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ABSTRACT: A mild and efficient method for the synthesis of
3-difluoroacetylated coumarins through visible-light-promoted
aryldifluoroacetylation of alkynes with ethyl bromodifluor-
oacetate has been developed. The reaction allows the direct
formation of Csp

2−CF2COOEt and C−C bonds via a proposed
tandem radical cyclization process.

The difluoromethylene group (CF2) is an intriguing
structural motif that has great potential for many

applications in medicinal, agricultural, and material sciences.1

It has been realized that the CF2 group can act as a bioisostere
for mimicking the steric and electronic features of an oxygen
atom or a carbonyl group. In this field, the development of
efficient methods for the introduction of a difluoromethylated
group into diverse organic molecules has attracted much
attention.2 Among these difluorinated moieties, CF2CO2Et is
extremely appealing because the moiety can undergo further
modification into various CF2-containing functional groups.
Recently, transition-metal-mediated or transition-metal-cata-
lyzed difluoroacetylation of aryl halides and aryl boronic acids
to construct a Csp

2−CF2COOEt bond has been intensively
studied.3 Poisson and Pannecoucke also reported an elegant
process for the direct difluoroacetylation of enamides, furans,
and benzofurans through copper-catalyzed C−H functionaliza-
tion.4 Another frequently used strategy is the utilization of high
reactivity of the CF2COOEt radical.5−7 For example, visible
light photocatalyzed radical addition of the BrCF2CO2Et
reagent to heteroarenes,5 alkenes,6 and isocyanides7 has been
well-established by the several groups. However, the application
of such a photocatalytic strategy for direct and regiospecific
difluoroacetylation of alkynes is still quite limited.
Over the past few years, transition-metal-catalyzed difunc-

tionalization of alkynes in alkynoates involving the direct aryl
C(sp2)−H functionalization has attracted considerable atten-
tion.8 Various functionalized coumarins could be constructed
by this efficient protocol. For example, Huang and co-workers
described Ag2CO3-catalyzed carbon phosphorylation to form
phosphorated coumarins.9 The Lu group reported the synthesis
of trifluoromethylated coumarins through a CF3 radical.

10 Very
recently, Wang and co-workers developed a method for the
direct difunctionalization of alkynoates with sulfonylhydrazides
under metal-free conditions using tert-butyl hydroperoxide.11

Mechanistic studies demonstrated that these reactions could be
initiated by the reaction of radicals with CC bonds followed

by intramolecular radical cyclization onto the aryl substituent.
Consistent with these findings and with our ongoing studies on
the synthesis of fluorinated heterocycles,12 we hypothesized
that similar reactions could be carried out using a CF2COOEt
radical generated from ethyl bromodifluoroacetate under visible
light irradiation to construct difluoroacetylated coumarins. This
transformation allows the direct formation of a Csp

2−
CF2COOEt bond and the construction of a coumarin ring in
one reaction.
In our preliminary experiments, phenyl alkynoate 1a and

BrCF2CO2Et were chosen as the model substrates to optimize
the reaction conditions. Initially, we examined our previous
reaction conditions, which were developed for photocatalyzed
aryldifluoroacetylation of N-arylacrylamides6e (Table 1, entry
1). Gratifyingly, the desired coumarin 2a was obtained as the
major product in 60% yield. Considering that the catalysts
usually play an important role in photoredox catalysis, several
typical photocatalysts such as [Ir(ppy)2(dtbbpy)]PF6, Ru-
(bpy)3(PF6)2, and eosin Y were investigated to improve the
reaction efficiency (Table 1, entries 2−4). Unfortunately, none
of them gave better results than [fac-Ir(ppy)3]. It was observed
that the use of inorganic bases such as K2CO3, Cs2CO3, K3PO4,
and NaHCO3 promoted the reactions and K2CO3 gave the best
result. Other bases were tested including NaOAc and organic
base (Et3N), all of which gave poor yields of 2a (Table 1,
entries 5−10). Further investigations revealed that dimethyl-
formamide (DMF) was found to be the solvent of choice
(Table 1, entries 11−13). In the control experiments, the
reaction was found to be completely restrained without the
catalyst or light irradiation (Table 1, entries 14 and 15).
To study the scope and limitations of this approach, various

alkynoates 1b−t were reacted with BrCF2CO2Et under
optimized reaction conditions to the corresponding coumarins
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2b−t (Table 2). Initially, both moderate electron-withdrawing
groups and electron-donating groups located in the para
position of aryl 3-phenylpropiolates did not compromise the
reaction efficiency, affording the desired coumarins (2b−i) in
moderate to good yields. However, a substrate-bearing iodine
(2j) atom on the aromatic ring resulted in relatively poor yield.
The use of meta-substituted substrate 1k resulted in a mixture
of the products 2k and 2k′ with moderate regioselectivity (4:1).
By contrast, the 3,4-dimethyl substrate 1l underwent this
transformation to afford 2l as the major regioisomer. In
addition, 3,5-dimethyl-substituted substrate 1m could also
participate in this transformation to give the desired product
(2m) in 70% yield. The reaction was more sensitive to the
position of the substituents. For ortho-substituted substrate
(1n), no product was obtained due to the steric effect. We have
extended this radical cyclization reaction into various
substituents on the alkynyl, as well. Disappointingly, no desired
product was observed when methylpropiolate (1o) was
employed in the reaction. For all arylpropiolates tested in this
series, the corresponding coumarins (2p−t) were obtained in
good yields. We further extended the work to the addition of
CHFCOOEt or CF2PO(OEt)2 radical. However, the reaction
of phenyl alkynoate 1a with ethyl bromodifluoroacetate and
diethyl bromodifluoromethylphosphonates failed to produce
the expected product (2u,v) under the optimized reaction
conditions.
To gain mechanistic insight into the photo-redox-catalyzed

cyclization, the reaction was performed in the presence of the
radical scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidiny-
loxy). Under these conditions, the reaction was completely
restrained. To our delight, the TEMPO−CF2COOEt adduct
was formed as estimated by ESI-HRMS and 19F NMR analysis,
thus providing straightforward evidence of a CF2COOEt radical
formation (Scheme 1).

On the basis of the experimental results and literature,9−11 a
catalytic cycle is proposed for this transformation (Scheme 2).
First, the photocatalyst [fac-Ir(III)(ppy)3] is irradiated to the
excited state [fac-Ir(III)(ppy)3*], which is oxidatively quenched
by BrCF2COOEt with the generation of a [fac-Ir(IV)(ppy)3]

+

complex and a •CF2COOEt radical species A. The radical A
adds to alkynoates 1 to produce the radical intermediate B,
which undergoes intramolecular homolytic aromatic substitu-
tion to give the radical intermediate C. The intermediate C is
then oxidized by [fac-Ir(IV)(ppy)3]

+ to form the cyclo-
hexadienyl cation D and regenerates [fac-Ir(III)(ppy)3].
Ultimately, deprotonation assisted by base yields the product 2.
In summary, we have reported a facile assembly of 3-

difluoroacetylated coumarins through visible-light-promoted
tandem aryldifluoroacetylation of alkynoates with BrCF2CO2Et.
The reaction was found to tolerate a wide range of functional
groups. Most importantly, the difluoroester group

Table 1. Optimization of Reaction Conditions for 2aa

entry catalyst base solvent
yieldb

(%)

1 fac-Ir(ppy)3 Na2HPO4 DMF 60
2 [Ir(ppy)2(dtbbpy)]PF6 Na2HPO4 DMF 43
3 Ru(bpy)3(PF6)2 Na2HPO4 DMF trace
4 eosin Y Na2HPO4 DMF 0
5 fac-Ir(ppy)3 K2CO3 DMF 78
6 fac-Ir(ppy)3 Cs2CO3 DMF 63
7 fac-Ir(ppy)3 K3PO4 DMF 68
8 fac-Ir(ppy)3 NaHCO3 DMF 72
9 fac-Ir(ppy)3 NaOAc DMF 54
10 fac-Ir(ppy)3 Et3N DMF 38
11 fac-Ir(ppy)3 K2CO3 CH3CN 47
12 fac-Ir(ppy)3 K2CO3 CH2Cl2 30
13 fac-Ir(ppy)3 K2CO3 DMSO 65
14c none K2CO3 DMF NR
15d fac-Ir(ppy)3 K2CO3 DMF NR

aReaction conditions: 1a (0.3 mmol, 1.0 equiv), BrCF2COOEt (0.6
mmol, 2.0 equiv), base (0.6 mmol, 2.0 equiv), and photocatalyst
(0.006 mmol, 2.0 mol %) in indicated solvent (3.0 mL) were irradiated
with a 5 W blue LED for 48 h. bIsolated yield. cWithout photocatalyst
irradiation. dWithout visible light irradiation.

Table 2. Cyclization of Various Alkynoates 1 with
BrCF2COOEt

a,b

aReaction conditions: 1 (0.3 mmol), BrCF2COOEt (0.6 mmol, 2.0
equiv), K2CO3 (0.6 mmol, 2.0 equiv), and fac-Ir(ppy)3 (0.006 mmol,
2.0 mol %) in DMF (3.0 mL) were irradiated with a 5 W blue LED for
48 h. bIsolated yield. cThe ratio of regioisomers based on isolated
yields.
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(CF2COOEt) could be easily introduced into the scaffold of
coumarin under mild and environmentally friendly conditions.

■ EXPERIMENTAL SECTION
General. All reactions were performed in a 20 mL tube equipped

with a rubber septum at room temperature. Photoirradiation was
carried out with a 5 W blue LED (light-emitting diode). Solvents were
purified or dried in a standard manner. 1H NMR spectra, 13C NMR
spectra, and 19F NMR spectra were measured in CDCl3 and recorded
on 400 or 500 MHz NMR spectrometers with trimethylsilane as an
internal standard. HRMS analyses were recorded on a Q-TOF global
mass spectrometer. Alkynoates were prepared according to the
literature.13

General Procedure for the Synthesis of Difluoroacetylated
Coumarins. To a mixture of alkynoate 1 (0.30 mmol), BrCF2COOEt
(0.6 mmol), and K2CO3 (0.6 mmol) in 3.0 mL of DMF was added fac-
Ir(ppy)3 (0.006 mmol, 2.0 mol %) under N2 atmosphere. The solution
was stirred at room temperature under 5 W blue LED irradiation for
48 h. Then the reaction mixture was diluted by adding EtOAc and
brine. The aqueous layer was extracted with EtOAc. The combined
organic layer was dried over MgSO4, filtered, and concentrated. The
residue was purified by flash column chromatography (petroleum
ether/ethyl acetate 8:1 as the eluant) on silica gel to give the desired
coumarins.
Ethyl 2,2-Difluoro-2-(2-oxo-4-phenyl-2H-chromen-3-yl)acetate

(2a): White solid (80.5 mg, 78%); mp 83−84 °C; 1H NMR (500
MHz, CDCl3) δ 7.60−7.63 (m, 1 H), 7.51−7.52 (m, 3 H), 7.41 (dd, 1
H, J1 = 8.3 Hz, J2 = 1.5 Hz), 7.32−7.33 (m, 2 H), 7.20−7.24 (m, 1 H),
7.07 (dd, 1 H, J1 = 8.3 Hz, J2 = 1.5 Hz), 4.35 (q, 2 H, J = 7.0 Hz), 1.34
(t, 3 H, J = 7.0 Hz); 13C NMR (125 MHz, CDCl3) δ 162.7 (t, J = 32.0
Hz), 159.0 (t, J = 4.0 Hz), 156.1, 153.1, 133.5, 132.8, 129.1, 128.8,
128.3, 127.6 (t, J = 2.5 Hz), 124.9, 120.2, 118.0 (t, J = 22.5 Hz), 116.9,
111.8 (t, J = 251.5 Hz), 63.3, 13.8; 19F NMR (470 MHz, CDCl3) δ
97.8 (s, 2 F); HRMS (ESI) calcd for [M + H]+ C19H15F2O4 345.0933,
found 345.0929.
Ethyl 2,2-Difluoro-2-(6-methyl-2-oxo-4-phenyl-2H-chromen-3-

yl)acetate (2b): White solid (87.0 mg, 81%); mp 105−106 °C; 1H
NMR (400 MHz, CDCl3) δ 7.49−7.51 (m, 3 H), 7.30−7.32 (m, 2 H),
7.21 (s, 1 H), 7.02 (d, 1 H, J = 8.0 Hz), 6.93 (d, 1 H, J = 8.4 Hz), 4.35
(q, 2 H, J = 7.2 Hz), 2.46 (s, 3 H), 1.33 (t, 3 H, J = 7.2 Hz); 13C NMR
(125 MHz, CDCl3) δ 162.8 (t, J = 32.0 Hz), 159.3 (t, J = 4.3 Hz),
156.2, 153.2, 145.3, 133.1, 129.0, 128.5, 128.2, 127.6 (t, J = 2.2 Hz),
126.1, 117.8, 117.0, 116.8 (t, J = 22.8 Hz), 111.9 (t, J = 251.4 Hz),
63.2, 21.7, 13.8; 19F NMR (470 MHz, CDCl3) δ 97.6 (s, 2 F); HRMS
(ESI) calcd for [M + H]+ C20H17F2O4 359.1090, found 359.1092.

Ethyl 2-(6-tert-Butyl-2-oxo-4-phenyl-2H-chromen-3-yl)-2,2-
difluoroacetate (2c): White solid (102.1 mg, 85%); mp 96−98 °C;
1H NMR (500 MHz, CDCl3) δ 7.50−7.51 (m, 3 H), 7.42 (d, 1 H, J =
2.0 Hz), 7.31−7.33 (m, 2 H), 7.26 (dd, 1 H, J1 = 8.5 Hz, J2 = 2.0 Hz),
7.00 (d, 1 H, J = 8.5 Hz), 4.34 (q, 2 H, J = 7.5 Hz), 1.34 (s, 9 H), 1.33
(t, 3 H, J = 7.5 Hz).13C NMR (125 MHz, CDCl3) δ 162.8 (t, J = 32.1
Hz), 159.4 (t, J = 4.3 Hz), 158.4, 156.0, 153.2, 133.1, 129.0, 128.4,
128.2, 127.6 (t, J = 2.5 Hz), 122.4, 117.7, 117.0 (t, J = 22.8 Hz), 113.6,
112.0 (t, J = 251.0 Hz), 63. 2, 35.4, 30.9, 13.8; 19F NMR (470 MHz,
CDCl3) δ 97.7 (s, 2 F); HRMS (ESI) calcd for [M + H]+ C23H23F2O4
401.1559, found 401.1558.

Ethyl 2,2-Difluoro-2-(6-fluoro-2-oxo-4-phenyl-2H-chromen-3-yl)-
acetate (2d): White solid (82.5 mg, 76%); mp 109−110 °C; 1H NMR
(400 MHz, CDCl3) δ 7.51−7.53 (m, 3 H), 7.30−7.32 (m, 2 H), 7.06−
7.15 (m, 2 H), 6.93−6.95 (m, 1 H), 4.35 (q, 2 H, J = 7.2 Hz), 1.34 (t,
3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 166.4, 164.3, 162.6
(t, J = 31.9 Hz), 158.7 (t, J = 4.3 Hz), 155.7, 154.3 (d, J = 13.4 Hz),
132.7, 130.9 (d, J = 10.4 Hz), 129.2, 128.4, 127.5 (t, J = 2.4 Hz), 117.0
(t, J = 23.1 Hz), 113.1 (d, J = 22.4 Hz), 111.8 (t, J = 251.9 Hz), 104.4
(d, J = 25.6 Hz), 63.3, 13.8; 19F NMR (470 MHz, CDCl3) δ 97.8 (s, 2
F), 102.3 (s, 1 F); HRMS (ESI) calcd for [M + H]+ C19H14F3O4
363.0839, found 363.0836.

Ethyl 2-(6-Chloro-2-oxo-4-phenyl-2H-chromen-3-yl)-2,2-difluoro-
acetate (2e): White solid (90.7 mg, 80%); mp 98−100 °C; 1H NMR
(400 MHz, CDCl3) δ 7.51−7.53 (m, 3 H), 7.42 (d, 1 H, J = 2.0 Hz),
7.29−7.32 (m, 2 H), 7.17−7.20 (m, 1 H), 7.00 (d, 1 H, J = 8.8 Hz),
4.35 (q, 2 H, J = 7.2 Hz), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR (125
MHz, CDCl3) δ 162.6 (t, J = 31.9 Hz), 158.4 (t, J = 4.5 Hz), 155.5,
153.3, 139.6, 132.4, 129.8, 129.3, 128.4, 127.5 (t, J = 2.4 Hz), 125.4,
118.9, 117.9 (t, J = 22.9 Hz), 117.1, 111.7 (t, J = 251.9 Hz), 63.4, 13.8;
19F NMR (470 MHz, CDCl3) δ 98.0 (s, 2 F); HRMS (ESI) calcd for
[M + H]+ C19H14ClF2O4 379.0543, found 379.0538.

Ethyl 2-(6-Bromo-2-oxo-4-phenyl-2H-chromen-3-yl)-2,2-difluoro-
acetate (2f): White solid (92.4 mg, 73%); mp 121−123 °C; 1H NMR
(400 MHz, CDCl3) δ 7.58 (d, 1 H, J = 1.6 Hz), 7.52 (t, 3 H, J = 3.2
Hz), 7.29−7.35 (m, 3 H), 6.92 (d, 1H, J = 3.2 Hz), 4.35 (q, 2 H, J =
7.2 Hz), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ
162.6 (t, J = 32.0 Hz), 158.3 (t, J = 4.4 Hz), 155.6, 153.2, 132.4, 129.8,
129.3, 128.4, 128.3, 127.8, 127.5 (t, J = 2.4 Hz), 120.0, 119.2, 118.2 (t,
J = 22.9 Hz), 111.7 (t, J = 252.0 Hz), 63.3, 13.8; 19F NMR (470 MHz,
CDCl3) δ 98.0 (s, 2 F); HRMS (ESI) calcd for [M + H]+

C19H14BrF2O4 423.0038, found 423.0042.
Ethyl 2,2-Difluoro-2-(2-oxo-4,6-diphenyl-2H-chromen-3-yl)-

acetate (2g): White solid (107.1 mg, 85%); mp 102−104 °C; 1H
NMR (400 MHz, CDCl3) δ 7.61 (d, 3 H, J = 7.2 Hz), 7.44−7.54 (m, 7
H), 7.36 (t, 2 H, J = 3.6 Hz), 7.12 (d, 1 H, J = 8.4 Hz), 4.36 (q, 2 H, J
= 7.2 Hz), 1.35 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ
162.8 (t, J = 31.8 Hz), 159.2, 156.0, 153.6, 146.6, 138.6, 132.9, 129.23,
129.17, 129.1, 129.0, 128.3, 127.6 (t, J = 2.4 Hz), 127.3, 123.6, 119.1,
117.5 (t, J = 23.6 Hz), 114.9, 111.9 (t, J = 251.6 Hz), 63.3, 13.9; 19F
NMR (470 MHz, CDCl3) δ 97.7 (s, 2 F); HRMS (ESI) calcd for [M +
H]+ C25H19F2O4 421.1246, found 421.1240.

Ethyl 2,2-Difluoro-2-(2-oxo-4-phenyl-6-(trifluoromethoxy)-2H-
chromen-3-yl)acetate (2h): White solid (105.3 mg, 82%); mp 89−
90 °C; 1H NMR (400 MHz, CDCl3) δ 7.52−7.54 (m, 3 H), 7.31−7.33
(m, 2 H), 7.28 (s, 1 H), 7.13 (d, 1 H, J = 7.2 Hz), 7.07 (d, 1 H, J = 8.8
Hz), 4.35 (q, 2 H, J = 7.2 Hz), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR
(125 MHz, CDCl3) δ 162.5 (t, J = 31.8 Hz), 158.4 (t, J = 4.3 Hz),
155.3, 153.8, 152.4, 132.4, 130.5, 129.3, 128.4, 127.5 (t, J = 2.3 Hz),
120.2 (q, J = 257.8 Hz), 118.6, 118.0 (t, J = 22.6 Hz), 116.8, 111.6 (t, J
= 252.1 Hz), 108.7, 63. 4, 13.8; 19F NMR (470 MHz, CDCl3) δ 98.1

Scheme 1. Experiment for Mechanistic Study

Scheme 2. Plausible Reaction Mechanism
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(s, 2 F), 57.8 (s, 3 F); HRMS (ESI) calcd for [M + H]+ C20H14F5O5
429.0756, found 429.0759.
Ethyl 2,2-Difluoro-2-(6-methoxy-2-oxo-4-phenyl-2H-chromen-3-

yl)acetate (2i): White solid (97.6 mg, 87%); mp 77−79 °C; 1H NMR
(400 MHz, CDCl3) δ 7.49−7.50 (m, 3 H), 7.30−7.32 (m, 2 H), 6.95
(d, 1 H, J = 9.2 Hz), 6.87 (d, 1 H, J = 2.4 Hz), 6.76 (dd, 1 H, J1 = 9.2
Hz, J2 = 2.4 Hz), 4.35 (q, 2 H, J = 7.2 Hz), 3.89 (s, 3 H), 1.33 (t, 3 H, J
= 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 164.1, 163.0 (t, J = 32.1
Hz), 159.4 (t, J = 4.3 Hz), 156.4, 155.1, 133.2, 130.0, 129.0, 128.2,
127.6 (t, J = 2.5 Hz), 114.6 (t, J = 23.2 Hz), 113.6, 113.1, 112.1 (t, J =
250.8 Hz), 100.5, 63.2, 56.0, 13.8; 19F NMR (470 MHz, CDCl3) δ
97.1 (s, 2 F); HRMS (ESI) calcd for [M + H]+ C20H17F2O5 375.1039,
found 375.1035.
Ethyl 2,2-Difluoro-2-(6-iodo-2-oxo-4-phenyl-2H-chromen-3-yl)-

acetate (2j): White solid (73.3 mg, 52%); mp 95−97 °C; 1H NMR
(400 MHz, CDCl3) δ 7.79 (d, 1 H, J = 1.2 Hz), 7.51−7.55 (m, 4 H),
7.28−7.30 (m, 2 H), 6.74 (d, 1 H, J = 8.8 Hz), 4.35 (q, 2 H, J = 7.2
Hz), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 162.6
(t, J = 32.0 Hz), 158.2 (t, J = 4.5 Hz), 155.7, 152.8, 134.2, 132.4, 129.6,
129.3, 128.4, 127.5 (t, J = 2.5 Hz), 126.0, 119.7, 118.4 (t, J = 23.0 Hz),
111.7 (t, J = 252.1 Hz), 99.7, 63.4, 13.8; 19F NMR (470 MHz, CDCl3)
δ 98.0 (s, 2 F); HRMS (ESI) calcd for [M + H]+ C19H14F2IO4
470.9900, found 470.9904.
Ethyl 2,2-Difluoro-2-(7-methyl-2-oxo-4-phenyl-2H-chromen-3-

yl)acetate (2k): White solid (63.6 mg, 59%); mp 91−92 °C; 1H
NMR (400 MHz, CDCl3) δ 7.52 (t, 3 H, J = 3.2 Hz), 7.41 (d, 1 H, J =
8.4 Hz), 7.29−7.33 (m, 3 H), 6.82 (s, 1 H), 4.35 (q, 2 H, J = 7.2 Hz),
2.28 (s, 3 H),1.33 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ
162.8 (t, J = 31.9 Hz), 159.2 (t, J = 4.5 Hz), 156.1, 151.3, 134.7, 134.6,
133.0, 129.0, 128.4, 128.2, 127.6(t, J = 2.4 Hz), 119.8, 117.9 (t, J =
22.5 Hz), 116.6, 111.9 (t, J = 251.5 Hz), 63.2, 20.9, 13.8; 19F NMR
(470 MHz, CDCl3) δ 97.8 (s, 2 F); HRMS (ESI) calcd for [M + H]+

C20H17F2O4 359.1090, found 359.1089.
Ethyl 2,2-Difluoro-2-(5-methyl-2-oxo-4-phenyl-2H-chromen-3-

yl)acetate (2k′): Oil (15.8 mg, 15%); 1H NMR (400 MHz, CDCl3)
δ 7.50 (t, 3 H, J = 3.2 Hz), 7.46 (d, 1 H, J = 7.2 Hz), 7.30−7.32 (m, 2
H), 7.10 (t, 1 H, J = 7.2 Hz), 6.89 (d, 1 H, J = 8.0 Hz), 4.35 (q, 2 H, J
= 7.2 Hz), 2.50 (s, 3 H),1.34 (t, 3 H, J = 7.2 Hz); 13C NMR (125
MHz, CDCl3) δ 162.8 (t, J = 32.1 Hz), 159.1 (t, J = 4.6 Hz), 156.4,
151.5, 134.7, 133.2, 128.9, 128.2, 127.6 (t, J = 2.6 Hz), 126.5, 126.4,
124.7, 120.0, 117.7 (t, J = 22.6 Hz), 111.9 (t, J = 251.5 Hz), 63.2, 15.5,
13.8; 19F NMR (470 MHz, CDCl3) δ 97.8 (s, 2 F); HRMS (ESI) calcd
for [M + H]+ C20H17F2O4 359.1090, found 359.1093.
Ethyl 2,2-Difluoro-2-(6,7-dimethyl-2-oxo-4-phenyl-2H-chromen-

3-yl)acetate (2l): White solid (74.8 mg, 67%); mp 103−105 °C; 1H
NMR (400 MHz, CDCl3) δ 7.51 (t, 3 H, J = 3.2 Hz), 7.29−7.32 (m, 2
H), 7.19 (s, 1 H), 6.75 (s, 1 H), 4.34 (q, 2 H, J = 7.2 Hz), 2.36 (s, 3
H), 2.17 (s, 3 H), 1.33 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz,
CDCl3) δ 162.9 (t, J = 32.1 Hz), 159.4 (t, J = 4.5 Hz), 156.2, 151.6,
144.1, 133.8, 133.2, 128.9, 128.5, 128.2, 127.6 (t, J = 2.4 Hz), 117.8,
117.4, 116.8 (t, J = 22.9 Hz), 120.0 (t, J = 251.0 Hz), 63.1, 20.3, 19.4,
13.8; 19F NMR (470 MHz, CDCl3) δ 97.6 (s, 2 F); HRMS (ESI) calcd
for [M + H]+ C21H19F2O4 373.1246, found 373.1245.
Ethyl 2,2-Difluoro-2-(5,7-dimethyl-2-oxo-4-phenyl-2H-chromen-

3-yl)acetate (2m): White solid (78.1 mg, 70%); mp 115−117 °C;
1H NMR (400 MHz, CDCl3) δ 7.50−7.51 (m, 3 H), 7.28−7.31 (m, 3
H), 6.64 (s, 1 H), 4.35 (q, 2 H, J = 7.2 Hz), 2.46 (s, 3 H), 2.23 (s, 3
H), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 162.9 (t,
J = 32.0 Hz), 159.3, 156.5, 149.7, 136.0, 134.0, 133.3, 128.9, 128.2,
127.6 (t, J = 2.4 Hz), 126.09, 126.06, 119.7, 117.5 (t, J = 22.6 Hz),
111.9 (t, J = 251.2 Hz), 63.2, 20.9, 15.5, 13.8; 19F NMR (470 MHz,
CDCl3) δ 97.8 (s, 2 F); HRMS (ESI) calcd for [M + H]+ C21H19F2O4
373.1246, found 373.1248.
Ethyl 2,2-Difluoro-2-(6-methyl-2-oxo-4-p-tolyl-2H-chromen-3-yl)-

acetate (2p): White solid (92.6 mg, 83%); mp 101−103 °C; 1H NMR
(400 MHz, CDCl3) δ 7.31 (d, 2 H, J = 7.6 Hz), 7.17−7.21 (m, 3 H),
6.98−7.03 (m, 2 H), 4.34 (q, 2 H, J = 7.2 Hz), 2.46 (s, 3 H), 2.45 (s, 3
H), 1.33 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 162.9 (t,
J = 32.1 Hz), 159.3 (t, J = 4.5 Hz), 156.6, 153.2, 145.1, 139.0, 130.1,
128.9, 128.5, 127.6 (t, J = 2.5 Hz), 126.0, 117.9, 116.9, 116.8 (t, J =

22.6 Hz), 112.0 (t, J = 251.0 Hz), 63.1, 21.7, 21.4, 13.8; 19F NMR (470
MHz, CDCl3) δ 97.5 (s, 2 F); HRMS (ESI) calcd for [M + H]+

C21H19F2O4 373.1246, found 373.1249.
Ethyl 2,2-Difluoro-2-(6-methyl-2-oxo-4-m-tolyl-2H-chromen-3-

yl)acetate (2q): White solid (83.7 mg, 75%); mp 93−95 °C; 1H
NMR (400 MHz, CDCl3) δ 7.38 (t, 1 H, J = 7.6 Hz), 7.29 (d, 1H, J =
8.4 Hz), 7.20 (s, 1 H), 7.11 (d, 2 H, J = 7.6 Hz), 7.02 (d, 1 H, J = 8.4
Hz), 6.96 (d, 1 H, J = 8.4 Hz), 4.35 (q, 2 H, J = 7.2 Hz), 2.46 (s, 3 H),
2.42 (s, 3 H), 1.33 (t, 3 H, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3)
δ 162.9 (t, J = 31.9 Hz), 159.3 (t, J = 4.3 Hz), 156.4, 153.2, 145.2,
138.0, 133.0, 128.9, 129.7, 128.6, 128.09 (t, J = 2.3 Hz), 128.06, 126.0,
124.7 (t, J = 2.4 Hz), 117.9, 117.0, 116.7 (t, J = 22.8 Hz), 111.9 (t, J =
251.0 Hz), 63.1, 21.7, 21.5, 13.8; 19F NMR (470 MHz, CDCl3) δ 97.7
(s, 2 F); HRMS (ESI) calcd for [M + H]+ C21H19F2O4 373.1246,
found 373.1243.

Ethyl 2,2-Difluoro-2-(4-(4-fluorophenyl)-6-methyl-2-oxo-2H-
chromen-3-yl)acetate (2r): White solid (92.5 mg, 82%); mp 108−
110 °C; 1H NMR (400 MHz, CDCl3) δ 7.28−7.32 (m, 2 H), 7.18−
7.23 (m, 3 H), 7.04 (d, 1 H, J = 8.0 Hz), 6.93 (d, 1 H, J = 8.0 Hz), 4.35
(q, 2 H, J = 7.2 Hz), 2.47 (s, 3 H), 1.34 (t, 3 H, J = 7.2 Hz); 13C NMR
(125 MHz, CDCl3) δ 162.9 (t, J = 32.1 Hz), 159.3 (t, J = 4.5 Hz),
156.6, 153.2, 145.1, 139.0, 130.1, 128.9, 128.5, 127.6 (t, J = 2.5 Hz),
126.0, 117.9, 116.9, 116.8 (t, J = 22.6 Hz), 112.0 (t, J = 251.0 Hz),
63.1, 21.7, 21.4, 13.8; 19F NMR (470 MHz, CDCl3) δ 97.5 (s, 2 F),
112.0 (s, 1 F); HRMS (ESI) calcd for [M + H]+ C20H16F3O4
377.0995, found 377.0997.

Ethyl 2-(4-(4-Chlorophenyl)-6-methyl-2-oxo-2H-chromen-3-yl)-
2,2-difluoroacetate (2s): White solid (100.1 mg, 85%); mp 120−
122 °C; 1H NMR (400 MHz, CDCl3) δ 7.49 (d, 2 H, J = 8.4 Hz), 7.26
(d, 2 H, J = 8.4 Hz), 7.22 (s, 1 H), 7.04 (d, 1 H, J = 8.0 Hz), 6.92 (d, 1
H, J = 8.0 Hz), 4.35 (q, 2 H, J = 7.2 Hz), 2.47 (s, 3 H), 1.34 (t, 3 H, J =
7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 162.7 (t, J = 32.0 Hz), 159.0
(t, J = 4.5 Hz), 154.9, 153.2, 145.5, 135.2, 131.5, 129.1 (t, J = 2.5 Hz),
128.6, 128.1, 126.2, 117.4, 117.2 (t, J = 22.8 Hz), 117.1, 111.9 (t, J =
251.4 Hz), 63.2, 21.8, 13.8; 19F NMR (470 MHz, CDCl3) δ 97.4 (s, 2
F); HRMS (ESI) calcd for [M + H]+ C20H16ClF2O4 393.0699, found
393.0701.

Ethyl 2,2-Difluoro-2-(6-methyl-2-oxo-4-biphenyl-2H-chromen-3-
yl)acetate (2t): White solid (93.7 mg, 72%); mp 117−118 °C; 1H
NMR (400 MHz, CDCl3) δ 7.32 (d, 2 H, J = 8.0 Hz), 7.67 (d, 2 H, J =
7.6 Hz), 7.49 (t, 2 H, J = 7.6 Hz), 7.40 (t, 3 H, J = 8.0 Hz), 7.23 (s, 1
H), 7.04 (s, 2 H), 4.36 (q, 2 H, J = 7.2 Hz), 2.47 (s, 3 H), 1.34 (t, 3 H,
J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 162.9 (t, J = 32.1 Hz),
159.3 (t, J = 4.5 Hz), 156.1, 153.3, 145.3, 141.8, 140.0, 132.0, 129.0,
128.5, 128.2 (t, J = 2.6 Hz), 127.8, 127.1, 126.8, 126.1, 117.8, 117.1,
117.0 (t, J = 22.8 Hz), 112.0 (t, J = 251.4 Hz), 63.2, 21.8, 13.9; 19F
NMR (470 MHz, CDCl3) δ 97.4 (s, 2 F); HRMS (ESI) calcd for [M +
H]+ C26H21F2O4 435.1403, found 435.1406.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed experimental procedures and characterization of new
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: wjfu@lynu.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to the National Natural Science Foundation of
China (Project Nos. U1204205, 21202078, and 21363004) and
Program for Innovative Research Team (in Science and
Techno logy) in Unive r s i ty o f Henan Prov ince
(14IRTSTHN008).

The Journal of Organic Chemistry Note

DOI: 10.1021/acs.joc.5b00305
J. Org. Chem. 2015, 80, 4766−4770

4769

http://pubs.acs.org
mailto:wjfu@lynu.edu.cn
http://dx.doi.org/10.1021/acs.joc.5b00305


■ REFERENCES
(1) (a) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem.
Soc. Rev. 2008, 37, 320. (b) Erickson, J. A.; McLoughlin, J. I. J. Org.
Chem. 1995, 60, 1626. (c) Romanenko, V. D.; Kukhar, V. P. Chem.
Rev. 2006, 106, 3868. (d) Meanwell, N. A. J. Med. Chem. 2011, 54,
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