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The condensation reaction of 2-chloro-2-arylacetaldehyde with salicylaldehyde catalyzed by N-hetero-
cyclic carbene (NHC) leading to 3-arylcoumarin was studied. A number of 3-arylcoumarin derivatives
were obtained in good to excellent yields via this umpolung reaction. This reaction is facile and exper-
imentally simple and mild.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

3-Arylcoumarins as fundamental structures of drugs, natural
products, and organic materials have attracted great attention
during the past few decades because of their biological activities1

and photochemistry properties.2 Several reactions have been
employed to prepare 3-arylcoumarins. Pechmann condensation3 of
phenols with b-ketoesters affords 3-arylcoumarins (Eq. 1), which
requires strong acid catalyst, such as sulfuric acid, aluminum
chloride, or trifluoromethanesulfonic acid. Perkin reaction is one
of the most direct and widely used methods to prepare
3-arylcoumarins from salicylaldehydes and arylacetic acids or an-
hydrides, but it suffers from the need of harsh conditions, tedious
work-up, and unsatisfactory yields (Eq. 2).1c,4 Pd-catalyzed three-
component annulation of internal alkynes, 2-iodophenols, and
carbon monoxide is quite efficient giving 3-arylcoumarins in good
yields (Eq. 3).5 The reaction is not suitable for unsymmetric alkynes
since mixtures of regioisomers are formed. Functionalization via
transition-metal-catalyzed coupling reactions has also been re-
ported (Eq. 4),6 however, preformed coumarin nuclei are necessary.
wzz@zju.edu.cn (W. Chen),
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There are other synthetic strategies leading to 3-arylcoumarins
including microwave-assisted Pechmann condensation,7 the cou-
pling reaction between coumarin and potentially explosive ben-
zenediazonium salt8 as well as three-component reaction using in
situ generated benzyne as key intermediate.9

Synthesis of coumarins via umpolung reactions catalyzed by
N-heterocyclic carbene has been developed in recent years.10 Br€ase’s
group11 and our group12 have recently reported that 3-benzyl-cou-
marin could be prepared from salicylaldehyde and cinnamaldehyde
employing NHCs as catalyst (Eq. 5),12 however, the syntheticmethod
is not appropriate for 3-arylcoumarins. We envisioned that cinna-
maldehyde could proceed an intramolecular redox reaction medi-
ated by NHC in which the aldehyde group was oxidized to an ester
group and simultaneously the a,b carbonecarbon double bond was
reduced to a single bond. Thus 3-arylcoumarin could be obtained
when cinnamaldehyde was replaced by 2-arylacetaldehyde bearing
an oxidative group at a position. As a matter of fact, many functional
groups that have the higher oxidation state could act as oxidants in
the NHC catalyzed intramolecular redox reactions, such as carbon-
ehalogen bond,13 carboneoxygen bond,10a,14 carbonenitrogen
bond14a as well as carbonecarbon single bond.15

We found that 2-chloro-2-phenylacetaldehyde could undergo
such a redox reaction that the CeCl bond was reduced and the
aldehyde group was oxidized to ester group in the presence of
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Table 1
Optimization of reaction conditionsa
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a suitable NHC catalyst. In this paper, we report an efficient con-
densation reaction catalyzed by NHC between 2-chloro-2-
arylacetaldehydes and salicylaldehydes to yield 3-arylcoumarins
(Eq. 6).

ð1Þ

ð2Þ

ð3Þ

ð4Þ

ð5Þ

ð6Þ
Entry 3 Base Solvent Yield(%)

1 3c DBUb THF 19
2 3a Et3N THF 68
3 3b Et3N THF 23
4 3c Et3N THF 48
5 3d Et3N THF 32
6 3e Et3N THF 24
7 3f Et3N THF 15
2. Result and discussion

Monochlorinated aldehydes containing strong electron-
donating groups could be obtained in good yields through
Jørgensen’s direct chlorination16 (Scheme 1). Unfortunately, chlo-
rination of aldehydes without strong electron-donating groups
generatedmixtures of mono- and di-chlorinated products (2 and 20,
see Table S1 in Supplementary data). The monochlorinated alde-
hydes without strong electron-donating group could be obtained
through the reactions shown in Scheme 2. Benzaldehyde
Scheme 2. Synthesis of 2-chloro-2-arylacetaldehydes 2a and 2fek.17 Results: R¼H, 2a,
76%; 4-Me, 2f, 80%; 4-Cl, 2g, 53%; 4-Br, 2h, 65%; 4-F, 2i, 45%; [3,4]-benzo, 2j, 73%; [2,3]-
benzo, 2k, 69%.

Scheme 1. Synthesis of 2-chloro-2-arylacetaldehydes using Jørgensen’s method. Re-
sults: R¼H, 2a and 2a0 (3:1), 80%; 4-CH3O, 2b, 89%; 2-CH3O, 2c, 84%; 4-BocNH, 2d, 87%;
3-CH3O, 2e, 73%.
derivatives were first converted to 2-aryloxiranes by using in situ
generated CoreyeChaykovsky Reagent. Treatment of the resulting
2-aryloxiranes with concentrated hydrochloric acid afforded
2-chloro-2-arylethanols after ring cleavage. Further oxidation of
2-chloro-2-arylethanols with DesseMartin periodinane gave the
corresponding 2-chloro-2-arylacetaldehydes in up to 80% yield.

With these 2-chloro-2-arylacetaldehydes in hand, we tested
their condensation reactions with salicylaldehydes, and the results
were summarized in Table 1. Initially we used the reaction condi-
tion, which was proven suitable for the condensation of cinna-
maldehydes with salicylaldehydes employing 3c as NHC precursor
and DBU as base in THF (entry 1).12 Although we could obtain the
target product 5a, the yield was poor. When 3c and DBU were
replaced by 3a and Et3N, the yield of 5a was sharply increased to
68% from 19% (entry 2). This improvement strongly suggested that
the catalytic process was significantly affected by the NHC pre-
cursors and bases. The reactivity of NHCs is dominated by their
steric and electronic properties. Thus, we examined the influence of
the carbene precursors listed in Fig. 1. When electron-deficient
triazolium salt 3b was used, the reaction gave 5a in a poor yield
(entry 3). The NHC (IMes) generated from 3c are considered to be
one of the most electron-rich NHCs, however, 5awas only obtained
in 48% yield in the presence of 3c and Et3N (entry 4). When the
bulkier and electron-richer NHC (IPr) generated from 3d was used,
the annulation reaction proceeded with a poor yield (entry 5). The
NHCs derived from thiazolium salts 3e and 3f are considered to
have much less steric hindrance among the NHCs tested, however,
they were less active than 3a (entries 6 and 7). A brief survey of
solvent indicated that ethyl acetate was the most suitable solvent.
The use of THF, toluene, and 1,4-dioxane resulted in slightly lower
yields (entries 2, 9, and 11). 5awas obtained in 45% yield in CH2Cl2
even the reaction time was prolonged to 24 h maybe due to the
8 3a Et3N EtOAc 80
9 3a Et3N Toluene 69
10 3a Et3N CH2Cl2 45c

11 3a Et3N 1,4-Dioxane 66
12 3a DBU EtOAc 24
13 3a DIPEAd EtOAc 65
14 3a DMAPe EtOAc 77
15 3a DABCOf EtOAc 63
16 3a K2CO3 EtOAc 37
17 3a Et3N EtOAc 73g

18 3a Et3N EtOAc 30h

19 d Et3N EtOAc d

a Reaction conditions: 2a, 1 mmol; 4a, 0.5 mmol; 3, 0.05 mmol; base, 2 mmol; 4�A
MS, 0.5 g; solvent, 1 mL; 80 �C, 4 h.

b DBU (1,8-diazabicyclo[5.4.0]undec-7-ene).
c 30 �C, 24 h.
d DIPEA¼N,N-diisopropylethylamine.
e DMAP¼4-dimethylaminopryidine.
f DABCO¼1,4-diazabicyclo[2.2.2]octane triethylenediamine.
g Et3N, 1 mmol.
h 2-Bromo-2-phenylacetaldehyde was used instead of 2a.



Table 2
The reactions between 2-chloro-2-arylacetaldehydes and salicylaldehydea

Entry Substrate Product Yield (%)

1 85

2 82

3 65

4 57

5 84

6 58

7 62

8 32 (45b)

9 90

10 83

a Reaction condition: 2, 1.0 mmol; 4a, 0.5 mmol; 3a, 0.05 mmol; Et3N, 2.0 mmol;
4 �A MS, 0.5 g; ethyl acetate, 1 mL.

b 3a, 0.1 mmol.

Fig. 1. The N-heterocyclic carbene precursors.
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lower reaction temperature (entry 10). Among the bases tested,
Et3N was more suitable than other bases. Although DBU is often
used for the deprotonation of imidazolium salts, it led to a low yield
of 24% in the condensation of 2-chloro-2-phenylacetaldehyde with
salicylaldehyde (entry 12). DMAP was also a good base similar to
Et3N (entry 14). When the loading of basewas reduced, the reaction
gave 5a in a lower yield. Maybe higher concentration of base would
be beneficial to the elimination of hydrochloride (73%, entry 17).
Thus, we were able to obtain 5a in the yield of 80% at 80 �C in the
presence of 10 mol % of 3a and Et3N in ethyl acetate. Under the
optimized reaction conditions, the condensation of 2-bromo-2-
phenyl-acetaldehyde with 4a gave the same product 5a, however,
with a low yield of 30% (entry 18). The result of control experiment
shows that without NHC catalyst, the desired product could not be
obtained (entry 19).

We further examined the reactions of a number of 2-chloro-2-
arylacetaldehydes (2) with salicylaldehyde (4a), and the results
were listed in Table 2. The reactions of 2-chloro-2-arylacetaldehydes
bearing methoxy and methyl group at their para- and ortho-posi-
tions gave 5b, 5c, and 5f in up to 85% yield (entries 1, 2, and 5).
However 2dwas considered to be one of the electron-rich substrates
containing a protected amino group at the para-position, 5d was
obtained in a lower yield of 65% (entry 3). Generally, 2-chloro-2-
arylacetaldehyedes with electron-withdrawing groups furnished
corresponding products in lower yields, such as 2e bearing
a m-CH3O, 2g bearing a p-Cl and 2h bearing a p-Br (entries 4, 6, and
7). For p-F substituted aldehyde 2i, the yield of corresponding
product 5i could be increased to 45% when 20 mol % of 3a was
employed (entry 8). Aldehyde 2j furnished the corresponding
product 5j in an excellent yield of 90%, while a slightly lower yield of
83% was obtained for 5k (entries 9 and 10).

The reaction scope of variable salicylaldehydes (4) was in-
vestigated, and the corresponding products were obtained in up to
90% yield (Table 3). Salicylaldehydes having methoxy and methyl
groups at their 3- and 5-positions gave higher yields of corre-
sponding products due to the higher nucleophilic ability of the
hydroxy group (entries 1, 3, 10, and 11). The electron-withdrawing
groups, such as m-CH3O, Cl, and Br significantly lowered the yields
(entries 2, 6, 7, 8, and 9). The yield of 6ewas quite low, however, the
yield of its isomer 6f was dramatically high (entries 4 and 5). 4m
with two bulky tert-butyl groups generated 6m in moderate yield
due to the steric hindrance (entry 12). 4n with a protected amino
group furnished 6n in an excellent yield, which could generate an
active amino group for further functionalization after deprotection
(entry 13). The substrates containing an ester group or even an
extra hydroxy group provided the desired coumarin products 6o
and 6p, albeit in slightly reduced yields of 55% and 52%, respectively
(entries 14 and 15).
The deprotonation of triazolium salt yields the nucleophilic NHC
(Scheme 3). The nucleophilic addition of NHC to 2a is supposed to
form intermediate I. The enolate analogue II might result from I by
E1cb elimination. Nucleophilic addition of the 1,2-dipole equivalent
II to the carbonyl group of salicylaldehyde affords III. IV would be
generated through the following annulation of III. Protonization
and subsequent dehydration occur giving the final product 5a.



Scheme 3. Proposed reaction pathways.

Table 3
Influence of substituents on salicylaldehydesa

Entry Substrate Product Yield (%)

1 85

2 57

3 80

4 29

5 89

6 35

7 35

8 39

9 47

10 86

11 83

12 56

13 90

Table 3 (continued )

Entry Substrate Product Yield (%)

14 55

15 52b

a Reaction condition: 2a, 1.0 mmol; 4, 0.5 mmol; 3a, 0.05 mmol; Et3N, 2.0 m mol;
4 �A MS, 0.5 g; ethyl acetate, 1 mL.

b Et3N, 2.5 mmol.
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3. Conclusions

In summary, we have developed anN-heterocyclic carbene (NHC)
catalyzed condensation reaction using easily prepared 2-chloro-2-
arylacetaldehydes as substrates affording 3-arylcoumarins in mod-
erate to good yields. The intermediate enolate analogue II existed in
alkaline environment was assumed to result from the E1cb elimi-
nation of tetrahedral intermediate I and act as a 1,2-dipole equiva-
lent. This condensation reaction is compatible with a wide range of
substituents, such as methyl, methoxy, fluorine, chlorine, bromine,
ester group, and hydroxyl group.
4. Experiment section

4.1. General information

All reactions were carried out under dry nitrogen atmosphere.
THF, 1,4-dioxane, and toluene were dried and freshly distilled from
sodium using benzophenone as an indicator. t-BuOH, dichloro-
methane (DCM), ethyl acetate (EA), and DMSO were dried by dis-
tillation from calcium hydride. Flash chromatography was carried
out with silica gel (silica gel, 300e400 mesh). Before the mea-
surement of melting point, the solid products were recrystallized
from petroleum ether and ethyl acetate. 1H and 13C NMR spectra
were recorded on Bruker AV-400 spectrometers with deuterated
chloroform, methyl sulfoxide, or acetone solutions of the com-
pounds at a temperature of 300 K. Chemical shifts (d) are expressed
in parts per million downfield to TMS at d¼0 ppm and coupling
constants (J) are expressed in Hertz. IR spectra were recorded on
a Bruker Vector-22 spectrophotometer and reported in cm�1. HRMS
were recorded on GC-TOF.
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4.2. Representative procedure for 2-chloro-2-phenylacetal-
dehyde (2a)17

Under the atmosphere of nitrogen, a mixture of trime-
thylsulfoxonium iodide (440 mg, 2.0 mmol) and NaH (60%, 96 mg,
2.4 mmol) in dry DMSO (2.0 mL) was stirred at 0 �C for 1 h. A so-
lution of benzaldehyde (191 mg, 1.8 mmol) in DMSO (1.8 mL) was
added and the resulting mixture was stirred for 3 h at room tem-
perature. The solution was separated by chloroform (20 mL) and
brine (100 mL). The organic layer was washed with brine
(30 mL�3) and then stirred with concentrated hydrochloric acid
(30 mL) for 3 h at room temperature. The heterogeneous mixture
was separated and the aqueous layer was extracted with chloro-
form (10 mL�3). The combined organic layers were dried over
anhydrous MgSO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography to afford 2-chloro-2-
phenylethanol (petroleum ether/EA¼4:1, Rf¼0.3). 1H NMR
(400 MHz, CDCl3) d: 7.42e7.31 (m, 5H), 4.99 (q, J¼1.5 Hz, 1H),
3.95e3.92 (m, 2H), 2.13 (br, 1H); 13C NMR (100 MHz, CDCl3) d:
138.0, 129.0, 129.0, 127.6, 68.0, 65.0; IR (neat): 3410, 2930, 1257,
1043, 752 cm�1; HRMS (TOFMS EIþ) calcd for C8H9ClO, m/z
156.0342, found 156.0345.

Under the atmosphere of nitrogen, DesseMartin periodinane
(920 mg, 2.16 mmol) was added into a solution of 2-chloro-2-
phenylethanol (282 mg, 1.8 mmol) in dichloromethane (10.0 mL).
After stirred for 1 h at room temperature, the heterogeneous
mixture was purified by flash chromatography (petroleum ether/
EA¼8:1, Rf¼0.4). 2a was obtained (211.4 mg, 76% over three steps)
as a pale yellow oil. 1H NMR (400 MHz, CDCl3) d: 9.52 (d, J¼2.8 Hz,
1H), 7.43e7.42 (m, 5H), 5.21 (d, J¼2.8 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d: 191.5, 133.1, 129.7, 129.4, 128.5, 65.2; IR (neat): 2925, 1688,
1255, 1047, 752 cm�1; HRMS (TOFMS EIþ) calcd for C8H7ClO, m/z
154.0185, found 154.0182.

2fek were prepared according to the procedure for 2a.

4.2.1. 2-Chloro-2-(4-tolyl)acetaldehyde (2f). Yield: 242.6 mg, 80%.
Yellow oil. Rf (petroleum ether/EA¼8:1) 0.4. Intermediate [2-chloro-
2-(p-tolyl)ethanol]: Rf (petroleum ether/EA¼4:1) 0.3. 1H NMR
(400 MHz, CDCl3) d: 7.30 (d, J¼8.0 Hz, 2H), 7.19 (d, J¼7.6 Hz, 2H),
4.98e4.95 (m,1H), 3.96e3.87 (m, 2H), 2.44 (br, 1H), 2.36 (s, 3H); 13C
NMR (100 MHz, CDCl3) d: 139.0, 135.0, 129.6, 127.5, 68.0, 65.0, 21.3;
IR (neat): 3400, 2930, 1285, 1180, 1121, 1047, 820, 754 cm�1; HRMS
(TOFMS EIþ) calcd for C9H11ClO, m/z 170.0498, found 170.0495. 2f:
1H NMR (400MHz, CDCl3) d: 9.51 (d, J¼3.2 Hz,1H), 7.29 (d, J¼8.4 Hz,
2H), 7.23 (d, J¼8.0 Hz, 2H), 5.18 (d, J¼3.2 Hz, 1H), 2.37 (s, 3H); 13C
NMR (100 MHz, CDCl3) d: 191.5, 140.0, 130.1, 130.1, 128.4, 65.2, 21.4;
IR (neat): 2923, 1683, 1610, 1283, 1178, 1121, 1045, 817, 754 cm�1;
HRMS (TOFMS EIþ) calcd for C9H9ClO, m/z 168.0342, found
168.0345.

4.2.2. 2-Chloro-2-(4-chlorophenyl)acetaldehyde (2g).18 Yield: 179.3
mg, 53%. Yellow oil. Rf (petroleum ether/EA¼8:1) 0.4. Intermediate
[2-chloro-2-(4-chlorophenyl)-ethanol]: Rf (petroleum ether/
EA¼4:1) 0.3. 1H NMR (400 MHz, CDCl3) d: 7.35 (s, 4H), 4.95 (t,
J¼6.4 Hz,1H), 3.90 (m, 2H), 2.34 (br,1H); 13C NMR (100MHz, CDCl3)
d: 136.6, 134.9, 129.1, 129.0, 67.8, 64.0; IR (neat): 3390, 2925, 1491,
1407, 1089, 1069, 1014, 825, 794, 756 cm�1; HRMS (TOFMS EIþ)
calcd for C8H8Cl2O, m/z 189.9952, found 189.9951. 2g: 1H NMR
(400 MHz, CDCl3) d: 9.51 (d, J¼2.8 Hz, 1H), 7.41 (d, J¼8.8 Hz, 2H),
7.34 (d, J¼8.4 Hz, 2H), 5.18 (d, J¼2.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d: 191.1, 135.9, 131.6, 129.8, 129.6, 64.4; IR (neat): 2925, 1688,
1490, 1146, 1085, 821, 747 cm�1; HRMS (TOFMS EIþ) calcd for
C8H6Cl2O, m/z 187.9796, found 187.9798.

4.2.3. 2-Chloro-2-(4-bromophenyl)acetaldehyde (2h). Yield: 272.1
mg, 65%. Brown oil. Rf (petroleum ether/EA¼8:1) 0.4. Intermediate
[2-(4-bromophenyl)-2-chloroethanol]: Rf (petroleum ether/EA¼4:1)
0.3. 1H NMR (400 MHz, CDCl3) d: 7.50 (d, J¼8.4 Hz, 2H), 7.28 (d,
J¼8.4 Hz, 2H), 4.93 (t, J¼6.4 Hz, 1H), 3.90 (m, 2H), 2.30 (br, 1H); 13C
NMR (100 MHz, CDCl3) d: 137.1, 132.1, 129.3, 123.0, 67.8, 64.0; IR
(neat): 3388, 1488, 1404, 1069, 1034, 1010, 821 cm�1; HRMS (TOFMS
EIþ) calcd for C8H8BrClO,m/z 233.9447, found 233.9448. 2h: 1H NMR
(400MHz, CDCl3) d: 9.49 (d, J¼2.4 Hz,1H), 7.55 (d, J¼8.8 Hz, 2H), 7.26
(d, J¼8.4 Hz, 2H), 5.17 (d, J¼2.4 Hz,1H); 13C NMR (100MHz, CDCl3) d:
191.1,132.5,132.0,130.0,124.0, 64.4; IR (neat): 2923,1730,1691,1588,
1488,1400,1131, 1071, 1009, 821, 741 cm�1; HRMS (TOFMS EIþ) calcd
for C8H6BrClO, m/z 231.9291, found 231.9293.

4.2.4. 2-Chloro-2-(4-fluorophenyl)acetaldehyde (2i). Yield: 139.7 mg,
45%. Yellow oil. Rf (petroleum ether/EA¼8:1) 0.4. Intermediate [2-
chloro-2-(4-fluorophenyl)ethanol]: Rf (petroleum ether/EA¼4:1)
0.3. 1H NMR (400 MHz, CDCl3) d: 7.41e7.37 (m, 2H), 7.09e7.04 (m,
2H), 4.97 (t, J¼6.6 Hz, 1H), 3.92e3.90 (m, 2H), 2.19 (br, 1H); 13C NMR
(100 MHz, CDCl3) d: 163.0 (d, J¼246.8 Hz), 134.0 (d, J¼3.0 Hz), 129.5
(d, J¼8.5 Hz), 115.9 (d, J¼21.8), 68.0, 64.2; IR (neat): 3395, 2925, 1511,
1428, 1297, 1236, 1155, 823 cm�1; HRMS (TOFMS EIþ) calcd for
C8H8ClFO, m/z 174.0248, found 174.0246. 2i: 1H NMR (400 MHz,
CDCl3) d: 9.52 (d, J¼2.8 Hz, 1H), 7.41e7.37 (m, 2H), 7.15e7.10 (m, 2H),
5.20 (d, J¼2.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d: 191.3, 163.5 (d,
J¼248.6 Hz), 130.4 (d, J¼9.3 Hz), 129.0 (d, J¼2.8 Hz), 116.5 (d,
J¼21.2 Hz), 64.4; IR (neat): 2925, 1680, 1603, 1511, 1428, 1294, 1232,
1158, 1050, 839, 768, 738 cm�1; HRMS (TOFMS EIþ) calcd for
C8H6ClFO, m/z 172.0091, found 172.0091.

4.2.5. 2-Chloro-2-(naphthalen-2-yl)acetaldehyde (2j). Yield: 168.7
mg, 73%. Yellow oil. Rf (petroleum ether/EA¼6:1) 0.5. Intermediate
[2-chloro-2-(naphthalen-2-yl)ethanol]: Rf (petroleum ether/
EA¼3:1) 0.4. 1H NMR (400 MHz, CDCl3) d: 7.89e7.83 (m, 4H),
7.53e7.45 (m, 3H), 5.17e5.14 (m, 1H), 4.08e3.98 (m, 2H), 2.27 (br,
1H); 13C NMR (100 MHz, CDCl3) d: 135.2, 133.5, 133.1, 129.0, 128.2,
127.9,127.1,126.9,126.8,124.8, 67.9, 65.1; IR (neat): 3441, 3054, 2923,
1122, 1039, 858, 817, 747 cm�1; HRMS (TOFMS EIþ) calcd for
C12H11ClO, m/z 206.0498, found 206.0498. 2j: 1H NMR (400 MHz,
CDCl3) d: 9.62 (d, J¼2.4 Hz,1H), 7.91e7.85 (m, 4H), 7.57e7.53 (m, 2H),
7.47 (dd, J¼8.8,1.6 Hz,1H), 5.39 (d, J¼2.4 Hz,1H); 13C NMR (100MHz,
CDCl3) d: 191.5, 133.7, 133.3, 130.3, 129.5, 128.4, 128.3, 128.0, 127.4,
127.1, 125.1, 65.6; IR (neat): 2922, 1689, 1124, 1048, 817, 782,
748 cm�1; HRMS (TOFMS EIþ) calcd for C12H9ClO, m/z 204.0342,
found 204.0343.

4.2.6. 2-Chloro-2-(naphthalen-1-yl)acetaldehyde (2k). Yield: 254.0
mg, 69%. Yellow oil. Rf (petroleum ether/EA¼6:1) 0.5. Intermediate
[2-chloro-2-(naphthalen-1-yl)ethanol]: Rf (petroleum ether/
EA¼3:1) 0.4. 1H NMR (400 MHz, CDCl3) d: 8.13 (d, J¼8.4 Hz, 1H),
7.90 (d, J¼8.4 Hz, 1H), 7.86 (d, J¼8.4 Hz, 1H), 7.73 (d, J¼7.2 Hz, 1H),
7.59 (dt, J¼7.4, 1.3 Hz, 1H), 7.55e7.48 (m, 2H), 5.86 (t, J¼6.2 Hz, 1H),
4.17 (d, J¼6.0 Hz, 2H), 2.38 (br, 1H); 13C NMR (100 MHz, CDCl3) d:
133.9, 133.3, 130.7, 129.7, 129.2, 126.9, 126.1, 125.4, 125.4, 122.7, 67.3,
61.4; IR (neat): 3420, 3050, 2924, 1166, 1050, 797, 775 cm�1; HRMS
(TOFMS EIþ) calcd for C12H11ClO, m/z 206.0498, found 206.0497. 2k:
1H NMR (400 MHz, CDCl3) d: 9.69 (d, J¼1.6 Hz, 1H), 8.02 (d,
J¼8.4 Hz, 1H), 7.92 (d, J¼8.0 Hz, 2H), 7.65e7.50 (m, 4H); 13C NMR
(100 MHz, CDCl3) d: 192.0, 134.2, 130.8, 130.7, 129.3, 129.0, 128.0,
127.4, 126.6, 125.5, 123.2, 63.7; IR (neat): 2970, 1733, 1685, 1511,
1408, 1050, 774 cm�1; HRMS (TOFMS EIþ) calcd for C12H9ClO, m/z
204.0342, found 204.0343.

4.3. Representativeprocedure for2-chloro-2-(4-methoxyphenyl)
acetaldehyde (2b)18

At 0 �C, to a solution of 2-(4-methoxyphenyl)acetaldehyde
(300 mg, 2.0 mmol) and L-proline (23 mg, 0.2 mmol) in DCM
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(4.0 mL), N-chlorosuccinimide (0.32 g, 2.4 mmol) was added. The
mixture was stirred for 3 h at room temperature. 2b was obtained
(328.6 mg, 89%) as yellow oil by flash chromatography (petroleum
ether/EA¼6:1, Rf¼0.5). 1H NMR (400 MHz, CDCl3) d: 9.50
(d, J¼2.4 Hz, 1H), 7.32 (d, J¼8.4 Hz, 2H), 6.94 (d, J¼8.4 Hz, 2H), 5.18
(d, J¼2.4 Hz, 1H), 3.82 (s, 3H); 13C NMR (100 MHz, CDCl3) d: 191.4,
160.7,129.9,125.0,114.8, 65.1, 55.5; IR (neat): 2934,1686,1601,1511,
1249, 1172, 1028, 832, 735 cm�1; HRMS (TOFMS EIþ) calcd for
C9H9ClO2, m/z 184.0291, found 184.0291.

2c, 2d, and 2ewere prepared according to the procedure for 2b.

4.3.1. 2-Chloro-2-(2-methoxyphenyl)acetaldehyde (2c).18 Yield:
309.9 mg, 84%. Yellow oil. Rf (petroleum ether/EA¼6:1) 0.6. 1H NMR
(400 MHz, CDCl3) d: 9.62 (d, J¼1.6 Hz, 1H), 7.40e7.34 (m, 2H), 7.01
(t, J¼7.3 Hz, 1H), 6.93 (d, J¼8.0 Hz, 1H), 5.55 (s, 1H), 3.85 (s, 3H); 13C
NMR (100 MHz, CDCl3) d: 192.9, 156.9, 131.2, 130.5, 122.9, 121.3,
111.4, 61.4, 55.8; IR (neat): 2923, 1734, 1491, 1463, 1248, 1023,
753 cm�1; HRMS (TOFMS EIþ) calcd for C9H9ClO2, m/z 184.0291,
found 184.0292.

4.3.2. 2-Chloro-2-[4-(Boc-amino)phenyl]acetaldehyde (2d). Prepared
from 2-[4-(Boc-amino)phenyl]acetaldehyde.19 Yield: 468.9 mg, 87%.
Viscous oil. Rf (petroleum ether/EA¼5:1) 0.5. 1H NMR (400 MHz,
CDCl3) d: 9.49 (d, J¼2.8 Hz, 1H), 7.43 (d, J¼8.4 Hz, 2H), 7.32 (d,
J¼8.4 Hz, 2H), 6.56 (br, 1H), 5.16 (d, J¼2.8 Hz, 1H), 1.52 (s, 9H); 13C
NMR (100 MHz, CDCl3) d: 191.3, 139.9, 129.3, 127.1, 119.1, 81.2, 65.0,
28.4; IR (neat): 2972, 2904, 1701, 1400, 1232, 1053, 895 cm�1; HRMS
(TOFMS EIþ) calcd for C13H16ClNO3, m/z 269.0819, found 269.0818.

4.3.3. 2-Chloro-2-(3-methoxyphenyl)acetaldehyde (2e). Yield: 269.4
mg, 73%. Yellow oil. Rf (petroleum ether/EA¼6:1) 0.5. 1H NMR
(400 MHz, CDCl3) d: 9.49 (d, J¼2.4 Hz,1H), 7.35e7.30 (m,1H), 6.98 (t,
J¼7.6 Hz, 1H), 6.94e6.93 (m, 2H), 5.18 (d, J¼2.4 Hz, 1H), 3.81 (s, 3H);
13C NMR (100 MHz, CDCl3) d: 191.3, 160.2, 134.3, 130.5, 120.6, 115.3,
113.8, 65.2, 55.5; IR (neat): 2925, 1705, 1495, 1249, 1030, 755 cm�1;
HRMS (TOFMS EIþ) calcd for C9H9ClO2, m/z 184.0291, found
184.0291.
4.4. General procedure for 3-arylcoumarins (5 and 6)

Representative experimental procedure for 3-phenylcoumarin
(5a).20 Under an atmosphere of nitrogen, a mixture of 3a
(18.4 mg, 0.05 mmol), 4�AMS (0.5 g), Et3N (202.0 mg, 2.0 mmol), 2-
chloro-2-phenylacetaldehyde (1.0 mmol), and salicylaldehyde
(0.5 mmol) in ethyl acetate (1.0 mL) was heated at 80 �C for 4 h. The
mixture was filtered and the residue was washed with 5 mL ethyl
acetate. The filtrate was concentrated and the crude product was
purified by flash chromatography (petroleum ether/EA¼4:1,
Rf¼0.5). 5a was obtained as a white solid (88.5 mg, 80%). Mp:
139e141 �C. 1H NMR (400 MHz, CDCl3) d: 7.82 (s, 1H), 7.71
(d, J¼7.6 Hz, 2H), 7.55 (d, J¼8.0 Hz, 1H), 7.53 (d, J¼8.8 Hz, 1H),
7.47e7.41 (m, 3H), 7.37 (d, J¼8.4 Hz, 1H), 7.30 (t, J¼7.6 Hz, 1H); 13C
NMR (100 MHz, CDCl3) d: 160.7, 153.7, 140.0, 134.9, 131.5, 129.0,
128.7, 128.6, 128.5, 128.1, 124.7, 119.8, 116.6; IR (neat): 2979, 1710,
1610, 1400, 1250, 1055, 755 cm�1; HRMS (TOFMS EIþ) calcd for
C15H10O2, m/z 222.0681, found 222.0681.

4.4.1. 3-(4-Methoxyphenyl)coumarin (5b).20 Yield: 107.2 mg, 85%.
White solid. Mp: 141e142 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.77 (s, 1H), 7.68 (d, J¼8.4 Hz, 2H), 7.53
(d, J¼7.6 Hz, 1H), 7.50 (d, J¼7.6 Hz, 1H), 7.36 (d, J¼8.4 Hz, 1H), 7.29
(t, J¼8.0 Hz, 1H), 6.98 (d, J¼8.8 Hz, 2H), 3.86 (s, 3H); 13C NMR
(100 MHz, CDCl3) d: 160.9, 160.3, 153.4, 138.6, 131.1, 130.0, 128. 0,
127.9, 127.2, 124.6, 120.0, 116.5, 114.1, 55.5; IR (neat): 2970, 1721,
1605, 1505, 1238, 753 cm�1. HRMS (TOFMS EIþ) calcd for C16H12O3,
m/z 252.0786, found 252.0787.

4.4.2. 3-(2-Methoxyphenyl)coumarin (5c).8 Yield: 103.2 mg, 82%.
White solid. Mp: 140e141 �C. Rf (petroleum ether/EA¼4:1) 0.5. 1H
NMR (400 MHz, CDCl3) d: 7.74 (s, 1H), 7.53e7.49 (m, 2H), 7.41e7.36
(m, 3H), 7.28 (t, J¼7.2 Hz, 1H) 7.05e6.99 (m, 2H), 3.83 (s, 3H); 13C
NMR (100 MHz, CDCl3) d: 160.5, 157.4, 153.9, 141.9, 131.3, 130.9,
130.4, 128.0, 126.8, 124.4, 124.2, 120.8, 119.7, 116.7, 111.5, 55.9; IR
(neat): 2962, 1723, 1605, 1491, 1458, 1244, 1124, 1099, 1049, 1024,
751 cm�1; HRMS (TOFMS EIþ) calcd for C16H12O3, m/z 252.0786,
found 252.0786.

4.4.3. 3-[4-(Boc-amino)phenyl]coumarin (5d). Yield: 109.6 mg, 65%.
Yellow solid. Mp: 177e178 �C. Rf (petroleum ether/EA¼4:1) 0.5. 1H
NMR (400 MHz, CDCl3) d: 7.77 (s, 1H), 7.66 (d, J¼8.8 Hz, 2H),
7.54e7.48 (m, 2H), 7.44 (d, J¼8.4 Hz, 2H), 7.34 (d, J¼8.0 Hz, 1H), 7.28
(t, J¼6.8 Hz,1H), 6.73 (br,1H),1.53 (s, 9H); 13C NMR (100MHz, CDCl3)
d: 160.7, 153.5, 152.8, 139.2, 139.0, 131.3, 129.4, 129.3, 128.0, 127.8,
124.6, 119.9, 118.3, 116.5, 80.9, 28.5; IR (neat): 2977, 1716, 1610, 1522,
1230,1154, 1052, 735 cm�1; HRMS (TOFMS EIþ) calcd for C20H19NO4,
m/z 337.1314, found 337.1315. Anal. Calcd for C20H19NO4: C, 71.20; H,
5.68; N, 4.15. Found: C, 71.31; H, 5.71; N, 4.03.

4.4.4. 3-(3-Methoxyphenyl)coumarin (5e).6b Yield: 72.0 mg, 57%.
White solid. Mp: 78e79 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.81 (s, 1H), 7.54e7.50 (m, 2H), 7.37e7.33
(m, 2H), 7.31e7.26 (m, 3H), 6.95 (dd, J¼8.2, 1.4 Hz, 1H), 3.85 (s, 3H);
13C NMR (100 MHz, CDCl3) d: 160.6, 159.7, 153.6, 140.2, 136.1, 131.6,
129.6, 128.2, 128.1, 124.6, 121.0, 119.7, 116.6, 114.6, 114.3, 55.5; IR
(neat): 2970, 2904, 1720, 1603, 1456, 1260, 1105, 1046, 787, 755,
692 cm�1; HRMS (TOFMS EIþ) calcd for C16H12O3, m/z 252.0786,
found 252.0788.

4.4.5. 3-(4-Tolyl)coumarin (5f).21 Yield: 98.9 mg, 84%. White solid.
Mp: 157e158 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H NMR
(400 MHz, CDCl3) d: 7.80 (s, 1H), 7.61 (d, J¼8.4 Hz, 2H), 7.55e7.51
(m, 2H), 7.37 (d, J¼8.0 Hz, 1H), 7.32e7.26 (m, 3H), 2.41 (s, 3H); 13C
NMR (100 MHz, CDCl3) d: 160.9, 153.5, 139.4, 139.1, 131.9, 131.3,
129.3, 128.5, 128.4, 127.9, 124.6, 119.9, 116.5, 21.4; IR (neat): 2968,
1718,1610, 1272, 1102,1060, 753 cm�1; HRMS (TOFMS EIþ) calcd for
C16H12O2, m/z 236.0837, found 236.0837.

4.4.6. 3-(4-Chlorophenyl)coumarin (5g).22 Yield: 74.3 mg, 58%. Yel-
low solid.Mp: 184e185 �C. Rf (petroleum ether/EA¼6:1) 0.3. 1H NMR
(400 MHz, CDCl3) d: 7.83 (s, 1H), 7.67 (d, J¼8.4 Hz, 2H), 7.57e7.54 (m,
2H), 7.43 (d, J¼8.4 Hz, 2H), 7.38 (d, J¼8.8 Hz, 1H), 7.32 (t, J¼8.0 Hz,
1H); 13C NMR (100 MHz, CDCl3) d: 160.5, 153.7, 140.1, 133.2, 131.9,
130.2, 130.0, 128.9, 128.2, 127.3, 124.8, 119.6, 116.7; IR (neat): 2973,
2903,1713,1608,1512,1221,1072, 835, 755 cm�1; HRMS (TOFMS EIþ)
calcd for C15H9ClO2, m/z 256.0291, found 256.0293.

4.4.7. 3-(4-Bromophenyl)coumarin (5h).23 Yield: 93.3 mg, 62%.
White solid. Mp: 193e194 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.83 (s, 1H), 7.62e7.54 (m, 6H), 7.38 (d,
J¼8.4 Hz, 1H), 7.32 (t, J¼7.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) d:
160.4,153.6,140.1,133.7,131.9,131.8,130.2,128.2,127.2,124.8,123.3,
119.6, 116.6; IR (neat): 2972, 2903, 1715, 1608, 1510, 1218, 1056, 833,
752 cm�1; HRMS (TOFMS EIþ) calcd for C15H9BrO2, m/z 299.9786,
found 299.9784.

4.4.8. 3-(4-Fluorophenyl)coumarin (5i). Yield: 54.0 mg, 45%. White
solid. Mp: 152e154 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H NMR
(400 MHz, CDCl3) d: 7.80 (s, 1H), 7.72e7.68 (m, 2H), 7.56e7.52 (m,
2H), 7.37 (d, J¼8.8 Hz, 1H), 7.31 (t, J¼7.4 Hz, 1H), 7.16e7.11 (m, 2H);
13C NMR (100 MHz, CDCl3) d: 163.3 (d, J¼247.9 Hz), 160.7, 153.7,
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139.9, 131.7, 130.9 (d, J¼3.5 Hz), 130.6 (d, J¼8.8 Hz), 128.1, 127.5,
124.8, 119.7, 116.7, 115.7 (d, J¼21.6 Hz); IR (neat): 2972, 2904, 1721,
1605, 1510, 1227, 1072, 836, 757 cm�1; HRMS (TOFMS EIþ) calcd for
C15H9FO2, m/z 240.0587, found 240.0585. Anal. Calcd for C15H9FO2:
C, 75.00; H, 3.78. Found: C, 75.13; H, 3.82.

4.4.9. 3-(Naphthalen-2-yl)coumarin (5j).8 Yield: 122.4 mg, 90%.
Yellow solid. Mp: 178 �C. Rf (petroleum ether/EA¼6:1) 0.3. 1H NMR
(400MHz, CDCl3) d: 8.25 (s, 1H), 7.95 (s, 1H), 7.93e7.86 (m, 3H), 7.81
(d, J¼8.8 Hz, 1H), 7.60e7.51 (m, 4H), 7.41 (d, J¼8.0 Hz, 1H), 7.33
(t, J¼7.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) d: 160.8, 153.6, 140.3,
133.4, 133.2, 132.2, 131.6, 128.6, 128.2, 128.1, 127.7, 126.9, 126.5,
126.0, 124.7, 119.8, 116.6; IR (neat): 2972, 1715, 1608, 1505, 1411,
1257, 1071, 760 cm�1; HRMS (TOFMS EIþ) calcd for C19H12O2, m/z
272.0837, found 272.0838.

4.4.10. 3-(Naphthalen-1-yl)coumarin (5k).8 Yield: 112.8 mg, 83%.
Yellow solid. Mp: 154e156 �C. Rf (petroleum ether/EA¼6:1) 0.3. 1H
NMR (400 MHz, CDCl3) d: 7.92 (t, J¼7.6 Hz, 2H), 7.84 (s, 1H), 7.79
(d, J¼8.4 Hz, 1H), 7.62e7.45 (m, 7H), 7.35 (t, J¼7.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3) d: 161.0, 154.1, 143.0, 133.8, 132.8, 131.8, 131.7,
129.5, 128.7, 128.4, 128.1, 127.8, 126.6, 126.2, 125.4, 125.3, 124.7,
119.4,116.8; IR (neat): 2972,1718,1685,1511,1085, 755 cm�1; HRMS
(TOFMS EIþ) calcd for C19H12O2, m/z 272.0837, found 272.0838.

4.4.11. 6-Methoxy-3-phenylcoumarin (6b).24 Yield: 107.3 mg, 85%.
Pale yellow solid. Mp: 155e157 �C. Rf (petroleum ether/EA¼6:1) 0.5.
1H NMR (400 MHz, CDCl3) d: 7.78 (s, 1H), 7.70 (d, J¼7.2 Hz, 2H),
7.47e7.41 (m, 3H), 7.31 (d, J¼9.2 Hz, 1H), 7.14 (dd, J¼9.2, 2.4 Hz, 1H),
6.98 (d, J¼2.4 Hz, 1H), 3.87 (s, 3H); 13C NMR (100 MHz, CDCl3) d:
160.9, 156.3, 148.1, 139.8, 134.9, 129.0, 128.8, 128.7, 128.6, 120.2,
119.3, 117.6, 110.1, 56.0; IR (neat): 2969, 1722, 1611, 1511, 1255, 1051,
752 cm�1; HRMS (TOFMS EIþ) calcd for C16H12O3, m/z 252.0786,
found 252.0789.

4.4.12. 7-Methoxy-3-phenylcoumarin (6c).6c Yield: 71.8 mg, 57%.
White solid. Mp: 122e124 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.76 (s, 1H), 7.69 (d, J¼7.6 Hz, 2H),
7.45e7.36 (m, 4H), 6.87 (d, J¼7.6 Hz, 1H), 6.86 (s, 1H), 3.89 (s, 3H);
13C NMR (100 MHz, CDCl3) d: 162.7, 161.6, 155.4, 140.2, 135.1, 129.0,
128.6, 128.5, 124.9, 113.5, 112.9, 100.5, 55.9; IR (neat): 2973, 1717,
1238, 1607, 1506, 1238, 1055, 753 cm�1; HRMS (TOFMS EIþ) calcd
for C16H12O3, m/z 252.0786, found 252.0788.

4.4.13. 8-Methoxy-3-phenylcoumarin (6d).25 Yield: 100.7 mg, 80%.
White solid. Mp: 154e156 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.80 (s, 1H), 7.72 (d, J¼7.2 Hz, 2H),
7.47e7.40 (m, 3H), 7.22 (d, J¼8.0 Hz, 1H), 7.12 (d, J¼8.0 Hz, 1H), 7.08
(d, J¼8.0 Hz, 1H), 3.99 (s, 3H); 13C NMR (100 MHz, CDCl3) d: 160.1,
147.1, 143.2, 140.1, 134.8, 129.0, 128.6, 124.5, 120.4, 119.4, 113.3, 56.3;
IR (neat): 2977, 1713, 1608, 1508, 1277, 1100, 752 cm�1; HRMS
(TOFMS EIþ) calcd for C16H12O3, m/z 252.0786, found 252.0788.

4.4.14. 3-Phenyl-benzo[h]coumarin (6e).26 Yield: 39.5 mg, 29%.
Yellow solid. Mp: 213e215 �C. Rf (petroleum ether/EA¼5:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 8.61e8.59 (m, 1H), 7.95 (s, 1H), 7.90e7.88
(m, 1H), 7.79 (d, J¼6.8 Hz, 2H), 7.70 (d, J¼8.8 Hz, 1H), 7.67e7.64
(m, 2H), 7.53e7.41 (m, 4H); 13C NMR (100 MHz, CDCl3) d: 160.9,
150.8, 140.8, 135.0, 134.8, 129.0, 128.8, 128.7, 128.6, 128.0, 127.8,
127.4, 124.7, 123.9, 123.1, 122.6, 115.3; IR (neat): 2976, 1729, 1605,
1403, 1265, 1124, 1053, 752, 692 cm�1; HRMS (TOFMS EIþ) calcd for
C19H12O2, m/z 272.0837, found 272.0838.

4.4.15. 2-Phenyl-benzo[f]coumarin (6f).27 Yield: 120.9 mg, 89%.
Yellow solid. Mp: 181e182 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 8.61 (s, 1H), 8.32 (d, J¼8.4 Hz, 1H), 8.00
(d, J¼9.2 Hz, 1H), 7.94 (d, J¼8.0 Hz, 1H), 8.12 (d, J¼6.8 Hz, 2H), 7.71
(t, J¼7.8 Hz, 1H), 7.59 (t, J¼7.6 Hz, 1H), 7.53e7.43 (m, 4H); 13C NMR
(100 MHz, CDCl3) d: 160.8, 153.2, 135.9, 135.2, 132.9, 130.4, 129.2,
129.0, 128.7, 128.3, 127.3, 126.2, 121.5, 116.8, 113.9; IR (neat): 2970,
1731, 1605, 1403, 1258, 1055, 758, 696 cm�1; HRMS (TOFMS EIþ)
calcd for C19H12O2, m/z 272.0837, found 272.0839.

4.4.16. 6-Chloro-3-phenylcoumarin (6g).28 Yield: 44.9 mg, 35%.
White solid. Mp: 200 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H NMR
(400 MHz, CDCl3) d: 7.74 (s, 1H), 7.69 (d, J¼7.2 Hz, 2H), 7.53 (s, 1H),
7.49e7.41 (m, 4H), 7.32 (d, J¼8.8 Hz,1H); 13C NMR (100MHz, CDCl3)
d: 160.2, 152.0, 138.6, 134.4, 131.5, 129.9, 129.7, 129.4, 128.7, 127.2,
120.9, 118.1; IR (neat): 2972, 2903, 1709, 1603, 1225, 1070, 780,
696 cm�1; HRMS (TOFMS EIþ) calcd for C15H9ClO2, m/z 256.0291,
found 256.0293.

4.4.17. 8-Chloro-3-phenylcoumarin (6h).29 Yield: 44.8 mg, 35%.
White solid. Mp: 167e169 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.79 (s, 1H), 7.70 (d, J¼7.2 Hz, 2H), 7.57
(d, J¼8.0 Hz, 1H), 7.47e7.40 (m, 4H), 7.23 (t, J¼7.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3) d: 159.6, 149.4, 139.5, 134.3, 131.8, 129.3, 129.2,
128.7, 126.5, 124.8, 121.4, 121.1; IR (neat): 2972, 2904, 1711, 1600,
1450, 1225, 1109, 1072, 778, 692 cm�1; HRMS (TOFMS EIþ) calcd for
C15H9ClO2, m/z 256.0291, found 256.0292.

4.4.18. 6-Bromo-3-phenylcoumarin (6i).4d Yield: 58.7 mg, 39%.
White solid. Mp: 170e171 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.73 (s, 1H), 7.70e7.68 (m, 3H), 7.62 (dd,
J¼8.8, 2.0 Hz,1H), 7.48e7.43 (m, 3H), 7.26 (t, J¼4.0 Hz,1H); 13C NMR
(100 MHz, CDCl3) d: 160.1, 152.4, 138.5, 134.3, 134.2, 130.3, 129.6,
129.4, 128.7, 121.3, 118.3, 117.2; IR (neat): 2971, 1710, 1607, 1218,
1054, 835, 756 cm�1; HRMS (TOFMS EIþ) calcd for C15H9BrO2, m/z
299.9786, found 299.9784.

4.4.19. 8-Bromo-3-phenylcoumarin (6j).29 Yield: 70.7 mg, 47%.
White solid. Mp: 185e186 �C. Rf (petroleum ether/EA¼8:1) 0.3. 1H
NMR (400 MHz, CDCl3) d: 7.78 (s, 1H), 7.75 (dd, J¼7.8, 1.4 Hz, 1H),
7.70 (dd, J¼8.0, 1.6 Hz, 2H), 7.51e7.41 (m, 4H), 7.18 (t, J¼7.8 Hz, 1H);
13C NMR (100 MHz, CDCl3) d: 159.7, 150.3, 139.5, 134.9, 134.2, 129.3,
129.1, 128.7, 128.6, 127.3, 125.3, 121.0, 110.0; IR (neat): 2976, 2906,
1713, 1598, 1400, 1221, 1068, 782, 697 cm�1; HRMS (TOFMS EIþ)
calcd for C15H9BrO2, m/z 299.9786, found 299.9785.

4.4.20. 6-Methyl-3-phenylcoumarin (6k).1c Yield: 101.5 mg, 86%.
White solid. Mp: 144e145 �C. Rf (petroleum ether/EA¼6:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.73 (s, 1H), 7.68 (dd, J¼8.2, 1.4 Hz, 2H),
7.45e7.38 (m, 3H), 7.31 (d, J¼7.6 Hz, 1H), 7.30 (s, 1H), 7.23
(d, J¼9.2 Hz, 1H), 2.40 (s, 3H); 13C NMR (100 MHz, CDCl3) d: 160.9,
151.7, 140.0, 134.9, 134.3, 132.6, 128.9, 128.6, 128.5, 128.2, 127.8,
119.5, 116.2, 20.9; IR (neat): 2971, 2905, 1718, 1618, 1294, 1104, 1073,
958, 787, 694 cm�1; HRMS (TOFMS EIþ) calcd for C16H12O2, m/z
236.0837, found 236.0836.

4.4.21. 8-Methyl-3-phenylcoumarin (6l).25 Yield: 98.0 mg, 83%.
White solid. Mp: 112e114 �C. Rf (petroleum ether/EA¼5:1) 0.4. 1H
NMR (400 MHz, CDCl3) d: 7.79 (s, 1H), 7.71 (dd, J¼8.2, 1.4 Hz, 2H),
7.19 (t, J¼7.4 Hz, 1H), 7.48e7.40 (m, 3H), 7.37 (d, J¼7.6 Hz, 2H), 2.50
(s, 3H); 13C NMR (100 MHz, CDCl3) d: 160.8, 152.0, 140.4, 135.0,
132.8, 128.9, 128.6, 128.0, 126.0, 125.8, 124.2, 119.5, 15.6; IR (neat):
2971, 2905, 1712, 1602, 1227, 1109, 1062, 777, 736, 696 cm�1; HRMS
(TOFMS EIþ) calcd for C16H12O2, m/z 236.0837, found 236.0837.

4.4.22. 6,8-Di-tert-butyl-3-phenylcoumarin (6m). Yield: 93.6 mg,
56%.White solid. Mp: 140e141 �C. Rf (petroleum ether/EA¼6:1) 0.5.
1H NMR (400 MHz, CDCl3) d: 7.84 (s, 1H), 7.77e7.75 (m, 2H), 7.61
(d, J¼2.4 Hz, 1H), 7.47e7.38 (m, 4H), 1.58 (s, 9H), 1.40 (s, 9H); 13C



Y. Jiang et al. / Tetrahedron 69 (2013) 3669e36763676
NMR (100 MHz, CDCl3) d: 160.5, 150.4, 146.8, 141.4, 137.1, 135.1,
128.7, 128.6, 128.5, 127.1, 126.8, 122.7, 119.7, 35.2, 34.8, 31.5, 30.1; IR
(neat): 2968, 2904, 1715, 1452, 1397, 1229, 1110, 1072, 950, 899,
696 cm�1; HRMS (TOFMS EIþ) calcd for C23H26O2, m/z 334.1933,
found 334.1934. Anal. Calcd for C23H26O2: C, 82.60; H, 7.84. Found:
C, 82.69; H, 7.91.

4.4.23. 6-(Boc-amino)-3-phenylcoumarin (6n). Prepared from 2a
(154.5 mg, 1.0 mmol) and 4n30 (118.6 mg, 0.5 mmol). Yield:
151.7 mg, 90%. Yellow solid. Mp: 133e135 �C. Rf (petroleum ether/
EA¼4:1) 0.4. 1H NMR (400 MHz, CDCl3) d: 7.85 (s, 1H), 7.78 (s, 1H),
7.68 (d, J¼6.8 Hz, 2H), 7.47e7.41 (m, 3H), 7.28 (s, 2H), 6.62 (br, 1H),
1.53 (s, 9H); 13C NMR (100 MHz, CDCl3) d: 160.9, 153.0, 149.3, 140.0,
135.2, 134.8, 129.0, 128.7, 128.6, 122.3, 120.0, 116.8, 116.7, 81.1, 28.4;
IR (neat): 2979, 1706, 1619, 1579, 1539, 1229, 1158, 1111, 1055 cm�1;
HRMS (TOFMS EIþ) calcd for C20H19NO4, m/z 337.1314, found
337.1317. Anal. Calcd for C20H19NO4: C, 71.20; H, 5.68; N, 4.15.
Found: C, 71.33; H, 5.75; N, 4.06.

4.4.24. 6-Ethoxy-carbonyl-3-phenylcoumarin (6o). Prepared from
2a (154.5 mg, 1.0 mmol) and 4o31 (97.1 mg, 0.5 mmol). Yield:
80.9 mg, 55%. White solid. Mp: 180e181 �C. Rf (petroleum ether/
EA¼3:1) 0.4. 1H NMR (400 MHz, CDCl3) d: 8.28 (d, J¼2.0 Hz, 1H),
8.20 (dd, J¼9.0, 1.8 Hz,1H),7.87 (s, 1H), 7.72e7.70 (m, 2H), 7.49e7.40
(m, 4H), 4.42 (d, J¼7.2 Hz, 2H), 1.43 (t, J¼7.0 Hz, 3H); 13C NMR
(100 MHz, CDCl3) d: 165.4, 160.0, 156.3, 139.4, 134.3, 132.4, 130.0,
129.3, 129.2, 128.7, 128.6, 127.1, 119.5, 116.7, 61.6, 14.4; IR (neat):
2975, 2905, 1720, 1690, 1613, 1505, 1398, 1225, 1147, 1060, 853,
754 cm�1; HRMS (TOFMS EIþ) calcd for C18H14O4, m/z 294.0892,
found 294.0893. Anal. Calcd for C18H14O4: C, 73.46; H, 4.79. Found:
C, 73.53; H, 4.86.

4.4.25. 6-Hydroxy-3-phenylcoumarin (6p).4c Prepared from 2a
(154.5 mg, 1.0 mmol) and 4p32 (69.1 mg, 0.5 mmol) in the presence
of Et3N (252.5 mg, 2.5 mmol). Yield: 61.9 mg, 52%. White solid. Mp:
201e203 �C. Rf (petroleum ether/EA¼2:1) 0.3. 1H NMR (400 MHz,
Acetone-d6) d: 7.72 (s, 1H), 7.69 (dd, J¼7.6, 1.2 Hz, 2H), 7.47e7.41
(m, 3H), 7.25 (d, J¼8.8 Hz, 1H), 7.04 (dd, J¼8.8, 3.2 Hz, 1H), 6.97
(d, J¼2.4 Hz, 1H), 5.50 (br, 1H); 13C NMR (100 MHz, Acetone-d6) d:
159.9, 153.9, 147.3, 140.0, 135.3, 128.6, 128.5, 128.1, 127.9, 120.4,
119.5, 116.8, 112.6; IR (neat): 3220, 2977, 1710, 1620, 1510, 1215,
763 cm�1; HRMS (TOFMS EIþ) calcd for C15H10O3, m/z 238.0630,
found 238.0630.
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