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a b s t r a c t

Tri- and tetrasubstituted NeH pyrroles were prepared by the simple treatment of vinyl azides with 1,3-
dicarbonyl compounds in toluene at 100 �C via 2H-azirine intermediates generated in situ. When the
reactions of vinyl azides and 1,3-dicarbonyl compounds were performed in DMF in the presence of
a catalytic amount of K2CO3, 1-vinyl-1,2,3-triazoles were obtained via 1,3-dipolar cycloaddition. These
methodologies exploited orthogonal modes of chemical reactivity of vinyl azides, which could be ach-
ieved by slight modification of the reaction conditions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen-containing heterocyclic compounds (azaheterocycles)
are one of the most abundant components in numerous natural
products, potent pharmaceutical drugs, and various kinds of func-
tional materials. Although diverse synthetic approaches toward
azaheterocycles have been developed,1 versatile and flexible
methodologies to construct azaheterocycles with selective control
of substitution patterns using readily available building blocks are
still needed.

We have recently been interested in the application of vinyl
azides as a three atom unit including one nitrogen to synthesize
azaheterocycles. One of the intriguing chemical features of vinyl
azides 1 is their thermal denitrogenative decomposition to
highly strained three-membered cyclic imines, 2H-azirines 2 via
vinyl nitrene intermediates (Scheme 1).2 During the course of
our study on the chemistry of the 2H-azirine derivatives,3,4 we
found that the reaction of 2H-azirine 2a with acetylacetone (3a)
in 1,2-dichloroethane at room temperature was slow, but gave
tetrasubstituted pyrrole 4aa in quantitative yield after 33 h
(Scheme 2).
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Although the reaction of 2H-azirine 2a with acetylacetone (3a)
in THF has been reported, the yield of pyrrole 4aa was low.5 The
high yield of 4aa in the above reaction (Scheme 2) prompted us to
study the pyrrole formation in detail. The reaction may proceed
through the addition of acetylacetone (3a) to the imino carbon of
2a,6 followed by the intramolecular nucleophilic attack of the ni-
trogen of the resulting aziridine to a carbonyl group with the ring
opening of the strained three-membered ring as reported in the
reactions with ketone enolates or enamines.7 While this reaction
seemed to be useful to synthesize pyrroles, most of 2H-azirines
were difficult to prepare and to handle due to their instability.
Accordingly, we planned to use vinyl azides as precursors of

mailto:shunsuke@ntu.edu.sg
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
http://dx.doi.org/10.1016/j.tet.2011.08.006
http://dx.doi.org/10.1016/j.tet.2011.08.006
http://dx.doi.org/10.1016/j.tet.2011.08.006


E.P.J. Ng et al. / Tetrahedron 67 (2011) 7728e7737 7729
2H-azirines, which can be easily synthesized8 and handled (Scheme
3). This is a full account of the thermal reactions of vinyl azides with
1,3-dicarbonyl compounds for synthesis of pyrroles with broad
evaluation of scope and limitation.9,10 In addition, a methodology to
prepare 1,2,3-triazoles was exploited from the same combination of
the starting materials by slight modification of the reaction
conditions.
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2. Results and discussion

As proposed in Scheme 3, when a mixture of ethyl 2-azido-3-
(2,6-dichlorophenyl)acrylate (1a) and acetylacetone (3a) was
heated in toluene at 100 �C, pyrrole 4aa was obtained in 86% yield
(Table 1, entry 1). Various a-aryl pyrroles (R1¼aryl) were prepared
Table 1
Synthesis of pyrroles 4 by reactions of vinyl azides 1 and acetylacetone (3)a

a Unless otherwise noted, the reactions were carried out by heating a mixture of vinyl
2e24 h.
b Isolated yields were noted.
c The reaction was performed at 85 �C for 16 h.
d The reaction was performed at 85 �C for 20 h in the presence of 2 equiv of acetylacet
e The reaction was performed at reflux for 5 h.
from 2-azido cinnamates 1 possessing not only both electron-
donating and withdrawing groups (entries 2e8) on the phenyl
group but also with a pyridyl moiety (entry 9). Instead of a-
ethoxycarbonyl vinyl azides, a-acetyl and N,N-dimethylamino-
carbonyl vinyl azides 1j and 1k could be employed to give the
corresponding pyrroles 4ja and 4ka, respectively (entries 10 and
11). It is known that the thermolysis of 2-azido cinnamates and
their derivatives result in the formation of indoles via intra-
molecular CeH amination,11,12 whereas it is noteworthy that the
intermolecular reactions with acetylacetone (3a) gave pyrroles
exclusively without any indole formation. For the b-substituents
(R1) of azido acrylates 1, ethoxycarbonyl, alkyl, and hydrogen could
be introduced, giving the corresponding pyrroles in good yields
(entries 12e14). The reactions of a-aryl vinyl azides 1oez with
acetylacetone (3a) gave trisubstituted pyrroles 4, where not only
phenyl groups but also naphthyl, indolyl, pyrrolyl, and benzothio-
furanyl moieties could be installed on C2 of the pyrrole ring (entries
15e26). a-Alkyl vinyl azides (1aa) resulted in a smooth reaction
with 3a to give corresponding pyrrole (4aaa) in 82% yield (entry
27). 2-Azidostyrene (1bb) could also be applied for this thermal
pyrrole formation, giving trisubstituted pyrrole 4bba in 85% yield
(entry 28). Even trisubstituted vinyl azides 1cc and 1dd reacted
smoothly with acetylacetone (3a) to afford tetrasubstituted pyr-
roles 4cca and 4dda (entries 29 and 30).

We next examined the scope of 1,3-dicarbonyl compounds for
this pyrrole formation with vinyl azides (Table 2). The reactions of
azides 1 (0.3e0.5 mmol) and acetylacetone (3a) (1.2 equiv) in toluene at 100 �C for

one (3a).



Table 2
Scope on 1,3-dicarbonyl compoundsa

Entry Vinyl azides 1 1,3-Dicarbonyl compounds 3 Pyrroles 4b

1

2 3b

3 3b

4 1o

5

6 3d

7

8 3e

a The reactions were carried out by heating a mixture of vinyl azides 1 (0.3e0.5 mmol) and 1,3-dicarbonyl compounds 3 (1.2 equiv) in toluene at 100 �C for 2e24 h.
b Isolated yields were noted.
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1,3-diketones bearing alkenyl (for 3b) as well as phenyl (for 3c)
moiety with several vinyl azides 1 resulted in the corresponding
pyrroles 4 in good yields (entries 1e4). b-Oxo aldehyde 3d reacted
smoothly with vinyl azides 1b and 1l (entries 5 and 6), whereas tri-
and tetrasubstituted pyrroles 4 and 40 were obtained in almost 1:1
ratio via the nucleophilic attack of the nitrogen atom to both car-
bonyl groups (Scheme 3, A/B).
Although 1,3-diketones and b-oxo aldehyde could result in
smooth pyrrole formation, treatment of vinyl azides 1b and 1bb
with b-keto ester, ethyl acetoacetate (3e), gave desired pyrroles 4be
and 4bbe in only 30% and 58% yields, respectively, along with
complex mixtures (entries 7 and 8). From the reaction of 1b (entry
7) was detected a trace amount of very unstable lactam 5be, which
might be formed via the nucleophilic attack of the nitrogen atom to
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the ethoxycarbonyl group on aziridine intermediate A0 and resulted
in complex mixtures (Scheme 4).
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To improve the reaction of vinyl azides with b-keto esters, acid
and base additives were extensively screened.13 It was interestingly
found that the reaction of vinyl azides 1b with ethyl acetoacetate
(3e) in the presence of a catalytic amount of In(OTf)3 and mole-
cular sieve 4�A afforded pyrrole 4be in 45% yield along with 2-
ethoxypyrrole 6be in 45% (Scheme 5). The formation of 2-
ethoxypyrrole 6be might commence with nucleophilic attack of
the nitrogen atom of aziridine intermediate A0 to the ethoxycarbonyl
group to give indium(III) alcoholate B0, followed by elimination of
indium(III) hydroxide14 and subsequent isomerization.
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During the course of study on this thermal pyrrole formation, it
was also found that 1-vinyl-1,2,3-triazoles 7 were exclusively
formed from vinyl azides 1 and 1,3-dicarbonyl compounds 3 via
intermolecular 1,3-dipolar cycloaddition when the reactions were
run in DMF in the presence of a catalytic amount of K2CO3, at 40 �C.
The reaction has much tolerance for a wide range of functional
groups on vinyl azides 1, where not only aryl and heteroaryl groups
but also alkyl groups could be incorporated into 1-vinyl-1,2,3-
triazoles 7 by the reactions with 1,3-diketones (entries 1e13). In-
stead of 1,3-diketones, b-keto esters 3eeg could also be employed
for this transformation (entries 14e16). Although there have been
reported 1,3-dipolar cycloaddition reactions of organic azides with
enamines or enol ethers derived from the corresponding 1,3-
dicarbonyl compounds,15 the direct addition with 1,3-dicarbonyl
compounds under ambient reaction conditions are particularly
rare.16
3. Conclusion

In conclusion, tri- and tetrasubstituted NeH pyrroles were pre-
pared by the simple treatment of vinyl azides 1with 1,3-dicarbonyl
compounds 3 in toluene at 100 �C via 2H-azirine intermediates
generated in situ. When the reactions of vinyl azides and 1,3-
dicarbonyl compounds were performed in DMF in the presence of
a catalytic amount of K2CO3, 1-vinyl-1,2,3-triazoles 7were obtained
via 1,3-dipolar cycloaddition. These methodologies exploited or-
thogonal modes of chemical reactivity of vinyl azides 1, which could
be achieved by slight modification of the reaction conditions.
4. Experimental section

4.1. General

1H NMR (300 MHz) spectra were recorded on a Bruker Avance
300 spectrometers, 1H NMR (400 MHz) spectra were recorded on
an ECA JEOL 400 spectrometers, and 1H NMR (500 MHz) spectra on
a Bruker Avance 500 spectrometers in CDCl3 [using CHCl3 (for 1H,
d¼7.26) as internal standard]. 13C NMR (75 MHz) spectra on
a Bruker Avance 300 spectrometers, 13C NMR (100 MHz) spectra on
a Bruker Avance 400 spectrometers, and 13C NMR (125 MHz)
spectra on a Bruker Avance 500 spectrometers in CDCl3 [using
CHCl3 (for 13C, d¼77.0) as internal standard]. The following abbre-
viations were used to explain the multiplicities: s¼singlet,
d¼doublet, t¼triplet, m¼multiplet, br¼broad. IR spectra were
recorded on a Horiba FT 300-S by ATR method and on a Shimadzu
IR Prestige-21 FT-IR Spectrometer. High-resolution mass spectra
were obtained with a Q-Tof Premier LC HR mass spectrometer.
Melting points (uncorrected) were recorded on a Buchi B-54
melting point apparatus. Flash column chromatographs were per-
formed using Silicycle 60 silica gel with distilled eluting solvents.
Toluene was dried by passing over a column of activated alumina
(A-2, Purify) followed by a column of Q-5 scavenger (Engelhard).
N,N-Dimethylmethanamide (DMF) was purchased from Sigma-
eAldrich Co., Inc. Vinyl azides (1aeo and 1cc),13c (1p, 1r, 1s, 1u, 1v,
1y, 1aa, 1cc, and 1dd),13b (1q and 1x),17 and (1t, 1w, and 1z)18 were
prepared by the following literature procedures. 1,3-Dicarbonyl
compounds 3a, 3c, 3eeg were purchased from SigmaeAldrich
Co., Inc. and used without further purification. 1,10-Undecadiene-
5,7-dione 3b19 and 3-oxo-3-phenylpropanal 3d20 were prepared by
following the literature procedures.
4.2. Thermal formation of pyrroles 4 from vinyl azides 1 and
1,3-dicarbonyl compounds 3 (Tables 1 and 2)

A typical procedure. To a solutionof ethyl 2-azido-3-phenylacrylate
(1b) (108mg, 0.497 mmol) in toluene (5 mL) was added acetylace-
tone (3a) (76 mL, 0.60 mmol), and the reaction mixture was stirred at
100 �C for 3 h. The volatile materials were removed in vacuo, and the
resulting crude residuewaspurifiedbyflash columnchromatography
(silicagel;hexane/ethyl acetate/Et3N¼60:40:1), affordingpyrrole4ba
(125 mg, 0.461 mmol) in 93% yield.

4.2.1. Ethyl 4-acetyl-2-(2,6-dichlorophenyl)-5-methyl-1H-pyrrole-3-
carboxylate (4aa). Colorless crystal; mp 162e163 �C; IR (ZnSe)
3263 (br), 2981, 1705, 1682, 1639, 1417, 1381, 1290, 1192, 1151, 1076,
1020 cm�1; 1H NMR (400 MHz, CDCl3) d 0.96 (3H, t, J¼7.1 Hz), 2.42
(3H, s), 2.51 (3H, s), 4.06 (2H, q, J¼7.1 Hz), 7.28 (1H, t, J¼7.8 Hz), 7.37
(2H, d, J¼7.8 Hz), 8.55 (1H, br s); 13C NMR (100 MHz, CDCl3) d 13.1,
13.7, 31.2, 60.1, 114.8, 122.7, 127.6, 129.0, 130.4, 130.9, 134.0, 136.5,
163.8, 198.1. Anal. Found: C, 56.31; H, 4.44; N, 4.10%. Calcd for
C16H15Cl2NO3: C, 56.49; H, 4.44; N, 4.12%.



Table 3
Formation of 1-vinyl-1,2,3-triazolesa

Entry Vinyl azides 1 1,3-Dicarbonyl compounds 3 Triazoles 7b

1

2
3
4
5

6 3a

7 3a

8 3a

9 3a

10 3a

11 3a

12 3a

13

14

t

15

16

a The reactions were carried out by treatment of a mixture of vinyl azides 1 (0.3e0.5 mmol) and 1,3-dicarbonyl compounds 3 (1.2 equiv) with K2CO3 (20 mol %) in DMF at
40 �C for 3e5 h.

b Isolated yields were noted.
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4.2.2. Ethyl 4-acetyl-5-methyl-2-phenyl-1H-pyrrole-3-carboxylate
(4ba). Colorless crystal; mp 89e91 �C; IR (ZnSe) 3276 (br), 2981,
1699, 1647, 1489, 1419, 1288, 1201, 1128, 1041 cm�1; 1H NMR
(400 MHz, CDCl3) d 1.20 (3H, t, J¼7.1 Hz), 2.38 (6H, s, overlapped), 4.20
(2H, q, J¼7.1 Hz), 7.29e7.35 (3H, m), 7.43 (2H, dd, J¼8.0, 1.5 Hz), 9.09
(1H, br s); 13C NMR (100 MHz, CDCl3) d 13.3, 13.9, 30.3, 60.9, 113.2,
122.7,127.8,128.1,128.3,131.0,132.7,133.7,166.3,196.3. Anal. Found:C,
70.71;H,6.46;N,5.01%.CalcdforC16H17NO3:C,70.83;H,6.32;N,5.16%.

4.2.3. Ethyl 4-acetyl-5-methyl-2-p-tolyl-1H-pyrrole-3-carboxylate
(4ca). Colorless crystal; mp 162e164 �C; IR (ZnSe) 3273 (br),
2981, 1695, 1635, 1498, 1417, 1284, 1198, 1113, 1036 cm�1; 1H NMR
(400 MHz, CDCl3) d 1.22 (3H, t, J¼7.1 Hz), 2.35 (3H, s), 2.40 (6H, s),
4.21 (2H, q, J¼7.1 Hz), 7.15 (2H, d, J¼7.8 Hz), 7.34 (2H, d, J¼7.8 Hz),
8.79 (1H, br s); 13C NMR (100 MHz, CDCl3) d 13.3, 14.0, 21.3, 30.4,
60.8, 112.8, 122.8, 127.8, 128.1, 129.0, 133.0, 133.3, 138.1, 166.2, 196.4.
Anal. Found: C, 71.29; H, 6.71; N, 4.82%. Calcd for C17H19NO3: C,
71.56; H, 6.71; N, 4.91%.

4.2.4. Ethyl 4-acetyl-2-(2-methylphenyl)-5-methyl-1H-pyrrole-3-
carboxylate (4da). Colorless crystal; mp 111e113 �C; IR (KBr) 3277
(br), 3019, 1700, 1647, 1481, 1425, 1292, 1215, 1109, 1034 cm�1; 1H
NMR (400 MHz, CDCl3) d 0.98 (3H, t, J¼7.2 Hz), 2.20 (3H, s), 2.37
(3H, s), 2.43 (H, s), 4.02 (2H, d, J¼7.2 Hz), 7.16e7.23 (m, 3H),
7.26e7.30 (m, 1H); 13C NMR (100 MHz, CDCl3) d 12.9, 13.6, 19.9,
30.8, 60.1 113.6, 122.5, 125.3, 128.8, 129.8, 130.3, 131.6, 132.8, 134.5,
137.7, 164.9, 198.1; EIHRMS: found: m/z 285.1365. Calcd for
C17H19NO3: Mþ 285.1359.

4.2.5. Ethyl 4-acetyl-5-methyl-2-(3-nitrophenyl)-1H-pyrrole-3-
carboxylate (4ea). Pale yellow solid; mp 169e170 �C; IR (ZnSe)
3259 (br), 2985,1705,1651,1533,1446,1417,1348,1292,1207 cm�1;
1H NMR (400 MHz, CDCl3) d 1.24 (3H, t, J¼7.2 Hz), 2.44 (3H, s), 2.48
(3H, s), 4.26 (2H, q, J¼7.2 Hz), 7.57 (1H, dd, J¼7.8, 8.0 Hz), 7.86 (1H,
d, J¼7.8 Hz), 8.19 (1H, d, J¼8.0 Hz), 8.35 (1H, s), 8.67 (1H, br s); 13C
NMR (100 MHz, CDCl3) d 13.3, 14.0, 30.6, 61.2, 114.5, 122.68, 122.74,
123.5, 129.4, 130.0, 132.6, 134.0, 134.1, 148.0, 165.5, 196.4. Anal.
Found: C, 60.61; H, 5.23; N, 8.61%. Calcd for C16H16N2O5: C, 60.75; H,
5.10; N, 8.86%.

4.2.6. Ethyl 4-acetyl-2-(4-bromophenyl)-5-methyl-1H-pyrrole-3-
carboxylate (4fa). White needle; mp 142e143 �C; IR (KBr) 3274
(br), 3054, 1707, 1650, 1484, 1421, 1264, 1204, 896, 748 cm�1; 1H
NMR (400 MHz, CDCl3) d 1.24 (3H, t, J¼7.2 Hz), 2.42 (3H, s), 2.43
(3H, s), 4.24 (2H, q, J¼7.2 Hz), 7.34 (2H, d, J¼8.4 Hz), 7.50 (2H, d,
J¼8.4 Hz), 8.59 (1H, br s); 13C NMR (100 MHz, CDCl3) d 13.2, 13.9,
30.4, 61.0, 113.6, 122.3, 123.1, 129.5, 129.9, 131.5, 131.6, 133.8, 166.2,
196.4; EIHRMS: found: m/z 349.0308. Calcd for C16H16

79BrNO3: Mþ

349.0314.

4.2.7. Ethyl 4-acetyl-2-(4-cyanophenyl)-5-methyl-1H-pyrrole-3-
carboxylate (4ga). White solid; mp 197e198 �C; IR (KBr) 3206
(br), 3054, 1728, 1609, 1471, 1435, 1265, 1202, 896, 748 cm�1; 1H
NMR (400 MHz, DMSO-d6) d 1.17 (3H, t, J¼7.2 Hz), 2.33 (3H, s), 2.45
(3H, s), 4.19 (2H, q, J¼7.2 Hz), 7.65 (2H, d, J¼8.4 Hz), 7.90 (2H, d,
J¼8.4 Hz), 12.00 (1H, br s); 13C NMR (100 MHz, DMSO-d6) d 13.1,
13.7, 29.9, 60.6, 109.7, 115.2, 118.8, 122.6, 127.4, 128.1, 132.5, 135.3,
135.5, 166.2, 193.6; EIHRMS: found: m/z 296.1156. Calcd for
C17H16N2O3: Mþ 296.1161.

4.2.8. Ethyl 4-acetyl-2-(4-methoxyphenyl)-5-methyl-1H-pyrrole-3-
carboxylate (4ha). Pale yellow crystal; mp 127e129 �C; IR (KBr)
3270 (br), 2965, 1696, 1648, 1500, 1431, 1265, 1204, 1181, 1124,
1041 cm�1; 1H NMR (400 MHz, CDCl3) d 1.23 (3H, t, J¼7.2 Hz), 2.41
(6H, s, overlapped), 3.82 (3H, s), 4.22 (2H, q, J¼7.2 Hz), 6.90 (2H, d,
J¼8.6 Hz), 7.41 (2H, d, J¼8.6 Hz), 8.56 (1H, br s); 13C NMR (100 MHz,
CDCl3) d 13.2, 14.0, 30.4, 55.3, 60.7, 112.5, 113.8, 123.0, 123.5, 129.6,
132.9, 133.3, 159.7, 166.1, 196.7; EIHRMS: found:m/z 301.1308. Calcd
for C17H19NO4: Mþ 301.1314.

4.2.9. Ethyl 4-acetyl-5-methyl-2-(pyridin-3-yl)-1H-pyrrole-3-
carboxylate (4ia). White solid; mp 156e157 �C; IR (KBr) 3193
(br), 2988, 1704, 1665, 1488, 1433, 1265, 1204, 1196, 1160,
1035 cm�1; 1H NMR (400 MHz, CDCl3) d 1.22 (3H, t, J¼7.2 Hz), 2.44
(3H, s), 2.45 (3H, s), 4.23 (2H, q, J¼7.2 Hz), 7.32 (1H, dd, J¼8.0,
4.8 Hz), 7.90 (1H, d, J¼8.0 Hz), 8.50 (1H, d, J¼4.8 Hz), 8.64 (1H, s),
10.5 (1H, br s); 13C NMR (100 MHz, CDCl3) d 13.0, 13.9, 30.6, 60.9,
114.2, 123.3, 123.5, 127.9, 129.7, 134.5, 136.5, 148.3 (overlapped),
165.6, 196.9; EIHRMS: found: m/z 272.1155. Calcd for C15H16N2O3:
Mþ 272.1161.

4.2.10. 3,4-Diacetyl-5-methyl-2-phenyl-1H-pyrrole (4ja). White
solid; mp 142e144 �C; IR (KBr) 3222 (br), 3005, 1645, 1622,
1487, 1448, 1412, 1354, 1188 cm�1; 1H NMR (400 MHz, CDCl3)
d 2.16 (3H, s), 2.25 (3H, s), 2.31 (3H, s), 7.23e7.24 (5H, m), 9.41
(1H, br s); 13C NMR (100 MHz, CDCl3) d 13.5, 30.2, 31.6, 122.7,
123.9, 127.8, 128.1, 128.6, 131.0, 131.1, 133.8, 195.9, 201.0;
FABHRMS Found: m/z 242.1155. Calcd for C15H16NO2: (MþH)þ,
242.1182.

4.2.11. 4-Acetyl-N,N,5-trimethyl-2-phenyl-1H-pyrrole-3-carboxamide
(4ka). White solid; mp 224e226 �C; IR (KBr) 3229 (br), 2988, 1644,
1602, 1532, 1444, 1266, 1180, 1113, 1160, 1036 cm�1; 1H NMR
(400 MHz, CDCl3) d 2.28 (3H, s), 2.32 (3H, s), 2.75 (3H, s), 3.09 (3H, s),
7.19e7.30 (5H, m), 10.0 (1H, br s); 13C NMR (100 MHz, CDCl3) d 14.2,
29.3, 34.9, 38.2, 116.7, 120.5, 125.4, 126.8, 127.1, 128.8, 131.1, 136.5,
169.8, 193.7. EIHRMS: found: m/z 270.1361. Calcd for C16H18N2O2:
Mþ 270.1368.

4.2.12. Diethyl 4-acetyl-5-methyl-1H-pyrrole-2,3-dicarboxylate
(4la). White solid; mp 113e115 �C; IR (ZnSe) 3270 (br), 2983,
1704, 1689, 1652, 1419, 1272, 1182, 1056, 1018 cm�1; 1H NMR
(400 MHz, CDCl3) d 1.34 (3H, t, J¼7.2 Hz), 1.42 (3H, t, J¼7.2 Hz), 2.39
(3H, s), 2.57 (3H, s), 4.32 (2H, q, J¼7.2 Hz), 4.41 (2H, q, J¼7.2 Hz),10.1
(1H, br s); 13C NMR (100 MHz, CDCl3) d 14.1, 14.2, 14.4, 29.3, 61.3,
61.9, 118.1, 121.2, 123.7, 138.3, 160.1, 166.4, 193.1. Anal. Found: C,
58.36; H, 6.52; N, 5.10%. Calcd for C13H17NO5: C, 58.42; H, 6.41; N,
5.24%.

4.2.13. Ethyl 4-acetyl-2-benzyl-5-methyl-1H-pyrrole-3-carboxylate
(4ma). Pale yellow oil; IR (KBr) 3165 (br), 2982, 1697, 1645 (br),
1526, 1495, 1427, 1298, 1200, 1085, 1020 cm�1; 1H NMR (400 MHz,
CDCl3) d 1.30 (3H, t, J¼7.2 Hz), 2.20 (3H, s), 2.41 (3H, s), 4.18 (2H, s),
4.27 (2H, q, J¼7.2 Hz), 7.19e7.25 (3H, m), 7.30 (2H, dd, J¼7.6, 7.8 Hz),
8.61 (1H, br). 13C NMR (100 MHz, CDCl3) d 12.4, 14.2, 31.1, 32.8, 60.2,
111.6, 122.9, 126.7, 128.66, 128.73, 131.8, 135.7, 137.9, 165.2, 198.9.
ESIHRMS: found: m/z 286.1443. Calcd for C17H20NO3: (MþH)þ

286.1443.

4.2.14. Ethyl 4-acetyl-5-methyl-1H-pyrrole-3-carboxylate (4na).
Yellow oil; IR (NaCl) 3280, 3109, 2983, 1709, 1694, 1645, 1520,
1179 cm�1; 1H NMR (400 MHz, CDCl3) d 1.34 (3H, t, J¼7.1 Hz), 2.33
(3H, s), 2.55 (3H, s), 4.28 (2H, q, J¼7.1 Hz), 7.20 (1H, d, J¼2.8 Hz),
9.74 (1H, br s); 13C NMR (100 MHz, CDCl3) d 12.9, 14.2, 31.3, 60.2,
115.3, 121.9, 123.6, 134.8, 164.6, 199.4; ESIHRMS: found: m/z
196.0983. Calcd for C10H14NO3: (MþH)þ 196.0974.

4.2.15. 1-(2-Methyl-4-phenyl-1H-pyrrol-3-yl)ethanone (4oa)21.
White needle; 1H NMR (400 MHz, CDCl3) d 1.97 (3H, s), 2.46 (3H, s),
6.48 (1H, d, J¼2.4 Hz), 7.25e7.30 (5H, m), 8.47 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.2, 30.8, 115.2, 120.9, 126.7, 126.8, 128.1, 129.5,
135.1, 136.4, 197.3.
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4.2.16. 1-(2-Methyl-4-p-tolyl-1H-pyrrol-3-yl)ethanone (4pa).
White solid; mp 129e130 �C IR (NaCl) 3418, 3013, 1635, 1435 cm�1;
1H NMR (400 MHz, CDCl3) d 2.05 (3H, s), 2.37 (3H, s), 2.51 (3H, s),
6.51 (1H, d, J¼2.3 Hz), 7.17 (2H, d, J¼8.0 Hz), 7.22 (2H, d, J¼8.0 Hz),
8.68 (1H, br s); 13C NMR (100 MHz, CDCl3) d 14.2, 21.1, 30.8, 115.1,
120.9, 126.7, 128.9, 129.3, 133.4, 135.1, 136.4, 197.4; ESIHRMS: found:
m/z 214.1229. Calcd for C14H16NO: (MþH)þ 214.1232.

4.2.17. 1-(4-(4-Methoxyphenyl)-2-methyl-1H-pyrrol-3-yl)ethanone
(4qa). White crystal; mp 179e180 �C; IR (NaCl) 3422, 3021, 2340,
1647, 1442 cm�1; 1H NMR (300 MHz, CDCl3) d 2.06 (3H, s), 2.52 (3H,
s), 3.84 (3H, s), 6.52 (1H, d, J¼2.3 Hz), 6.91 (2H, d, J¼8.6 Hz), 7.25
(2H, d, J¼8.6 Hz), 8.22 (1H, br s); 13C NMR (75 MHz, CDCl3) d 14.2,
30.8, 55.3, 113.6, 114.9, 121.0, 126.4, 128.7, 130.5, 134.9, 158.6, 197.1;
ESIHRMS: found: m/z 230.1174. Calcd for C14H16NO2: (MþH)þ

230.1181.

4.2.18. 1-(4-(2-Methoxyphenyl)-2-methyl-1H-pyrrol-3-yl)ethanone
(4ra). Orange solid; mp 105.5e106 �C; IR (NaCl) 3455, 3291, 3017,
2835, 1637, 1436 cm�1; 1H NMR (400 MHz, CDCl3) d 1.99 (3H, s),
2.48 (3H, s), 3.75 (3H, s), 6.50 (1H, d, J¼2.3 Hz), 6.91 (1H, d,
J¼8.2 Hz), 6.07 (1H, ddd, J¼7.4, 7.4, 1.0 Hz), 7.25 (1H, d, J¼7.4,
1.8 Hz), 7.30 (1H, ddd, J¼7.4, 7.4, 1.8 Hz), 8.92 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.0, 29.2, 55.1, 110.4, 115.6, 120.6, 121.3, 122.0,
125.5, 128.5, 131.0, 134.8, 156.9, 197.5; ESIHRMS: found: m/z
230.1188. Calcd for C14H16NO2: (MþH)þ 230.1181.

4.2.19. 1-(4-(4-Bromophenyl)-2-methyl-1H-pyrrol-3-yl)ethanone
(4sa). White crystal; mp 180e181 �C; IR (NaCl) 3422, 3237, 2924,
1624,1439 cm�1; 1H NMR (400 MHz, CDCl3) d 2.06 (3H, s), 2.52 (3H,
s), 6.54 (1H, s), 7.20 (2H, d, J¼8.2 Hz), 7.48 (2H, d, J¼8.2 Hz), 8.39
(1H, br s); 13C NMR (100 MHz, CDCl3) d 14.2, 30.9,115.4,120.7,120.8,
125.5, 131.0, 131.2, 135.32, 131.34, 196.8; ESIHRMS: found: m/z
278.0183. Calcd for C13H13NOBr: (MþH)þ 278.0181.

4.2.20. 1-(4-(3-Bromophenyl)-2-methyl-1H-pyrrol-3-yl)ethanone
(4ta). Pale red crystal; mp 109e110 �C; IR (NaCl) 3261, 3250, 1633,
1595,1440, 964 cm�1; 1H NMR (400 MHz, CDCl3) d 2.07 (3H, s), 2.52
(3H, s), 6.56 (1H, d, J¼2.2 Hz), 7.21e7.27 (2H, m), 7.43 (1H, ddd,
J¼7.3, 1.9, 1.8 Hz), 7.49e7.50 (1H, m), 8.22 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.2, 30.9,115.7, 120.7, 122.1, 125.2,128.1, 129.55,
129.62, 132.1, 135.5, 138.6, 196.8; ESIHRMS: found: m/z 278.0176.
Calcd for C13H13NOBr: (MþH)þ 278.0181.

4.2.21. Methyl 4-(4-acetyl-5-methyl-1H-pyrrol-3-yl)benzoate (4ua).
White crystal; mp 162e163 �C; IR (NaCl) 3422, 3021, 1636, 1608,
1435 cm�1; 1H NMR (300 MHz, CDCl3) d 2.07 (3H, s), 2.52 (3H, s),
3.93 (3H, s), 6.61 (1H, d, J¼2.4 Hz), 7.40 (2H, d, J¼8.4 Hz), 8.03 (2H,
d, J¼8.4 Hz), 8.48 (1H, br s); 13C NMR (75 MHz, CDCl3) d 14.3, 31.1,
52.3, 116.1, 121.1, 126.0, 128.4, 129.4, 129.7, 135.7, 141.6 167.3, 197.1;
ESIHRMS: found: m/z 258.1138. Calcd for C15H16NO3: (MþH)þ

258.1130.

4.2.22. 1-(2-Methyl-4-(naphthalen-2-yl)-1H-pyrrol-3-yl)ethanone
(4va). Pale yellow crystal; mp 132e133 �C; IR (NaCl) 3285, 3017,
1620, 1520, 1427 cm�1; 1H NMR (400 MHz, CDCl3) d 2.11 (3H, s),
2.55 (3H, s), 6.59 (1H, d, J¼2.3 Hz), 7.46e7.52 (3H, m), 7.79e7.87
(4H, m), 9.12 (1H, br s); 13C NMR (100 MHz, CDCl3) d 14.2, 30.9,
115.8,120.8,125.6,126.1,126.6,127.3, 127.5,127.6,127.7,128.2,132.2,
133.3, 133.9, 135.6, 197.5; ESIHRMS: found: m/z 250.1239. Calcd for
C17H16NO: (MþH)þ 250.1232.

4.2.23. 1-(2-Methyl-4-(naphthalen-1-yl)-1H-pyrrol-3-yl)ethanone
(4wa). Brown crystal; mp 192e193 �C; IR (NaCl) 3267, 3019, 2361,
1624, 1442, 1396 cm�1; 1H NMR (400 MHz, CDCl3) d 1.67 (3H, s),
2.63 (3H, s), 6.59 (1H, d, J¼2.4 Hz), 7.38e7.51 (4H, m), 7.81e7.88
(3H, m), 8.67 (1H, br s); 13C NMR (100 MHz, CDCl3) d 14.8, 39.9,
116.1, 121.8, 124.0, 125.3, 125.8, 126.1, 126.2, 127.6, 127.8, 128.1, 133.5,
133.6, 134.5, 135.6, 196.8; ESIHRMS: found: m/z 250.1234. Calcd for
C17H16NO: (MþH)þ 250.1232.

4.2.24. 1-(2-Methyl-4-(1-tosyl-1H-indol-2-yl)-1H-pyrrol-3-yl)etha-
none (4xa). Pale yellow crystal; mp 220e221 �C; IR (NaCl) 3422,
3105, 1632, 1593, 1369 cm�1; 1H NMR (300 MHz, CDCl3) d 2.02 (3H,
s), 2.32 (3H, s), 2.59 (3H, s), 6.40 (1H, d, J¼2.4 Hz), 6.54 (1H, s), 7.10
(2H, d, J¼8.2 Hz), 7.25e7.51 (6H, m), 8.33 (1H, d, J¼8.2 Hz), 8.27 (1H,
br s); 13C NMR (100 MHz, CDCl3) d 14.6, 21.6, 29.7, 112.8, 115.2, 115.4,
118.4, 120.5, 122.6, 123.7, 124.6, 126.8, 129.4, 129.6, 134.8, 135.4,
136.1, 137.4, 144.7, 195.8; ESIHRMS: found: m/z 393.1276. Calcd for
C22H21N2O3S: (MþH)þ 393.1273.

4.2.25. 1-(50-Methyl-1-tosyl-1H,1’H-2,30-bipyrrol-40-yl)ethanone
(4ya). Yellow crystal; mp 220e221 �C; IR (NaCl) 3453, 3264, 3019,
1638, 1433, 1364 cm�1; 1H NMR (400 MHz, CDCl3) d 1.76 (3H, s),
2.36 (3H, s), 2.53 (3H, s), 6.15e6.17 (1H, m), 6.22 (1H, d, J¼2.3 Hz),
6.30 (1H, t, J¼3.3 Hz), 7.14 (2H, d, J¼8.2 Hz), 7.36 (2H, d, J¼8.2 Hz),
7.48e7.49 (1H, m), 8.60 (1H, br s); 13C NMR (100 MHz, CDCl3) d 14.4,
21.6, 29.1, 111.2, 113.6, 116.6, 118.9, 122.2, 122.9, 127.4, 128.1, 129.4,
135.2, 135.7, 144.9, 196.1; ESIHRMS: found: m/z 343.1120. Calcd for
C18H19N2O3S: (MþH)þ 343.1116.

4.2.26. 1-(4-(Benzo[b]thiophen-3-yl)-2-methyl-1H-pyrrol-3-yl)etha-
none (4za). Brown solid; mp 152.6e153 �C; IR (NaCl) 3266, 3019,
1628, 1427, 1360, 1078 cm�1; 1H NMR (400 MHz, CDCl3) d 1.87 (3H,
s), 2.60 (3H, s), 7.28 (1H, s), 7.30 (1H, s), 7.33e7.38 (3H, m),
7.52e7.61 (1H, m), 7.86e7.90 (1H, m), 8.43 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.5, 29.7, 116.5, 118.9, 121.2, 122.7, 123.1, 123.8,
124.3, 124.4, 132.2, 136.0, 139.7, 139.9, 196.9; ESIHRMS: found: m/z
256.0803. Calcd for C15H14NOS: (MþH)þ 256.0796.

4.2.27. 1-(2-Methyl-4-phenethyl-1H-pyrrol-3-yl)ethanone
(4aaa). Pale red crystal; mp 133e134 �C; IR (NaCl) 3418, 3017,1632,
1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.45 (3H, s), 2.51 (3H, s),
2.88 (2H, t, J¼7.8 Hz), 3.00 (2H, t, J¼7.8 Hz), 6.35 (1H, d, J¼1.0 Hz),
7.18 (1H, t, J¼6.8 Hz), 7.23e7.30 (4H, m), 8.18 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 15.5, 29.6, 31.0, 36.7, 114.3, 120.6, 125.7, 125.8,
128.2, 128.5, 135.0, 142.5, 195.1; ESIHRMS: found: m/z 228.1390.
Calcd for C15H18NO: (MþH)þ 228.1388.

4.2.28. 1-(2-Methyl-5-phenyl-1H-pyrrol-3-yl)ethanone (4bba). Pale
yellow crystal; mp 178e180 �C; IR (ZnSe) 3263 (br), 3018, 1635,
1604, 1477, 1448, 1240 cm�1; 1H NMR (400 MHz, CDCl3) d 2.46 (3H,
s), 2.62 (3H, s), 6.78 (1H, d, J¼2.8 Hz), 7.23e7.25 (1H, m), 7.38 (2H,
dd, J¼7.6, 7.6 Hz), 7.47 (2H, d, J¼7.6 Hz), 8.59 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.2, 28.5, 107.4, 122.1, 123.7, 126.6, 128.9, 129.8,
131.6, 135.9, 195.1. Anal. Found: C, 78.24; H, 6.81; N, 6.88%. Calcd for
C13H13NO: C, 78.36; H, 6.58; N, 7.03%.

4.2.29. 1-(2-Methyl-4,5,6,7,8,9-hexahydro-1H-cycloocta[b]pyrrol-3-
yl)ethanone (4cca). Colorless crystal; mp 214e215 �C; IR (NaCl)
3418, 2920, 1647, 1612, 1453 cm�1; 1H NMR (300 MHz, CDCl3)
d 1.32e1.36 (2H, m), 1.46e1.57 (2H, m), 1.62e1.71 (4H, m), 2.48
(3H, s), 2.42 (3H, s), 2.81 (2H, t, J¼6.2 Hz), 2.59 (2H, t, J¼6.2 Hz),
7.76 (1H, br s); 13C NMR (100 MHz, CDCl3) d 15.2, 23.2, 25.6,
25.7, 26.0, 29.9, 30.71, 30.74, 119.6, 120.6, 128.0, 132.6, 195.5;
ESIHRMS: found: m/z 206.1540. Calcd for C13H20NO: (MþH)þ

206.1545.

4.2.30. 1-(2,5-Dimethyl-4-phenyl-1H-pyrrol-3-yl)ethanone
(4dda)22. Colorless crystal; 1H NMR (400 MHz, CDCl3) d 1.94 (3H, s),
1.95 (3H, s), 2.50 (3H, s), 7.24 (2H, d, J¼7.6 Hz), 7.29 (1H, t, J¼7.2 Hz),
7.31 (2H, dd, J¼7.2 Hz, 7.6 Hz), 9.33 (1H, br s); 13C NMR (100 MHz,
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CDCl3) d 10.9, 14.1, 30.6, 121.1, 122.0, 123.8, 126.4, 128.0, 130.4, 133.9,
136.8, 197.3.

4.2.31. Ethyl 5-(but-3-enyl)-4-pent-4-enoyl-2-p-tolyl-1H-pyrrole-3-
carboxylate (4cb). Colorless oil; FTIR (NaCl) 3294, 2978, 2920,
1694,1643,1497,1447 cm�1; 1H NMR (300 MHz, CDCl3) d 1.19 (3H, t,
J¼7.1 Hz), 2.36 (3H, s), 2.39e2.45 (4H, m), 2.80e2.87 (4H, m), 4.19
(2H, q, J¼7.1 Hz), 4.94e5.10 (4H, m), 5.77e5.91 (2H, m), 7.18 (2H, d,
J¼8.0 Hz), 7.36 (2H, d, J¼8.0 Hz), 8.67 (1H, br s); 13C NMR (75 MHz,
CDCl3) d 14.0, 21.2, 26.0, 28.6, 33.4, 42.0, 60.6, 112.0, 114.8, 116.2,
123.0, 128.3, 128.4, 129.0, 134.1, 135.9, 137.5, 137.6, 138.4, 165.7,
199.5; ESIHRMS: found: m/z 366.2061. Calcd for C23H28NO3: Mþ

366.2069.

4.2.32. Diethyl 5-allyl-4-pent-4-enoyl-1H-pyrrole-2,3-dicarboxylate
(4lb). Colorless oil; IR (NaCl) 3273, 2980, 2936, 1732, 1713, 1667,
1464, 1195 cm�1; 1H NMR (400 MHz, CDCl3) d 1.30 (3H, t, J¼7.1 Hz),
1.78 (3H, t, J¼7.1 Hz), 2.38e2.41 (4H, m), 2.75 (2H, t, J¼7.6 Hz), 3.03
(2H, t, J¼7.6 Hz), 4.29 (2H, q, J¼7.1 Hz), 4.38 (2H, q, J¼7.1 Hz),
4.96e5.05 (4H, m), 5.74e5.86 (2H, m), 10.3 (1H, br s); 13C NMR
(100 MHz, CDCl3) d 14.2, 14.3, 27.4, 27.9, 30.1, 40.2, 61.6, 62.1,
115.1, 116.1, 118.5, 120.7, 123.4, 137.0, 137.5, 142.5, 160.6, 166.9,
195.3; ESIHRMS: found: m/z 348.1803. Calcd for C19H26NO5: Mþ

348.1811.

4.2.33. 1-(2-Allyl-4-phenyl-1H-pyrrol-3-yl)pent-4-en-1-one (4ob).
Colorless oil; IR (NaCl) 3452, 3300, 3017, 2920, 1719, 1639, 1602,
1454, 1121 cm�1; 1H NMR (400 MHz, CDCl3) d 2.22e2.26 (2H, m),
2.37e2.47 (4H, m), 3.00 (2H, t, J¼7.4 Hz), 4.76e4.82 (2H, m),
5.02e5.13 (2H, m), 5.57e5.67 (1H, m), 5.84e5.95 (1H, m), 6.56 (1H,
d, J¼2.4 Hz), 7.27e7.38 (5H, m), 8.47 (1H, br s); 13C NMR (100 MHz,
CDCl3) d 27.0, 28.7, 33.2, 41.6, 114.4, 115.4, 115.7, 120.4, 126.2, 126.7,
128.2, 129.3, 136.4, 137.6, 137.9, 138.5, 199.6; ESIHRMS: found: m/z
280.1712. Calcd for C19H22NO: Mþ 280.1701.

4.2.34. (2,4-Diphenyl-1H-pyrrol-3-yl)(phenyl)methanone (4oc)23.
Yellow crystal; 1H NMR (400 MHz, CDCl3) d 6.86 (1H, s), 7.10e7.34
(13H, m), 7.78 (2H, d, J¼7.2 Hz), 8.98 (1H, br s); 13C NMR (100 MHz,
CDCl3) d 116.9, 119.2, 126.0, 127.5, 127.6, 127.7, 127.8, 128.09, 128.10,
128.5, 130.0, 131.8, 132.4, 134.7, 135.1, 138.6, 195.3.

4.2.35. Ethyl 4-benzoyl-2-phenyl-1H-pyrrole-3-carboxylate
(4bd). Pale yellow crystal; mp 154e155 �C; IR (ZnSe) 3255, 1689,
1627, 1513, 1488, 1450, 1405, 1349, 1270, 1211, 1083, 890, 752,
692 cm�1; 1H NMR (500 MHz, CDCl3) d 1.02 (3H, t, J¼7.1 Hz), 4.02
(2H, q, J¼7.1 Hz), 6.88 (1H, d, J¼2.9 Hz), 7.19 (1H, t, J¼7.5 Hz), 7.26
(2H, dd, J¼7.5, 7.5 Hz), 7.39e7.43 (4H, m), 7.53 (1H, t, J¼7.4 Hz), 7.78
(2H, d, J¼7.8 Hz), 9.66 (1H, br s); 13C NMR (125 MHz, CDCl3) d 13.6,
60.9,113.4,124.3,125.2,127.9,128.3,128.4,128.5,129.2,130.5,132.2,
135.7, 139.0, 166.3, 191.0; FABHRMS Found: m/z 320.1293. Calcd for
C20H18NO3: (MþH)þ, 320.1287.

4.2.36. Ethyl 4-formyl-2,5-diphenyl-1H-pyrrole-3-carboxylate
(4bd0). White solid; mp 170e172 �C; IR (ZnSe) 3226, 1698, 1639,
1482, 1430, 1380, 1253, 1085, 765, 696 cm�1; 1H NMR (500 MHz,
CDCl3) d 1.23 (3H, t, J¼7.1 Hz), 4.27 (2H, q, J¼7.1 Hz), 7.37e7.44 (6H,
m), 7.51e7.54 (2H, m), 7.56e7.58 (2H, m), 8.95 (1H, br s), 10.15 (1H,
s); 13C NMR (125 MHz, CDCl3) d 14.0, 60.9, 114.0, 120.9, 128.3, 128.5,
128.7, 128.8, 129.0, 129.4, 130.0, 130.7, 135.8, 139.1, 165.2, 187.2;
FABHRMS Found: m/z 320.1293. Calcd for C20H18NO3: (MþH)þ,
320.1287.

4.2.37. Diethyl 4-benzoyl-1H-pyrrole-2,3-dicarboxylate (4ld). Pale
yellow oil; IR(ZnSe) 3262, 1706, 1635, 1508, 1403, 1263, 1180,
1083, 892, 752, 727, 698 cm�1; 1H NMR (500 MHz, CDCl3) d 1.33
(3H, t, J¼7.1 Hz), 1.35 (3H, t, J¼7.1 Hz), 4.32 (2H, q, J¼7.1 Hz), 4.34
(2H, q, J¼7.1 Hz), 7.30 (1H, d, J¼3.1 Hz), 7.46 (2H, dd, J¼7.5,
7.2 Hz), 7.56 (1H, t, J¼7.5 Hz), 7.79 (2H, d, J¼7.2 Hz), 9.93 (1H, br
s); 13C NMR (125 MHz, CDCl3) d 14.0, 14.1, 61.6, 61.7, 122.1, 123.3,
124.3, 127.0, 128.4, 128.9, 132.3, 138.5, 159.9, 165.3, 189.2;
FABHRMS Found: m/z 316.1186. Calcd for C17H18NO5: (MþH)þ,
316.1185.

4.2.38. Diethyl 4-formyl-5-phenyl-1H-pyrrole-2,3-dicarboxylate
(4ld0). White solid; mp 136e138 �C; IR (ZnSe) 3255, 1714, 1668,
1463, 1434, 1259, 1180, 1083, 1012, 896, 752 cm�1; 1H NMR
(500 MHz, CDCl3) d 1.32 (3H, t, J¼7.1 Hz), 1.42 (3H, t, J¼7.1 Hz), 4.24
(2H, q, J¼7.1 Hz), 4.46 (2H, q, J¼7.1 Hz), 7.50e7.53 (3H, m),
7.55e7.57 (2H, m), 9.87 (1H, s), 10.07 (1H, br s); 13C NMR (125 MHz,
CDCl3) d 14.0,14.1, 61.7, 61.9,120.9,121.0,122.6,128.6,129.12,129.14,
130.2, 142.6, 160.1, 165.0, 184.9; FABHRMS Found: m/z 316.1201.
Calcd for C17H18NO5: (MþH)þ, 316.1185.

4.2.39. Diethyl 2-methyl-5-phenyl-1H-pyrrole-3,4-dicarboxylate
(4be). Pale yellow oil; IR (ZnSe) 3296 (br), 2981, 1697 (br), 1429,
1286, 1209, 1093, 1024 cm�1; 1H NMR (400 MHz, CDCl3) d 1.25 (3H,
t, J¼7.2 Hz), 1.29 (3H, t, J¼7.2 Hz), 2.40 (3H, s), 4.22 (2H, q, J¼7.2 Hz),
4.24 (2H, q, J¼7.2 Hz), 7.23e7.40 (3H, m), 7.40 (2H, d, J¼7.3 Hz), 8.52
(1H, br s); 13C NMR (100 MHz, CDCl3) d 12.7, 14.0, 14.2, 59.9, 61.0,
112.0, 114.5, 126.9, 127.7, 128.5, 130.6, 130.9, 135.4, 164.7, 167.1;
FABHRMS Found: m/z 302.1407. Calcd for C17H20NO4: (MþH)þ

302.1393.

4.2.40. Ethyl 2-methyl-5-phenyl-1H-pyrrole-3-carboxylate (4bbe).
White solid; mp 115e116 �C; IR (ZnSe) 3309 (br), 2979, 2925, 1668,
1608, 1481, 1448, 1277, 1234, 1097, 1061 cm�1; 1H NMR (400 MHz,
CDCl3) d 1.36 (3H, t, J¼7.2 Hz), 2.59 (3H, s), 4.30 (2H, q, J¼7.2 Hz),
6.84 (1H, d, J¼3.2 Hz), 7.22 (1H, t, J¼7.6 Hz), 7.36 (2H, dd, J¼8.0,
7.6 Hz), 7.45 (2H, d, J¼7.6 Hz), 8.61 (1H, br s); 13C NMR (100 MHz,
CDCl3) d 13.5, 14.6, 59.5, 107.3, 113.3, 123.6, 126.5, 128.8, 129.9, 131.7,
136.1, 165.5; FABHRMS Found: m/z 230.1158. Calcd for C14H15O2N:
(MþH)þ, 230.1182.
4.3. In(OTf)3-catalyzed reaction of vinyl azide 1b and ethyl
acetoacetate (3e) (Scheme 5)

A procedure. To a solution of ethyl 2-azido-3-phenylacrylate
(1b) (40.0 mg, 0.184 mmol) and ethyl acetoacetate (3e) (57 mL,
0.450 mmol) in toluene (2.5 mL) were added MS 4�A (80 mg) and
In(OTf)3 (10.5 mg, 0.0186 mmol, 10 mol %), and the reaction mix-
ture was stirred at 100 �C for 1.5 h. After the reaction mixture was
cooled to room temperature, MS 4�A was removed by Celite fil-
tration. The organic materials were extracted three times with
ethyl acetate, and the combined extracts were washed with brine
and dried over MgSO4. The volatile materials were removed in
vacuo, and the resulting crude residue was purified by flash col-
umn chromatography (silica gel; hexane/ethyl acetate/
Et3N¼60:40:1), affording pyrrole 4be (24.9 mg, 0.0826 mmol) in
45% yield and 2-ethoxypyrrole 6be (25.2 mg, 0.0836 mmol) in 45%
yield.

4.3.1. Ethyl 4-acetyl-5-ethoxy-2-phenyl-1H-pyrrole-3-carboxylate
(6be)24. Pale brown crystal; mp 149e150 �C; IR (NaCl) 3240,
3016, 2987, 1713,1694,1549 cm�1; 1H NMR (400 MHz, CDCl3) d 1.24
(3H, t, J¼7.1 Hz), 1.41 (3H, t, J¼7.0 Hz), 2.34 (3H, s), 4.23 (2H, q,
J¼7.1 Hz), 4.24 (2H, q, J¼7.0 Hz), 7.23e7.29 (3H, m), 7.38 (2H, d,
J¼6.8 Hz), 9.33 (1H, br s); 13C NMR (100 MHz, CDCl3) d 13.9, 15.0,
29.0, 61.3, 69.2, 76.7, 108.0, 121.3, 124.6, 126.8, 127.7, 128.6, 130.5,
149.8, 167.4, 192.0; ESIHRMS: found: m/z 302.1381. Calcd for
C17H20NO4: (MþH)þ 302.1392.
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4.4. Formation of 1-vinyl-1,2,3-triazoles 7 by K2CO3-catalyzed
reactions of vinyl azide 1 and 1,3-dicarbonyl compounds 3
(Table 3)

A procedure. To a solution of (1-azidovinyl)benzene (1o) (45.8 mg,
0.315 mmol) and acetylacetone (39 mL, 0.38 mmol) in DMF (3 mL)
was added K2CO3 (10.8 mg, 0.078 mmol), and the reaction mixture
was stirred at 40 �C for 3 h. The reactionmixture was quenchedwith
water, and then extracted twice with ethyl acetate. The combined
organic extracts were washed with water and brine, dried over
MgSO4, and concentrated. Purification of the crude material by flash
column chromatography (silica gel; hexane/ethyl acetate¼60:40),
affording triazole 4oa (63.5 mg, 0.275mmol) in 89% yield.

4.4.1. 1-(5-Methyl-1-(1-phenylvinyl)-1H-1,2,3-triazol-4-yl)ethanone
(7op). Colorless oil; IR (NaCl) 3015, 1682, 1557, 1217 cm�1; 1H NMR
(400 MHz, CDCl3) d 2.36 (3H, s), 2.75 (3H, s), 5.59 (1H, d, J¼1.1 Hz),
6.04 (1H, d, J¼1.1 Hz), 7.12e7.15 (2H, m), 7.34e7.39 (3H, m); 13C
NMR (100 MHz, CDCl3) d 9.9, 28.0, 115.3, 125.7, 129.2, 130.1, 134.2,
138.2, 141.8, 143.6, 162.5, 194.5; ESIHRMS: found: m/z 228.1139.
Calcd for C13H14N3O: (MþH)þ 228.1137.

4.4.2. 1-(5-Methyl-1-(1-p-tolylvinyl)-1H-1,2,3-triazol-4-yl)ethanone
(7pa). White crystal; mp 75.4e76.6 �C; IR (NaCl) 3009, 1684, 1555,
1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.35 (3H, s), 2.37 (3H, s),
2.75 (3H, s), 5.52 (1H, d, J¼1.1 Hz), 5.98 (1H, d, J¼1.1 Hz), 7.03 (2H, d,
J¼8.1 Hz), 7.17 (2H, d, J¼8.1 Hz); 13C NMR (100 MHz, CDCl3) d 9.98,
21.5, 28.1, 114.4, 125.7, 129.9, 131.4, 138.2, 140.4, 141.8, 143.6, 194.6;
ESIHRMS: found: m/z 242.1291. Calcd for C14H16N3O: (MþH)þ

242.1293.

4.4.3. 1-(1-(1-(2-Methoxyphenyl)vinyl)-5-methyl-1H-1,2,3-triazol-
4-yl)ethanone (7ra). White crystal;mp76.3e77.9 �C; IR (NaCl) 3009,
1680,1555,1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.38 (3H, s), 2.73
(3H, s), 3.69 (3H, s), 5.68 (1H, s), 5.97 (1H, s), 6.90 (1H, d, J¼8.3 Hz),
6.97 (1H, dd, J¼7.5, 8.3 Hz), 7.09 (2H, d, J¼7.5 Hz), 7.37 (1H, dd, J¼7.5,
8.3 Hz); 13CNMR (100 MHz, CDCl3) d 9.8, 27.8, 55.5,111.3,117.6,120.9,
123.4, 129.6, 131.2, 137.6, 139.3, 143.0, 157.0 194.6; ESIHRMS: found:
m/z 258.1247. Calcd for C14H16N3O: (MþH)þ 258.1243.

4.4.4. 1-(1-(1-(4-Bromophenyl)vinyl)-5-methyl-1H-1,2,3-triazol-4-
yl)ethanone (7sa). Pale yellow crystal; mp 74.4e75.6 �C; IR (NaCl)
3011, 1682, 1557, 1418 cm�1; 1H NMR (400 MHz, CDCl3) d 2.36 (3H,
s), 2.73 (3H, s), 5.60 (1H, d, J¼1.2 Hz), 6.04 (1H, d, J¼1.2 Hz), 7.01
(2H, d, J¼8.6 Hz), 7.49 (2H, d, J¼8.6 Hz); 13C NMR (100 MHz, CDCl3)
d 10.0, 28.0,115.9,124.6,127.3,132.5,133.2,138.1,140.9,143.6,194.4;
ESIHRMS: found: m/z 306.0249. Calcd for C13H13N3OBr: (MþH)þ

306.0242.

4.4.5. 1-(1-(1-(3-Bromophenyl)vinyl)-5-methyl-1H-1,2,3-triazol-4-
yl)ethanone (7ta). Yellow crystal; mp 77.9e78.4 �C; IR (NaCl) 3005,
1684, 1558, 1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.38 (3H, s),
2.76 (3H, s), 5.64 (1H, d, J¼1.4 Hz), 6.06 (1H, d, J¼1.4 Hz), 7.03 (1H,
ddd, J¼8.0, 1.8, 1.0 Hz), 7.25 (1H, dd, J¼8.0, 7.9 Hz), 7.37 (1H, dd,
J¼1.82, 1.8 Hz), 7.54 (1H, ddd, J¼8.0, 1.8, 1.0 Hz); 13C NMR (100 MHz,
CDCl3) d 9.8, 27.8, 116.5, 123.3, 124.2, 128.6, 130.6, 133.0, 136.1, 137.9,
140.3, 143.4, 194.3; ESIHRMS: found: m/z 306.0238. Calcd for
C13H13N3OBr: (MþH)þ 306.0242.

4.4.6. 1-(5-Methyl-1-(1-(naphthalen-2-yl)vinyl)-1H-1,2,3-triazol-4-
yl)ethanone (7va). Yellow oil; IR (NaCl) 3055, 3009, 1682, 1557,
1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.38 (3H, s), 2.79 (3H, s),
5.67 (1H, d, J¼1.2 Hz), 6.17 (1H, d, J¼1.2 Hz), 7.39e7.41 (2H, m),
7.49e7.55 (2H, m), 7.75e7.77 (1H, m), 7.84e7.87 (2H, m); 13C NMR
(100 MHz, CDCl3) d 9.7, 28.0, 115.5, 122.4, 125.2, 126.9, 127.2, 127.9,
128.4, 129.0, 131.2, 132.9, 133.6, 138.0, 141.5, 143.3, 194.3; ESIHRMS:
found: m/z 278.1297. Calcd for C17H16N3O: (MþH)þ 278.1293.

4.4.7. 1-(5-Methyl-1-(1-(naphthalen-1-yl)vinyl)-1H-1,2,3-triazol-4-
yl)ethanone (7wa). Yellow oil; IR (NaCl) 3011, 1682, 1644, 1557,
1510, 1418, 1080 cm�1; 1H NMR (400 MHz, CDCl3) d 2.07 (3H, s),
2.71 (3H, s), 5.84 (1H, s), 6.12 (1H, s), 7.42e7.53 (4H, m), 7.74 (1H, d,
J¼8.5 Hz), 7.89 (1H, d, J¼7.5 Hz), 7.93 (1H, dd, J¼7.5, 1.7 Hz); 13C
NMR (100 MHz, CDCl3) d 9.8, 27.8, 117.9, 123.9, 125.1, 126.4, 127.3,
127.6, 128.8, 130.47, 130.5, 131.9, 133.7, 137.4, 141.1, 143.7, 194.3;
ESIHRMS: found: m/z 278.1298. Calcd for C17H16N3O: (MþH)þ

278.1293.

4.4.8. 1-(5-Methyl-1-(1-(1-tosyl-1H-indol-2-yl)vinyl)-1H-1,2,3-
triazol-4-yl)ethanone (7xa). White crystal; mp 174e175 �C; IR (NaCl)
3019, 2399, 1682, 1557, 1175 cm�1; 1H NMR (400 MHz, CDCl3) d 2.32
(3H, s), 2.61 (3H, s), 2.70 (3H, s), 5.73 (1H, d, J¼0.8 Hz), 5.80 (1H, d,
J¼0.8 Hz), 6.98 (1H, d, J¼0.4 Hz), 7.13 (2H, d, J¼8.1 Hz), 7.12e7.31
(1H, m), 7.37e7.41 (1H, m), 7.49 (2H, d, J¼8.1 Hz), 7.53 (1H, d,
J¼7.6 Hz) 8.09 (1H, d, J¼8.1 Hz); 13C NMR (100 MHz, CDCl3) d 10.6,
21.8, 28.1, 115.7, 116.0, 118.2, 121.9, 124.8, 126.68, 126.7, 129.4, 129.8,
134.4, 134.6, 135.1, 138.3, 143.9, 145.3, 194.6; ESIHRMS: found: m/z
421.1327. Calcd for C22H21N4O3S: (MþH)þ 421.1334.

4.4.9. 1-(1-(1-(Benzo[b]thiophen-3-yl)vinyl)-5-methyl-1H-1,2,3-
triazol-4-yl)ethanone (7za). Brown oil; IR (NaCl) 3015, 2924, 1682,
1557,1418,1231 cm�1; 1H NMR (400 MHz, CDCl3) d 2.29 (3H, s), 2.74
(3H, s), 5.83 (1H, d, J¼0.8 Hz), 6.02 (1H, d, J¼0.8 Hz), 7.37e7.45 (4H,
m), 7.89 (1H, dd, J¼6.8, 1.3 Hz); 13C NMR (100 MHz, CDCl3) d 9.5,
27.8, 116.1, 121.9, 123.1, 125.1, 125.2, 127.5, 130.5, 135.7, 136.5, 137.6,
140.4, 143.3, 194.2; ESIHRMS: found: m/z 284.0854. Calcd for
C15H14N3OS: (MþH)þ 284.0858.

4.4.10. 1-(5-Methyl-1-(4-phenylbut-1-en-2-yl)-1H-1,2,3-triazol-4-
yl)ethanone (7aaa)25. White crystal; mp 71.7e73.3 �C; IR (NaCl)
3017, 1684, 1555, 1420 cm�1; 1H NMR (400 MHz, CDCl3) d 2.47 (3H,
s), 2.72 (3H, s), 2.74 (2H, t, J¼7.8 Hz), 3.01 (2H, t, J¼7.8 Hz), 5.10 (1H,
s), 5.38 (1H, s), 7.12e7.15 (2H, m), 7.34e7.39 (3H, m); 13C NMR
(100 MHz, CDCl3) d 10.1, 27.8, 32.6, 36.2, 113.4, 126.2, 128.2, 128.4
137.0, 139.5, 141.9, 143.2, 194.1; ESIHRMS: found: m/z 256.1452.
Calcd for C15H18N3O: (MþH)þ 256.1450.

4.4.11. (E)-1-(1-Cyclooctenyl-5-methyl-1H-1,2,3-triazol-4-yl)etha-
none (7cca). White solid; mp 57.8e58.5 �C; IR (NaCl) 3005, 2927,
1682, 1557, 1422 cm�1; 1H NMR (400 MHz, CDCl3) d 1.32e1.36 (8H,
m), 2.32e2.37 (2H, m), 2.55 (3H, s), 2.59e2.61 (2H, m), 2.68 (3H, s),
5.83 (1H, t, J¼8.5 Hz); 13C NMR (100 MHz, CDCl3) d 10.1, 26.0, 26.1,
27.7, 28.0, 29.2, 29.8, 130.2, 136.0, 136.5, 143.1, 194.5; ESIHRMS:
found: m/z 234.1604. Calcd for C13H20N3O: (MþH)þ 234.1606.

4.4.12. (E)-1-(5-Methyl-1-(1-phenylprop-1-enyl)-1H-1,2,3-triazol-4-
yl)ethanone (7dda). Colorless oil; IR (NaCl) 3003, 1682, 1557,
1418 cm�1; 1H NMR (400 MHz, CDCl3) d 2.03 (3H, d, J¼7.4 Hz), 2.21
(3H, s), 2.68 (3H, s), 6.19 (1H, q, J¼7.4 Hz), 7.13e7.16 (2H, m),
7.30e7.38 (3H, m); 13C NMR (100 MHz, CDCl3) d 9.59, 14.2, 27.7,
128.2, 128.3, 128.7, 129.0, 133.2, 134.7, 137.4, 143.2, 194.3; ESIHRMS:
found: m/z 242.1302. Calcd for C14H16N3O: (MþH)þ 242.1293.

4.4.13. Phenyl(5-phenyl-1-(1-phenylvinyl)-1H-1,2,3-triazol-4-yl)
methanone (7ob). Yellow oil; IR (NaCl) 3059, 3011, 1651, 1449,
1258 cm�1; 1H NMR (400 MHz, CDCl3) d 5.58 (1H, d, J¼1.2 Hz),
5.88 (1H, d, J¼1.2 Hz), 7.07e7.10 (2H, m), 7.21e7.33 (8H, m),
7.47e7.51 (2H, m), 7.56e7.60 (1H, m), 8.28e8.30 (2H, m); 13C NMR
(100 MHz, CDCl3) d 115.5, 125.7, 125.8, 128.0, 128.2, 128.5, 129.4,
129.55, 129.62, 130.6, 133.0, 134.5, 137.0, 141.9, 142.2, 143.0, 186.5.
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ESIHRMS: found: m/z 352.1456. Calcd for C23H18N3O: (MþH)þ

352.1450.

4.4.14. Ethyl 5-methyl-1-(1-phenylvinyl)-1H-1,2,3-triazole-4-
carboxylate (7oe). Colorless oil; IR (NaCl) 2982, 2935, 1715, 1643,
1571 cm�1; 1H NMR (400 MHz, CDCl3) d 1.43 (3H, t, J¼7.1 Hz), 2.34
(3H, s), 4.45 (2H, q, J¼7.1 Hz), 5.59 (1H, d, J¼1.1 Hz), 6.04 (1H, d,
J¼1.1 Hz), 7.12e7.15 (2H, m), 7.34e7.39 (3H, m); 13C NMR (100 MHz,
CDCl3) d 9.9, 28.0, 115.3, 125.7, 129.2, 130.1, 134.2, 138.2, 141.8, 143.6,
162.5, 194.5; ESIHRMS: found: m/z 258.1240. Calcd for C14H16N3O2:
(MþH)þ 258.1243.

4.4.15. 2,2-Dimethyl-1-(5-methyl-1-(1-phenylvinyl)-1H-1,2,3-
triazol-4-yl)propan-1-one (7of). Colorless oil; IR (NaCl) 3003, 2932,
1728, 1713, 1566, 1447 cm�1; 1H NMR (400 MHz, CDCl3) d 1.64 (9H,
s), 2.32 (3H, s), 5.58 (1H, d, J¼1.0 Hz), 6.03 (1H, d, J¼1.0 Hz),
7.14e7.16 (2H, m), 7.35e7.39 (3H, m); 13C NMR (100 MHz, CDCl3)
d 9.9, 28.0, 115.3, 125.7, 129.2, 130.1, 134.2, 138.2, 141.8, 143.6, 162.5,
194.5; ESIHRMS: found: m/z 286.1559. Calcd for C16H20N3O2:
(MþH)þ 286.1556.

4.4.16. Ethyl 5-phenyl-1-(1-phenylvinyl)-1H-1,2,3-triazole-4-
carboxylate (7og). Yellow crystal; mp 131.0e131.8 �C; IR (NaCl)
3015, 1724, 1641, 1560, 1491 cm�1; 1H NMR (400 MHz, CDCl3) d 1.32
(3H, t, J¼7.1 Hz), 4.36 (2H, q, J¼7.1 Hz), 5.54 (1H, d, J¼1.2 Hz), 5.85
(1H, d, J¼1.2 Hz), 7.03e7.05 (2H, m), 7.20e7.33 (8H, m); 13C NMR
(100 MHz, CDCl3) d 14.0, 61.0, 115.5, 125.4, 125.6, 127.9, 128.5, 129.4,
129.5, 125.6, 134.4, 136.3, 141.5, 142.0, 160.7; ESIHRMS: found: m/z
320.1401. Calcd for C19H18N3O2: (MþH)þ 320.1399.
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