, 967, 856, 731, 699, 550, 527 cm−1; HRMS calculated for
C19H23N2O3 (M + NH4)

+: 327.1703, found 327.1696.
(E)-N-(3-(2-Hydroxyethylidene)-2-phenyl-2,3-dihydronaphtho-

[1,2-b]furan-2-yl)acetamide (3la). White solid, yield 39 mg (57%);
1H NMR (400 MHz, DMSO-d6) δ = 9.05 (s, 1H), 8.04−8.02
(m, 1H), 7.95−7.93 (m, 1H), 7.59−7.47 (m, 6H), 7.39−7.29 (m, 3H),
5.67 (t, J = 5.9 Hz, 1H), 5.04 (t, J = 5.3 Hz, 1H), 4.51−4.37 (m, 2H),
1.95 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.6, 156.3,
141.5, 138.9 134.1, 128.4, 127.9, 127.1, 125.9, 124.7, 124.1, 122.2,
121.5, 120.8, 119.4, 117.8, 97.5, 57.9, 23.4; IR (neat) ν 3272, 2922,
2852, 1659, 1517, 1441, 1391, 1265, 1066, 968, 947, 876, 807, 733,
700, 566, 544 cm−1; HRMS calculated for C22H23N2O3 (M + NH4)

+:
363.1703, found 363.1700.
(E)-N-(3-(2-Hydroxyethylidene)-2-(p-tolyl)-2,3-dihydrobenzofur-

an-2-yl)acetamide (3ab). White solid, yield 46 mg (74%); 1H NMR
(400 MHz, DMSO-d6) δ = 8.88 (s, 1H), 7.35−7.25 (m, 4H), 7.17
(d, J = 8.1 Hz, 2H), 6.95 (t, J = 8.4 Hz, 2H), 5.64 (t, J = 5.6 Hz, 1H),
5.04 (t, J = 5.2 Hz, 1H), 4.41−4.31 (m, 2H), 2.28 (s, 3H), 1.91 (s,
3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.5, 160.3, 138.8, 137.9,
137.2, 129.9, 128.9, 126.2, 125.0, 124.7, 123.9, 121.0, 109.5, 96.4,
58.3, 23.4, 20.6; IR (neat) ν 3283, 2925, 1679, 1525, 1592, 1524,
1489, 1371, 1263, 1032, 967, 856, 786, 731, 693, 657 cm−1; HRMS
calculated for C19H23N2O3 (M + NH4)

+: 327.1703, found 327.1697.
(E)-N-(3-(2-Hydroxyethylidene)-2-(m-tolyl)-2,3-dihydrobenzofur-

an-2-yl)acetamide (3ac). White solid, yield 49 mg (80%); 1H NMR
(400 MHz, DMSO-d6) δ = 8.90 (s, 1H), 7.35−7.11 (m, 6H), 6.99−
6.94 (m, 2H), 5.65 (t, J = 5.6 Hz, 1H), 5.05 (t, J = 5.2 Hz, 1H), 4.42−
4.30 (m, 2H), 2.30 (s, 3H), 1.91 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.5, 160.3, 141.6, 137.8, 137.5, 130.0, 128.5, 128.3,
126.3, 125.2, 125.0, 123.9, 121.9, 121.0, 109.5, 96.3, 58.3, 23.4, 21.2;
IR (neat) ν 3272, 3039, 2923, 1674, 1607, 1520, 1459, 1371, 1238,
1017, 968, 866, 785, 734, 699, 581, 490 cm−1; HRMS calculated for
C19H23N2O3 (M + NH4)

+: 327.1703, found 327.1697.
(E)-N-(2-(4-Fluorophenyl)-3-(2-hydroxyethylidene)-2,3-dihydro-

benzofuran-2-yl)acetamide (3ae). White solid, yield 42 mg (68%);
1H NMR (400 MHz, DMSO-d6) δ = 8.93 (s, 1H), 7.45−7.41
(m, 2H), 7.35 (d, J = 7.5 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 7.21−7.16
(m, 2H), 6.99−6.95 (m, 2H), 5.65 (t, J = 5.6 Hz, 1H), 5.05 (t, J =
5.2 Hz, 1H), 4.42−4.31 (m, 2H), 1.90 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.6, 161.8 (d, J = 244.1 Hz), 160.0, 137.9 (d, J =
2.8 Hz), 137.7, 130.1, 126.9 (d, J = 8.4 Hz), 126.7, 125.1, 123.6,
121.2, 115.1 (d, J = 21.6 Hz), 109.6, 96.0, 58.2, 23.3; 19F NMR (376
MHz, DMSO-d6) δ = −115.09; IR (neat) ν 3259, 3046, 2925, 1672,
1602, 1506, 1460, 1274, 1227, 1159, 1018, 967, 839, 748, 545, 487
cm−1; HRMS calculated for C18H20FN2O3 (M + NH4)

+: 331.1452,
found 331.1450.
(E)-N-(2-(4-Chlorophenyl)-3-(2-hydroxyethylidene)-2,3-dihydro-

benzofuran-2-yl)acetamide (3af). White solid, yield 49 mg (75%);
1H NMR (400 MHz, DMSO-d6) δ = 8.96 (s, 1H), 7.44−7.28 (m,
6H), 7.02−6.97 (m, 2H), 5.66 (t, J = 5.6 Hz, 1H), 5.06 (t, J = 5.2 Hz,
1H), 4.42−4.31 (m, 2H), 1.92 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ = 169.6, 160.1, 140.7, 137.6, 132.4, 130.2, 128.4, 127.1,
126.6, 125.1, 123.4, 121.3, 109.7, 95.8, 58.2, 23.3; IR (neat) ν 3264,
2923, 1682, 1588, 1525, 1460, 1369, 1270, 1093, 1022, 1006, 822,
747, 732, 545, 501, 464 cm−1; HRMS calculated for C18H20ClN2O3
(M + NH4)

+: 347.1157, found 347.1154.
(E)-N-(2-(4-Bromophenyl)-3-(2-hydroxyethylidene)-2,3-dihydro-

benzofuran-2-yl)acetamide (3ag). White solid, yield 51 mg (68%);
1H NMR (400 MHz, DMSO-d6) δ = 8.97 (s, 1H), 7.55 (d, J = 7.2 Hz,
2H), 7.36−7.27 (m, 4H), 7.01−6.96 (m, 2H), 5.65 (t, J = 5.6 Hz,
1H), 5.06 (t, J = 5.2 Hz, 1H), 4.41−4.29 (m, 2H), 1.90 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ = 169.7, 160.1, 141.2, 137.5,
131.3, 130.2, 127.2, 126.9, 125.1, 123.4, 121.4, 121.0, 109.7, 95.9,
58.2, 23.3; IR (neat) ν 3217, 2916, 2848, 1660, 1589, 1520, 1484,
1457, 1394, 1367, 1314, 1276, 1104, 909, 824, 750, 547 cm−1; HRMS
calculated for C18H16BrKNO3 (M + K) +: 411.9945, found 411.9941.
(E)-N-(2-(4-Cyanophenyl)-3-(2-hydroxyethylidene)-2,3-dihydro-

benzofuran-2-yl)acetamide (3ah). White solid, yield 42 mg (66%);

1H NMR (400 MHz, DMSO-d6) δ = 9.06 (s, 1H), 7.83 (d, J = 8.6 Hz,
2H), 7.55 (d, J = 8.5 Hz, 2H), 7.38−7.30 (m, 2H), 7.06−6.98
(m, 2H), 5.71 (t, J = 5.6 Hz, 1H), 5.08 (t, J = 5.2 Hz, 1H), 4.41−4.30
(m, 2H), 1.93 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.9,
160.1, 147.0, 137.2, 132.5, 130.4, 128.1, 125.5, 125.2, 123.0, 121.6,
118.7, 110.4, 109.8, 95.6, 58.2, 23.2; IR (neat) ν 3306, 3063, 2230,
1682, 1588, 1502, 1461, 1370, 1264, 1237, 1154, 1017, 696, 842, 731,
556, 483 cm−1; HRMS calculated for C19H20N3O3 (M + NH4)

+:
338.1499, found 338.1496.

(E)-N-(3-(2-Hydroxy-2-phenylethylidene)-2-phenyl-2,3-dihydro-
benzofuran-2-yl)acetamide (3ai). White solid, yield 40 mg (54%);
1H NMR (400 MHz, DMSO-d6) δ = 8.95 (s, 1H), 7.58−7.16
(m, 12H), 6.97 (d, J = 8.0, 1H), 6.92 (t, J = 7.5, 1H), 5.79−5.67 (m, 3H),
1.88 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 169.6, 160.4,
143.9, 141.2, 139.3, 130.3, 128.4, 128.2, 128.1, 128.0, 126.9, 126.2,
125.2, 124.9, 123.7, 120.9, 109.6, 96.6, 67.9, 23.3; IR (neat) ν 3272,
3053, 2923, 2853, 1659, 1574, 1517, 1441, 1391, 1266, 1066, 1032,
968, 947, 808, 733, 700, 642, 566 cm−1; HRMS calculated for
C24H25N2O3 (M + NH4)

+: 389.1860, found 389.1857. For the other
isomer 3ai′. 1H NMR (400 MHz, DMSO-d6) δ = 8.95 (s, 1H), 7.51
(t, J = 6.3 Hz, 1H), 7.39−7.17 (m, 11H), 6.98 (d, J = 8.0 Hz, 1H),
6.92 (t, J = 7.5 Hz, 1H), 5.81−5.69 (m, 3H), 1.96 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) δ = 169.6, 160.5, 143.9, 141.5, 138.3, 130.4,
128.3, 128.2, 128.0, 127.7, 127.1, 126.2, 124.9, 124.8, 123.3, 121.0,
109.7, 96.6, 68.4, 23.4; IR (neat) ν 3268, 3030, 2922, 1668, 1603,
1520, 1460, 1368, 1316, 1241, 1015, 961, 860, 736, 697, 600,
491 cm−1; HRMS calculated for C24H25N2O3 (M + NH4)

+: 389.1860,
found 389.1857.

(E)-N-(3-(2-Hydroxypropylidene)-2-phenyl-2,3-dihydrobenzofur-
an-2-yl)acetamide (3aj). White solid, yield 35 mg (56%); 1H NMR
(400 MHz, DMSO-d6) δ = 8.82 (s, 1H), 7.49−7.24 (m, 7H), 6.97−
6.93 (m, 2H), 5.52 (d, J = 7.9 Hz, 1H), 4.93 (d, J = 4.7 Hz, 1H),
4.86−4.77 (m, 1H), 1.91 (s, 3H), 1.21 (d, J = 6.3 Hz, 3H) ppm;
13C NMR (101 MHz, DMSO-d6) δ = 169.4, 160.2, 141.5, 137.3,
130.5, 129.9, 128.3, 127.8, 125.0, 124.9, 123.5, 120.9, 109.6, 96.4,
62.7, 23.4, 23.1; IR (neat) ν 3282, 2959, 2924, 1676, 1588, 1525,
1460, 1240, 861, 773, 699, 583, 550, 470 cm−1; HRMS calculated for
C19H19NNaO3 (M + Na)+: 332.1257, found 332.1254. For the other
isomer 3aj′. 1H NMR (400 MHz, DMSO-d6) δ = 8.83 (s, 1H), 7.45−
7.24 (m, 7H), 6.96−6.93 (m, 2H), 5.59 (d, J = 7.7 Hz, 1H), 4.95 (d, J =
4.5 Hz, 1H), 4.88−4.79 (m, 1H), 1.91 (s, 3H), 1.14 (d, J = 6.3 Hz, 3H);
13C NMR (101 MHz, DMSO-d6) δ = 169.3, 160.1, 141.5, 136.7,
130.6, 129.9, 128.3, 127.9, 124.9, 124.8, 123.4, 120.9, 109.6, 96.4,
62.9, 23.4, 23.2; IR (neat) ν 3725, 3283, 2962, 1679, 1588, 1527,
1460, 1241, 1064, 976, 698, 667, 583, cm−1; HRMS calculated for
C19H19NNaO3 (M + Na)+: 332.1257, found 332.1256.

Scaled-up Reaction. A Schlenk tube (25 mL) with a stir bar was
added 1a (2.0 mmol, 1 equiv), propargyl epoxides 2a (3 mmol,
1.5 equiv), [RhCp*Cl2]2 (0.05 mmol, 2.5 mol %) and CsOAc (1.0 mmol,
0.5 equiv). The tube was purged three times by vacuum and N2, then
the solvent (5 mL, 0.4 M) was added. The mixture was stirred at
room temperature for 16 h, which was then concentrated in vacuum.
The residue was purified by silica gel column chromatography
(petroleum ether/ethyl acetate = 5/1 to 1/1) to give product 450 mg
3aa as white solid in 76% yield.

Synthesis of 4. A Schlenk tube (25 mL) with a stir bar was added
3aa (0.2 mmol, 1 equiv) and the tube was purged three times by
vacuum and N2. Then triethyl orthoformate (0.6 mmol, 3.0 equiv),
EtCOOH (0.01 mmol, 0.05 equiv) and dioxane (2 mL) was added.
The mixture was stirred at 100 °C for 6 h, which then cooled to room
temperature. After that the mixture was concentrated in vacuum. The
residue was purified by silica gel column chromatography (petroleum
ether/ethyl acetate = 10/1 to 5/1) to give product 4 as white solid in
62% yield.

2-Methyl-3a-phenyl-8b-vinyl-3a,8b-dihydrobenzofuro[2,3-d]-
oxazole (4). White solid, yield 34 mg (62%); 1H NMR (400 MHz,
DMSO-d6) δ = 7.46−7.34 (m, 4H), 7.29−7.22 (m, 3H), 7.13−7.05
(m, 2H), 5.34 (dd, J = 17.2, 10.5 Hz, 1H), 5.20−5.10 (m, 2H), 2.17
(s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 168.8, 158.6, 137.2,
133.8, 132.0, 128.6, 128.1, 126.6, 126.1, 125.1 121.8, 117.4, 115.8,

The Journal of Organic Chemistry Note

DOI: 10.1021/acs.joc.8b01166
J. Org. Chem. 2018, 83, 9464−9470

9468

http://dx.doi.org/10.1021/acs.joc.8b01166


110.7, 95.9, 13.90; IR (neat) υ 3304, 2917, 2849, 1657, 1598, 1520,
1462, 1386, 1281, 1064, 983, 752, 698, 665, 491 cm−1; HRMS
calculated for C18H16NO2 (M + H)+: 278.1176, found 278.1173.
Synthesis of 5. To a solution of 3aa (0.10 mmol, 1 equiv) in

anhydrous dichloromethane (2 mL) at 0 °C was added Dess−Martin
periodinane reagent (DMP) (0.12 mmol, 1.2 equiv) and the reaction
mixture was stirred at that temperature for 1 h. The reaction was
quenched by the addition of 2 mL saturated aqueous sodium thio-
sulfate and the aqueous layer was extracted with EtOAc (2 × 10 mL).
The combined organic extracts were washed twice with saturated
aqueous sodium bicarbonate and then dried over anhydrous sodium
sulfate, filtered, concentrated and purified by silica gel flash column
chromatography (petroleum ether/ethyl acetate = 2/1) to give the
desired unsaturated aldehyde as a Z/E mixture in a yield of 76%.
A dry tube charged with a stir bar was added the unsaturated aldehyde
(0.06 mmol, 1 equiv) and NHC (6, 0.006 mmol, 10 mol %). The tube
was purged three times by vacuum and N2, and then THF (2 mL) and
DBU (0.009 mmol, 15 mol %) were added. The mixture was stirred at
room temperature for 12 h, which then was quenched with sat.
NH4Cl. The aqueous layer was extracted with EtOAc (2 × 10 mL).
The combined organic extracts were washed with brine, then dried
over anhydrous sodium sulfate, filtered, concentrated and purified by
silica gel flash column chromatography (petroleum ether/ethyl
acetate = 5/1) to give the desired product 5 in 80% isolated yield.
N-((2-Oxo-2H-chromen-4-yl)(phenyl)methyl)acetamide (5).

White solid, 18 mg (61%) for two steps; 1H NMR (400 MHz,
DMSO-d6) δ = 8.85 (d, J = 7.9 Hz, 1H), 7.70 (dd, J = 8.0, 1.1 Hz,
1H), 7.63−7.56 (m, 1H), 7.44 (td, J = 5.5, 1.2 Hz, 3H), 7.41−7.25
(m, 4H), 6.48 (d, J = 7.9 Hz, 1H), 6.38 (s, 1H), 1.95 (s, 3H);
13C NMR (101 MHz, DMSO-d6) δ = 168.8, 159.9, 155.5, 153.2,
138.4, 132.1, 128.8, 128.2, 128.1, 125.2, 124.5, 117.5, 116.9, 112.9,
52.2, 22.4; FTIR (neat) υ 3797, 2922, 1719, 1644, 1604, 1526, 1445,
1371, 1291, 1257, 1179, 995, 752, 701, 616, 527 cm−1; HRMS
calculated for C18H16NO3 (M + H)+: 294.1125, found 294.1121.
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